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A DATA STRUCTURE FOR 

SPATIO- TEMPORAL DATABASES

by H. P. VARMA, H. BOUDREAU (*) and W. P RIME (**)

Abs tract

T he  a d v a n t a g e s  a n d  a p p lic a t io n s  of s p a t ia l m e c h a n is m s  a r e  w e ll d o c u ­

me nte d; howe ve r , there  are  ve ry few be ing de s igne d. T he  pr inc ipa l hinde rance  to  

the  des ign of s patial me chanis ms  is the  great difficulty involve d in s pe cifying 

s pat ia l proble ms  a nd in inte rpre ting s patial solutions . Similar ly , the  de ve lopme nt of 

s pat ia l codes  to  imple me nt these  te chnique s  is he ld ba c k by  the  lack of me a ns  to 

e a s ily  v is u a lize  a n d  ve r ify  s o lu t io n s , p a r t ic u la r ly  in  the  r e a lm  of r e la t io n a l 

databas e s .

If s patia l me chanis ms  are  to be  success ful, the  de s igne r  mus t  be  able  to 

s ynthes ize , ana lys e  and e valuate , as  well as  load and e xtract information, us ing a  

s ingle  code  repre se nting a  s patia l s tructure . T his  e ntails  the  imple me nta tion of 

s patial re lationships  involving s patial d a ta  s tructures .

It  is with this  in mind that the  Ca na d ia n  Hydr ogr a phic  Se rvice  da ta ba s e  

gr oup e mbarke d on the  de ve lopme nt of a  new type  of s patial da ta bas e  s tructure  

bas e d on the quadtre e  conce pt.

INTRODUCTION

For  the  las t five  ye ars  the  Ca na d ia n  Hydr ogr aphic  Se rvice  (C H S ) has  be e n 

in v e s t ig a t in g  the  fe a s ib ilit y  a n d  p r a c t ic a lit y  of im p le m e n t in g  a  N a t io n a l 

Hydr ogr aphic  Da tabas e . T he  rese arch a nd s tudies , initia te d by Ot ta w a , ha ve  

pointe d out tha t  this  is not a n  e as y tas k. T his  is pr imar ily  be caus e  Hydr ogr a phic  

d a ta  is of a  s pat ia l natur e , a nd doe s  no t  fit proper ly into the  niche  provide d by 

the  Da ta bas e  T e chnologie s  of today.

Curre nt Da ta ba s e  Ma na ge m e nt  Sys te ms  have  be e n de s igne d to provide  

e a s y , fle x ible  acce s s  to  a  wide  r a nge  of m ult ifile  da ta b a s e s  in v o lv in g  num e r ic
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records , pa r t icular ly  in the  dom a in  of comme rc ia l da ta . Howe ve r , the y have  been 

found wanting in the  ha ndling  of s patial data . A  da tabas e  manage me nt  sys tem 

[1- 2]  is  s u p p o s e d  to  c o m b in e  a n d  us e  d a t a  in  a  v a r ie ty  of w a y s . T his  is  

conve ntionally  done  by as s igning a  da ta  record to e ach object in the  da tabas e , 

a long with its s imple  attr ibutes . Some  GISs  (Ge ogr aphic  Info rmation Sys te ms ) 

have  bee n built to ma nipula te  s patial objects  [3] in a  limite d two- dimensional 

r e g io n . S in c e  1 9 7 7 , s e ve r a l G IS  h a ve  be e n b u ilt  fo r  h a n d lin g  s p a t ia l d a t a , 

howe ve r  cur r e nt  R D B M S  (Re la t io n a l Da ta ba s e  Ma n a g e m e n t  Sys te ms ) c a nno t  

ade qua te ly  a nd cost- effectively handle  s patial da ta . T his  is pr imar ily  be caus e  it 

h a s  be e n e x t r e m e ly  d iffic u lt  to e s ta b lis h  r e la t io ns h ip s  be twe e n s p a t ia l po in ts  

without the  e xplicit use  of s patia l me chanis ms , such as  polygons .

Face d with these  proble ms , the  databas e  de ve lopme nt group a t the  Bedford 

Ins titute  of Oc e a nogr a phy  re alize d that it would be  necessary to inve nt a  spatial 

d a t a  s tr uc tur e  th a t  c ou ld  e nc o m p a s s  s pa t io - te mpor a l r e la t io ns h ips . T his  d a ta  

s tructure  has  bee n newly te rmed the  Hys pa t  code  (Hype rs pa tia l code ) and is 

bas e d on the  quadtre e /octre e  concept.

DIFFERENCES BETWEEN D.B.M.S. AND G.I.S.

Anothe r  proble m faced by the  information world has  been the  confus ion 

be tw e e n a G IS  (Ge o g r a p h ic a l In fo r m a t io n  S y s te m ) a n d  a  D B M S  (Da t a b a s e  

Ma na ge m e nt  Sys te m). A  ge ographic information sys tem [4] is a  sys tem des igned 

to capture , s tore , manipula te , re trieve, dis play and locate  da ta  that are  referenced 

to  g e o g r a p h ic  lo c a t io n s . It  is  a  d e p ic t io n  s y s te m  u s u a lly  w r it te n  in a  th ir d  

ge ne ration la ngua ge  (eg. For tr an, C, Pas ca l, Ad a  e tc .), with a  graphics  user 

inte r face  (inte ractive  gr aphic  capabilitie s ) for s mall subse ts  of the  databas e . A 

DB M S , on the  other  hand, is a n  or ganize d s torage  sys tem for the  entire  databas e  

a nd  utilizes  four th ge ne ration language s  — S QL (Structure d Que r y  Language s )

— for  d a t a  m a n ip u la t io n s  a n d  e x t r a c t io n . E a c h  c o m p le m e n t s , b u t  doe s  no t  

re place  the  othe r. T his  has  caus e d conflicts  between applicat ion programme rs  

(3 GL, GIS ) a nd  da tabas e  programme rs  (4 GL) and has  resulted in dis ruption of 

the  normal process  of da tabas e  e volution.

CURRENT STATUS OF SPATIAL DATABASES

In Fe bruary 1 9 8 8 , the  Inte rnat ional Compute r  Science  Ins titute  in Berke ley, 

Ca lifornia , spons ore d a  two- day works hop at which 16 senior me mbe rs  of the 

da ta bas e  re s earch c ommunity  discusse d future  research topics  in the  DB MS  area. 

On e  of the  ma jor  points  me ntione d in the  procee dings  was  the s ubject of s patial 

da tabas e s . T o quote  [5]: ‘Se ve ral par t ic ipants  us e d s pa tia l e xample s  as  hard 

a p p lic a t io ns . T he s e  we re  ty p ic a lly  g e og r a phic a l d a ta ba s e s  c o n ta in ing  e ncode d 

information currently found on maps . T he  proble ms  var ie d from providing urban 

s ervices  (e .g. how doe s  one  ge t fr om X to Y e fficie ntly on public  tr ans por ta t ion)



to  c o n d u c t in g  a  m ilit a r y  o p e r a t io n  to  e n v ir o n m e n t a l in fo r m a t io n  s y s te ms  

inte gr at ing all kinds  of da ta  fr om unde r , on a nd  ove r  the  e ar th’s s urface . T he re  

w a s  w id e s p r e a d  s u p p o r t  fo r  the  im p o r t a n c e  of s uc h  a p p lic a t io n s ,  a n d  the  

par t ic ipants  ge nerally thought that this  was  a  very good applica t ion ar e a for 

e xte ndible  DBMS s . From this , it  was  de te rmine d tha t in  orde r to  utilize  the  true  

powe r  of a  re la t ional databas e , the  S Q L  libraries  would have  to be  e x te nde d to 

incorporate  s patial re lations  us ing the  Hys pa t  code .

A REVIEW OF SPATIAL REPRESENTATIONS

QUADTREE

In  re ce nt years , the  quadtre e  repre se ntation [6] has  gaine d use  as  a  da ta  

s t r uc tu r e  fo r  a p p lic a t io n s  in  im a g e  p r o c e s s in g , c o m p u t e r  g r a p h ic s  a n d  

ca r tography. T he  quadtre e  is an appr oach to re gion represe ntation tha t is bas e d 

on the  s ucce s s ive  s ubd iv is ion  of a n  im a ge  a r r a y  in to  q u a d r a n t  (F ig . 1 ). Ea c h

node  of the  quadtre e  corresponds  to a  block in the  or iginal image  [7]. A  natur al 

by- product of the  tree- like s tructure  (Fig. 2 ) is tha t  m a ny  bas ic  proper tie s  c a n  be  

im p le m e n te d  a s  tree  t r a ve r s a ls . T he  diffe r e nc e s  in  im p le m e n ta t io n s  lie  in  the  

na ture  of the  computat ion a t  the  node . Ofte n these  computat ions  involve  the  

e x a m in a t io n  of node s  w hos e  c o r r e s p o nd ing  b lo c ks  a r e  a d ja c e n t  to  the  b lo c k  

whose  node  (Fig. 3 ) is be ing processed. T he se  node s  are  calle d ne ighbor s , and 

the  proces s  of loca ting the m is calle d ne ighbor  finding [8]. T his  is  a n  impor ta nt  

a nd frequent ope ration that is pe rforme d on s patia l da ta  sets.
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FlG. 2 .—  (a )  r e g ion ; (b ) b loc k  d e c o m p o s it io n  of the  r e g ion in (a );  (c ) qua d t r e e  r e pr e s e nta tion of the  blo cks

in (b).

OCTREES

Octr e e s  are  a  na tur a l e xtens ion of the  quadtre e  conce pt [9]. In order to 

descr ibe  any object which we wish to represent within a given s pace , the best 

appr oach appe ars  to be  an initia l rough appr ox ima tion of the obje ct’s location, 

followe d by success ive  re fineme nts  which increase  the  resolution of the  object s 

de tails  (Fig. 4 ). Such combinat ions  of global and de tailed spe cifications  produce  a 

hie rarchical manife s ta tion of the object space . For ma ny  years , this type  of data
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F i g . 3 .—  Ne a r e s t ne ighbo r  ce lls  in quadtr e e s

re pres entation was  limite d to patte rn re cognition [10] . T his  repre se ntation is also 

ve ry useful for inde xing space ; that is, for specifying the location of any particular  

cube  (Fig. 5 ). Be caus e  of its logica l s implicity, the  me thod of hie rarchically 

representing three dime ns ional objects , called octree  e ncoding, is e xceptionally 

conve nie nt for inde xing 3rd space .

T he  oc tr e e  [ 11]  is  a  r e g u la r  c e llu la r  b r e a k d o w n  of the  o b je c t  s pa c e  

(unive rs e ). T he  unive rs e  is s ubdivide d into e ight e qual size cells . Norma lly , if any 

one  of the  re sulting cells  is homoge ne ous , (me aning that it lies ins ide  or outs ide  

the  obje ct), the  s ubdivis ion s tops . O n  the other  hand, if the cell is he te rogenous  

(me aning that it is intersected by one  or more  of the  object s bounding surfaces) 

the  cell is divide d fur the r  into e ight subce lls  (Fig. 6 ). T he  subdivis ion process 

s tops when all the  leaf cells are  homoge ne ous  to s ome degree  of precis ion.

T he  octree  represe ntation has  several adva ntage s  [12] . Firs t, any arbitrarily 

s hape d objects  (conve x or concave  with inte rior holes ) can be  represented to the 

precis ion of the  smalles t cell. Se cond, centre  of mass , interference and volume s  

are eas ily calculate d at different levels of precis ion. T hird, be caus e  of spatial 

sor ting and uniformity of re pres entation, ope rations  on octrees are s imple  and 

efficient.



VOXELS

Ma n y  approache s  to da ta  mode lling are  ava ilable . Mos t me thods  require  

s o m e  p r e p r o c e s s in g  o f the  in p u t ,  to  r e duc e  d a t a  a n d  to  p r o v id e  ob je c t  

represe ntation be tte r suited for the  ava ilable  dis play algor ithms .

One  re pres entation, the  voxe l, corre sponds  close ly to the  format  in which 

s pat ia l da ta  is collected. A  voxe l [13]  is a  re c ta ngula r  volume  e le me nt obta ine d 

by  the  divis ion of three  sets of mutua lly  or thogonal paralle l plane s . T he  voxe ls  

which compos e  a n  obje ct are  us ua lly  the  s ame  size; tha t  is, all the  plane s  are  

e qua lly  s pace d. O n  the  other  ha nd , the  s pacing of one  set of plane s  nee d not be 

the  s ame  as  the  s pacing of anothe r . T his  will be  e xplored in de tail later.

On e  appr oach which has  be e n wide ly applie d to ma pping  sys tems  uses  the 

e x t r a c t io n  of a  s e t of 1- D p r im it iv e s  (c o n t o u r s )  (F ig . 7 , 8 ) d e s c r ib in g  the  

boundar ie s  of the  object on a  slice- by- slice bas is . Surface  representations  can be 

obta ine d fr om the  contours  directly, or indirectly, by tiling or spline  te chniques . A 

newe r a ppr oa c h [14]  re tains  3 D voxe ls  (cube s ) as  primitive s  but achie ve s  da ta  

c o m p r e s s io n  t h r o u g h  oc tr e e  e n c o d in g , w h ic h  p r o v id e s  a n  e ffic ie n t  ob je c t  

represe ntation.

As s oc ia te d with e ach voxe l are  three  nume ric  coordinate s  represe nting its 

loca t ion in s pace , as  well as  att r ibute s  re prese nting s ome  object prope rty at this  

loca tion. T he  voxels  can be  conve r te d to cube s  by  suitable  inte rpolation. Such a 

dis s ection of object space  into cube s  is called a  cuberille .

T he  ge ne ral ide a is tha t the  voxe ls  m a king  an object are represented by a 

h ie r a r c h ic a l tr e e  s t r uc tur e , w h ic h  a c h ie ve s  d a t a  c o m pr e s s io n  th r o ug h  s p a t ia l 

cohe re nce . A n  a dva nta ge  of octree  e ncoding is tha t  s imple  ope rations  s uch as 

union, intersection, diffe rence  of objects , trans lation, rotation, s caling, interference 

de te ction, binning and hidde n s urface  re mova l can be  accomplis he d by acces s ing



F i g . 5 .—  Ne a r e s t ne ig hbor s  in cube s .

e ach node  of the  three  only once . Fur the rmore , these ope rations  require  only 

s imple  ar ithme tic  functions  such as  integer additions , shifts and compar is ons , all 

of which are valid ope rations  in a  re lationally base d sys tem.



Fig . 6 .—  T h e  s ubd iv is ion  of a  r e c ta ngu la r  c ube  into  e ight s ma lle r  cube s . O n  the  le ft is the  c ube  s how ing 

the  lo c a t io ns  of the  c u t t ing  p la ne s . O n  the  r ight is a n  e x p lode d  vie w of the  s ubd iv ide d  cube s  s ho w ing  the

le ve ls  of the  e ight s ma lle r  cube s .

FlG. 8 .—  Co n to u r  lines .



TOPOLOGY

Boundar y  bas e d, object bas e d represe ntations  conta in information a bout  the  

surface s  of individua l objects . T he  surface  of an object is broke n into one  or more  

s e parate  pieces , and e ach piece  is fully descr ibed a long with its own boundar ie s , 

which take  the  form of curve s  a nd joints .

T his  type  of solid mode l mus t  have  the  ability to descr ibe  how e ach surface  

piece  fits toge ther  with e ach adjace nt s urface  piece  in the  fina l mode l, so tha t  a  

s ingle , fully e nclose d volume  is for me d. T he  adjace ncie s  of these  compone nts  can 

be  de r ived by nume r ica l te chnique s  to ana lyze  the  ge ome tr ic  prox imity of the  

s urface  pieces , though this  a ppr oa c h  is ofte n compute d inte ns ive . Howe ve r , in an 

e va luate d re pres entational form, s uch information is ava ilable  explicitly.

T his  adjace ncy  information is ofte n informally  referred to as  the  topology 

[ 15]  of the  s o lid  m o d e l. T he  a c t u a l g e o m e t r ic  s u r fa c e  d e s c r ip t io n , c u r v e  

descr iptions  and point locations  are  the n referred to as  the  ge ome try of the  solid 

m o d e l.  T he  t o p o lo g y  in fo r m a t io n  c a n  s e rve  a s  a  fr a m e w o r k  in to  w h ic h  the  

ge o m e tr ic  in fo r m a t io n  is  p la c e d . T he  to p o lo g y  the r e fo r e  s e rve s  as  the  ‘g lu e ’ 

holding all the  compone nt information toge ther .

LOGICAL SPATIAL DATABASE STRUCTURE

T wo types  of s patial re pres entations  are  pre vale nt in compute r  te chnologie s . 

One  is bas ed on the  de compos ition of objects  [16]  into the ir  cons titue nt par ts  

(Fig. 9 ), and the  othe r is bas e d on the  de compos ition of obje ct s pace  (F ig . 10) 

into regular ly s hape d subspace s  (quadtr e e , octree).

T he  first re pre se ntation date s  ba c k to the  1 9 6 3  Suthe r land’s Ske tchpad 

Sys te m. Since  the n, m a ny  ve ctor  a nd ras ter graphics  sys tems  have  provide d both 

software  and ha rdware  s uppor t for  s tructured s patial da ta . T he se  hiferarchical 

represe ntations  have  be e n prove n to  be  conve nie nt for pos itioning obje cts  and 

the ir  compone nts  in s pace , a nd for moving  objects  re lative  to one  anothe r . In 

a d d it io n ,  th e y  o ffe r  c o n s id e r a b le  m e m o r y  s a v in g s  w h e n  o b je c t s  a n d  o b je c t  

compone nts  occur  several time s  in a  scene . Obje cts  a nd object compone nts  nee d 

to  be  define d only once , a nd c a n s ubs e que ntly be  found by the  applic a t ion  of 

line ar  trans formations  in the  hie rarchy.

T he  s e c ond k in d  of s p a t ia l r e p r e s e n ta t io n , the  d e c o m p o s it io n  of o b je c t  

s pace , has  be e n the  focus  of m uc h  re ce nt research. In  this  cas e , the  entire  object 

s pace  is divide d re pe ate dly into ce lls  or cube s , re sulting in a  tree s tructure . T he  

le a f node s  do  no t  c o n t a in  p r im it iv e s , s uc h  a s  e dge s  a n d  p o ly g o n s ,  bu t  

approx imate  the  object compone nts  by  the  cells  or cube s  to  s ome  de gree  of 

p r e c is ion . T h is  type  of d e c o m p o s it io n  doe s  no t  p r o v id e  the  m e m o r y  s a v in g s  

offe red by object de compos it ion. Howe ve r , the  s patial de compos ition provide s  a  

robus t repre se ntation applic able  to  a  wide  clas s  of objects , a nd  it a llows  fas t 

computat ion of ge ome trical properties .

T he  traditional s patia l da ta  s tructures  have  be e n br oadly  clas s ified as  e ither 

to p o lo g ic a l or  gr id  [ 1 7 , 18] . E a c h  ha s  diffe r e nt  a d v a n t a g e s  fo r  r e pr e s e n t ing
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c e r ta in  ty pe s  of d a t a  a n d  s u p p o r t in g  s p a t ia l d a t a  p r o c e s s ing  o p e r a t io ns . 

T opologica l da ta  s tructures  (Fig. 11) are  ordered point sets such as isolated 

points , line  s egme nts  (point pairs ) and lists of points  which outline  geographical 

fe a tu r e s . Gr id d e d  s t r uc tur e s  [ 19]  s u b d iv id e  the  a r e a  of in te r e s t  by  a  fine  

r e c t a n g u la r  me s h (F ig . 1 2 ). For  im a g e  c o m p u t a t io n s , tw o - d im e ns io na l d a t a  

re pres entation have  bee n accuracy  de pe nde nt on resolution and da ta  s tructure  

cate gory.

T opologica l s tructures  have  traditionally  provide d better representation of 

legally defined and smaller- than- resolution- level objects . Such objects  include:
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FlC. 10.— (a) A parallelepiped and (b) its corresponding octree.

— counties

— re al es tate  parce ls

—  shoreline

—  s traight line  boundar ie s  between s urve yors ’ landmarks

—  c it ie s / r ive r s  (o n  s mall- s cale  m a p s ) w ith  m e a s ur e m e nts  (a r e a , w id th  

de viat ion) s malle r  tha n  compute r  re pre se ntation re s olution (so tha t  the y 

appe ar  as  points  or lines )

G r id d e d  s y s te ms , o n  the  o th e r  h a n d ,  we re  b e t te r  in  h a n d lin g  fu zzy  

boundar ie s , s uch as  contours . Howe ve r , within the  las t te n years , image  analys is  

te chnique s  have  de ve lope d ne w da ta  s tructures  bas e d on quadtr e e  a nd  octree  

conce pts . T he se  new s tructures  are  radically cha nging  the  tr aditional conce pts  of 

s patial datas e ts .

THE CHOICE OF DATA MODELS

Glo b a l m a pping  mode ls  (ie . m os a ics  of polygons ) are  unive rs a lly  acce pte d 

as  the  ke y to e fficie ntly o rga nizing  s pa tia l d a ta  sets . Re gula r  re curs ive  e le me ntal 

po lygons  w ith im plic it s pa tia l r e la tions hips  (e g . a d jace nc ie s ) ha ve  be e n s how n to



FlC. 1 1 .—  Ca r to g r a ph ic  po ly gons .
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FlC. 1 2 .—  Gr idd e d  po lygons .



serve as  effective  da ta  mode ls , upon which conce ptual a nd logical imple me n ­

ta tions  can be  built.

Of the  thre e  p r a c t ic a l m os a ic s  of s qua r e s , t r ia ng le s  a n d  h e x a g o ns , no ne  

appe ar  to e njoy a  dis tinct advantage  in te rms  of computa tiona l comple xity or 

s torage  efficiency [20] . T he  s imples t is the  square ; that is, a  contiguous  non ­

ove r lapping mos aic of squares . It is also the mos t widely used and researched [21] .

T he  specific programmable  imple me nta tion of the  da ta  mode l is a  da ta  

s tructure . In this  case , the  imple me nta tion da ta  s tructure  is bas ed on success ive  

subdivis ion of s quare s , which is conce ptually  de fined as  a  quadtree .

THE HYDROGRAPHIC HYPERSPATIAL CODE

T h e  H y d r o g r a p h ic  H y p e r s p a t ia l Co d e  (H y s p a t  C o d e ) t h a t  is  b e in g  

introduce d is a  va r ia nt  on the  quadtr e e /oc tre e  s tructure . It is initia lize d as  a  s ingle  

s quare  world coordinate  sys tem, bas e d on (0 ,0 ) at the  s outh pole  to (3 6 0 ,1 8 0 ) at 

the  nor th pole  (F ig . 13 ). It is a n  infor ma tion dr ive n s ys te m, in tha t  a  limit is 

p la c e d  o n  the  n u m b e r  of d a t a  p o in t s  p e r m it t e d  to  r e s ide  w it h in  one  c e ll. 

Whe ne ve r  a  cell ove rflows  in te rms  of da ta  volume , (for  initia l prototyping there  

res ide  1 0 0  0 0 0  points  per  ce ll) it is s ubdivide d into  four  s malle r  quadr ants  

(Fig. 14) a nd the  process  is re pe ated as  the  databas e  is loade d.

Ea c h qua dr a nt  in da tabas e  te r minology is , in fac t , a  table . Ea c h table , 

w he n  s u b d iv id e d , b e c o m e s  a  no d e  p o in t , w hos e  id e n t it y  a n d  im p lic it  s p a t ia l 

attr ibute s  are  s tore d on a  code d s tr ing (ie . the  table ’s na me ). Ea c h node  po in t  on 

the  s tring s ignifies  a  divis ion by  two of the  limits  of the  qua dr a nt . With  this  

s tructure , one  can see a n  orderly bre akdown of space  into s malle r  quadr ants  with 

respect to cell s ize . In othe r words , one  c a n continue  s ubdivis ion until a  s ingle  

point resides in a  s ingle  cell.

T he  mode l differs  from traditiona l mode ls  in tha t  there  is no a tte mpt ma de  

e ither to ma inta in  e quality  of ge ographic are as  a mong  cells  or to appr ox ima te  the  

s phe roidal s hape  of the  e ar th. It  is s imply a  s ubdivis ion of ge ographic coordinate s .

Fully funct ionality  of this  da ta  s tructure  can be  achie ve d by computing  e ach 

latitude  and longitude  down to the  3 0 th  leve l (Fig. 15) on the  noda l s tr ing, which 

gives  a  final re solution of 1 .8  X  1 .8  centimetres  on the  s pheroid. T his  noda l 

s tr ing (Hys pa t  code ) is s tored in the  da tabas e  as  a n  attr ibute  at tache d to every 

s pat ia l da ta  point. For  the  prototype  imple me nta tion, this  was  chos e n as  3 0  

characte rs , coinciding with the  Or ac le  limit on the  table  na m e  length.

T he  Hys pa t  code  is a  characte r  s tring which fully  describes  the  s ubdivis ion 

limits . T he  powe r of this  s tructure  can be  re alize d as  the  implie d s patia l re la tion ­

ships  are  achie ve d through par t itioning the  da ta  into manage able - s ize d ce lls , while  

s p a t ia l o p e r a t io n s  a r e  do ne  by  p a t t e r n  m a tc h e s  o n  s t r ing s  d e fin in g  c e llu la r  

boundar ie s . T he  le ngth of the  s tr ing defines  the  s ize  of the  cell, while  the  noda l 

points  on the  s tr ing define  the  loca tion of the  cell. T he  final noda l point, a long 

with a  patte rn m a tc h  on the  s tr ing, can als o de te rmine  the  ne ares t ne ighbor  cells . 

T h u s , by  us ing  s ubs t r ings  a n d  ke y  a t t r ib u te s , one  c a n  d y n a m ic a lly  e s ta b lis h  

s patial re lations hips  be twe en are as  or points  without the  use  of polygons . With  

this  capability, one  can generate  topologie s  us ing 4 th ge ne ration S Q L  queries .



C E L L  ID = 3

C E L L  ID = 1

C E L L  ID =  4

C E L L  ID = 2

LAT IT U DE  

- 1 8 0  = 9 0  N

- 9 0  = E Q U A T O R

- 0  = 9 0  S

1 8 0 3 6 0

L O N G IT U D E  D E G R E E S

FlG. 1 3 .—  Ce ll in it ia liza t io n  a t  s ta r tup .

O R IG IN A L  C E L L  B E F O R E  P A R T IT IO N IN G

C E L L S : 3 1 3 1 ,3 1 3 2 ,3 1 3 3 ,3 1 3 4  -C R E A T E D  F R O M  O R IG IN A L  313

NB: ON  P ART IT ION COMP LET ION CELL 313 IS DROP P E D (DEST ROYED).

N U M B E R  O F  C H A R A C T E R S  IN C E L L  ID IS I M M E D I A T E  C O U N T  O F  T H A T  C E L L ' S  L E V E L  O F

REP ART IT IONING.

FlG. 1 4 .—  Ne w re fe re nce s  ge ne r at e d:

1 —  Ref- lat 3 1 3 1  =  Ref- lat 3 1 3 + 0 ,  Re f- lon 3 1 3 1  =  Re f- lon 3 1 3 + 0 ;

2  —  Re l- lat 3 1 3 2  =  Ref- lat 3 1 3 + 0 , Re f- lon 3 1 3 2  =  Re f- lon 3 1 3 + 1 / 2  (de lta- lon)O;

3 —  Ref- lat 3 1 3 3  -  Ref- lat 3 1 3 + 1 / 2  (de lta- lat), Re f- lon 3 1 3 3  -  Re f- lon 3 1 3 + 0 ;

4  —  Ref- lat 3 1 3 4  =  Ref- lat 3 1 3 + 1 / 2  (de lta - lat), Re f- lon 3 1 3 4  =  Ref- lat 3 1 3 + 1 / 2  (de lta- lon).



L O W

L O N G IT U D E

U N IQ U E  ID  N U M B E R  (C H A R A C T E R  S T R IN G )

H IG H  

L O N G IT U D E

T O P  L A T IT U D E  

000

B O T T O M  L A T IT U D E

R E F E R E N C E  

(B O T  LAT, L O W  L O N G )

L A T IT U D E  =  R E A L  W O R L D  C O O R D IN A T E S  + 9 0  

R A N G E  (0 -1 8 0 )

L O N G IT U D E  = R E A L  W O R L D  C O O R D IN A T E S  

R A N G E  (0 -3 6 0 )

AT T RIBUT ES:

ID UNIQUE 30  CH ARACT E R ST RING F ROM W H IC H  RE AL W O RL D  COORDIN AT E S  CAN 

BE DERIVED

COUNT  NUMBER OF  DAT A P OINT S IN T HE CELL

SMAX NUMBER OF  DAT A P OINT S ALLOWAB LE  BEF ORE DYN AMIC  REP ART IT ION IN G 

T AKES P LACE

ONLINE F LAG IN DICAT IN G T HE CELL IS ON  OR OFF- LINE CURRENT LY 

FlG. 1 5 .—  O n e  ce ll (pa r t it ion).

T EMPORAL APPLICAT ION

The explanation here has  been two dimens ional. If the third dimens ion is 

applied to the structure, the logic does not change . Ins tead, the  patterns  become 

like octrees and the cells become cubes that are subdivided according to the same 

lo g ic , un t il a  s ingle  po in t  re s ide s  in a  c ube . T his  puts  a  thre e  d im e ns io na l 

coordinate  system into a  s ingle key. Anothe r aspect is to make  T IME the third 

dimens ion, with the z values  defined as functions  of time  (Fig. 16). This  in effect 

c a n  put  a  four  d im e ns io na l ke y in to  a  s ingle  s tr ing , w hich re pre s e nts  the  

trans location of a  three dimens ional object or voxel through time (t,x ,y,z), This  

t ime  d a ta  e le me nts  is  ne w ly  te r me d as  a  T ox e l. T his  s ame  ke y c a n  be  

re pr e s e nte d as  a  b ina r y  s tr ing , which can fa c ilita te  s e arche s  by orde r s  of 

m a g nitude  s imply  by d o ing  Ex c lus ive  ORs  or b it  m a s k in g , the re by  gre a t ly  

s pe e ding up the  ove r a ll s e a rch proce s s  of pa t te r n  m a tc h ing . Suc h type s  of 

structures and methodologies  can greatly enhance  the techniques  of trend analys is  

and temporal analys is . Hence  the Hyspat code provides a  new way to depict 

s patio- te mporal in fo r m a t io n , which has  so fa r  e lude d c onve nt iona l da ta ba s e  

technologies.



T IM E

r Y

- ► X

FlG. 1 6 .—  Hy pe r c ube s  m o v in g  th r ough time .

FUNCTIONALITY

The  quadtree representation was chosen for the detailed explanation of the 

Hys pat  code in order to facilitate the unders tanding of the structure by the reader. 

T his  was done  because the author recently gleaned the fact that people  are three 

dimens ional entities who tend to think in two dimensions.

The temporal re lationships can be implemented by going to octree encoding 

of one to e ight, rather than the quadtree  encoding of one to four. The logic 

applied is exactly the same.

The fundame ntal logic of the Hys pat code is that it is a  dynamic stacked 

image  database  structure. If one sorts the data  using the Hyspat code as the key, 

one  finds that the data  is effectively clustered in space/time. This permits:

— explicit relationships of entities over the same area

— efficient data  retrieval

— efficient input and storage of large data  sets

— user ease in adding two dimens ional information

The dynamically s tacked Hyspat code  data  structure consists of tables, with 

the table name  being the matched substring of the Hyspat code  string attribute, 

thereby providing the implicit spatial relationships. All Hyspat codes having the 

s ame  substring are  grouped into these tables. Whe n a table exceeds the user 

dictated size level, (1 0 0 ,0 0 0  points), it subdivides  into four subsections. The table 

name s  increase by one level by storing the nodal point on the string.

example:

T  able  D41312113000000000000000000000 overflows

This table is subdivided into

D 4 1 3 1 2 1 1 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

D 4 1 3 1 2 1 1 3 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

D 4 1 3 1 2 1 1 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

D 4 1 3 1 2 1 1 3 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



The information is poured from table

D4 1312113000000000000000000000

into the above  tables and the originating table is dropped.

The digital da ta  are ‘s tacked’ by sorting on the Hys pat code. T he n all 

information values  for each cell are stored in a single table. This  type  of data 

structure allows a choice  of da ta  types related to space. It yields s imple sequential 

uniform format files that can be used by virtually any computer  system. Thus , 

data  of any region, take n at different times, can be combine d and added to 

symbolic information about the same  area at any time. This  dynamic storage 

allocation offers:

— simplified and efficient grouping of data  due to string matches  between 

Hyspat codes

— effective geographic windowing of data  where e ach table  is name d as a 

substring of Hyspat code

— ease of access to offline storage, where entire tables are exported to 

individual media, such as magnetic tapes or optical storage.

T he  quadtr e e  d a ta  mode l, as  oppos e d to a  to po lo g ic a l r e pr e s e nta t ion,

achieves:

— superior representation of the subtle variations  in spatial data

— versatility in data  manipulation

— storage efficiency

A significant point is that one can easily compute  relative distances  between 

cells. For example , one can do an Hys pat code string match between two points, 

and if they match up to the 30th level then the data  points  are approximate ly 

1.8  cm apart. This  resolution is achieved at the worst case  on the equator. If the 

s tring length is increased to 35 levels, the final resolution of the s patial cells of 

the world is 5.7 X 5.7 mm. With the limits of the temporal hypercube set a t 0 to 

1024 years, and utilizing the s ame  spatial limits  of 0 to 360  and 0  to 180 

degrees, a  final resolution of the temporal cell is 5.7 X 5 .7  mm X 1 second. If 

one further extends the string to 70 characters the toxel resolution becomes  .0008 
seconds X 1 .65*10 to the power - 10  mm X 1 .65*10  to the power - 1 0  mm for 

the  entire world for a  time period of 8 ,673 , 8 20 ,6 7 2  years . These 70 characters  

can be represented us ing octal binary string (Fig. 17) representation of 2 1 0  bits.

Each level on the s tring s ignifies a  divis ion by two of the cell’s boundar ies . 

In this manner, one can have  a  length associated with the  latitude . This  would 

pr ovide  a pp r o x im a te  d is tance s  w ithout  do ing  a ny  m a jo r  c o m p u ta t io n . T he  

s ignificance  is  tha t  this  type  of prox imity  de te r mina t ion a mong  a tt r ibute s , or 

groups  of attributes , or even different entities, can be combine d with user defined 

functions (e .g. statistics of groupings , binning, Krigging, depth contour ing) without 

compute  intensive geographic calculations . The polygon structure cannot handle  

such variations. If contours  are available , the dete rmination of minimum distance 

between them would be  exceedingly expensive, but with the  Hys pat code, spatial 

r e la t ions hips  c a n  be  d ic ta te d  be twe e n points  w ithout  the  use  of po ly gons . 

Therefore, the generation of topologies  from the data  becomes  a  possibility [22] .

Ye t another interesting facet of this structure is that one  can compute  string 

length with respect to pos itional error. In this manne r, implicit error s tatis tics for



T OXELS 35 CHARACT ERS LONG REP RESENT

THE WORLD 0 - 180 LAT 0  -360 LONG FOR 1034 YEARS

RESOLUTION

5.7MM X 5.7M M X 1 SECOND

BINARY OCTAL REP 105 BITS

TO XELS 70 CHARACTERS LONG REPRESENT

THE WORLD 0 - 1 8 0  LA T  0 -360 LONG FOR 8,673,820,672 YEARS

RESOLUTION

1.65*10EXP- 10MM X 1.65*10EXP- 10MM X .0008 SECONDS 

BINARY OCTAL REP 210 BITS

FlG. 1 7 .—  T ox e l re pr e s e nta tions .

the data  can become inherent in the data  string by zeroing the least s ignificant 

nodal points.

example:

the total nodal string is

D41312113211342221332111142143

With a  positional uncertainty of +  0 .64  metre, the string becomes

D41312113211342221332111100000

This  establishes confidence levels without adding additional error attributes 

to the database.

CANADIAN HYDROGRAP HIC SERVICE DATABASE

A major problem with conventional processing package s  is that they are 

too rigid, not allowing new manifes tations  of the data  without major overhauling 

of the software packages . Simple  flat file manage me nt is used at the cost of 

s torage wasted in unused blank fields. New attributes are required to conform in 

name , type and length to the predefined fields. Sys tem expans ion is limited by the 

number  of spare fields available  for new data. However, in a  DBMS, the attribute 

structure is variable  rather than fixed, permitting new fields to be added at any 

time.

The CHS DBMS  [23] differ from other conventional database  systems 

since it is largely a  spatio- temporal database . It differs in that most queries or 

operations  require a  large degree of spatial manipulation. This  data manipulation 

is done  by data  selection subject to scale, such as shallow- biased and deep- biased 

overplot removal [24] , and by superceding data  (temporal data) by a  more recent 

datase t. The CHS data  manipulation capabilities  use bas ic algorithms that can be 

var ied to perform a  varie ty of ope rations  on the digital data . These algorithms



c a n  be  s ucce s s fully  imple me nte d on the  da ta ba s e  be caus e  the  s tacke d d a t a  

structure is highly effective in supporting these operations. The  basic me thodology 

is to move  a window over the s tacked data . At  each s top, all data  from each cell 

inside the window can be read and the da ta  in any active cell can be modified. 

T he  user then can specify the general type of action to be taken, such as:

— add, replace, delete, extract or supercede data

— localize the logical definition of the active cells (for which processing will 

take place)

— define logical and arithmetic operations  to be performed within each cell

— define the nature  of any new da ta  to be created

T he  pr im a r y  ke ys  to in te r r e la te  proje c t  numbe r s , c ha r ts , ve s s e ls , 

e s tablis hme nts , colle c t ion pla t fo r ms  a nd  s urve ys  are  s pace  a nd  t ime . T he s e  

elements  will reside in catalog tables which point spatially, using Hys pat codes, to 

the relevant cells within the data  base. Each cell, in reality, is a  geographic 

window (conta in ing  da ta ) which can inte r re late  s pa t ia lly  a nd te mpor a lly  with 

various  sources. The  source tables  will have  time s tamps  (which gives temporal 

a s pe c ts  to the  da ta  ba s e ), in d ic a t in g  whic h age nc ie s  were  in a p a r t ic u la r  

geographic area during a  finite period of time

example:

vehicle/s tart year/ julian day/end year/ julian day/Hys pat code 

Ba ffin/198 7 /1 2 6 /1 9 8 7 / 2 2 0 / H 1 1 2 1 3 1 4 2 1 1 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CHART S AND AREA DEPICT ION USING JOIN  TABLES

A previously stored image  (graphic portrayal) is retrieved by accessing 

image  tables , which contain unique  pointers  using time  elements  and source id 

(source identification). These pointers are join tables that extract image  da ta  from 

the whole  data  set. The  user obtains  these image  tables  by specifying window 

limits , using latitude, longitude , boundaries  as  well as scale. A conventional GIS  

then is used to perform subjective decis ions on the data , such as interactive 

editing and overplot removal (data  thinning). The time elements and source id are 

then obtained from the GIS  and loaded into image  tables within the Databas e . 

T he  time elements  and source id serve as  pointers  to subsets of the databas e . In 

this manner , severed image  tables can access the same data  points  without adding 

redundancy to the database . Thus , image  overlaps  and scale changes  beceme  

trivial to overcome.

The time elements and source id for each selected data  element is always  

unique , because no single collection platform can be in two places at the s ame  

time. This  is one of the reasons it is advocate d that time  element fields should be 

filled, using system time at the mome nt of digitizing historical graphical documents , 

such as linen backs  or field sheets. The  cursor, s imilar to a  collection vehicle, 

cannot be at two places at the same time. The source id, which is the name  of the 

collection vehicle or digitizer table, determines whether or not the time is valid, in 

tha t  the  time  re pre s e nts  a c tua l c o lle c t ion or  ps e udo t ime  obta ine d  from the  

computer system at the mome nt of digitization. From this, the time elements along 

with source id can be seen to provide a  unique  key to perform joins.



TABLE ARCHIVAL

Very Large  Databas es  are primarily in static mode , resting on secondary 

s torage me dia such as magne tic tapes  or optical disks. Mos t of the operations 

involved on the database  are updates  and extractions of secular partitions of the 

databas e . This  logical user access method will be supported by export/import 

capabilities . The  access me thod will also be chosen by the system on the basis of 

available  me mory size and the quantity of data  needed s imultaneously to fulfill 

the user request. This  is based on the assumption that the total database  cannot 

reside s imultaneously on the system, due  to lack of disk storage or memory. This  

fits in nicely with this type  of schema, as only subsections of the database  are 

placed in dynamic mode  on the system at user request.

Mos t  la rge  d ig ita l da ta ba s e s  are  s tore d on ta pe , a s tr ic tly s e que ntia l 

me dium. However, with the advent of read/write  capabilities  on optical disks, this 

me dium could rapidly go the same  route as vinyl long playing records (with the 

a dve n t  of c o m p a c t  d is ks ). T he  C H S  d a ta ba s e  s che ma  c a n  work on both 

mediums . However, the spatial structure will be more  efficient with random access 

capability available  on the optical disk. This could drastically improve access 

time. If the user accesses more  than one cell at a time , and if all the cells of the 

required data  cannot be stored on the system, the system can read the data  from 

s econdary s torage devices. This  would give it the capability to perform operations 

on the cells sequentially. Als o, the updated records can be written out in parallel 

with the input process. In this manner, a divide and conquer principle can be 

adhered to without caus ing a  system overflow.

CONCLUSION

T he  dynamic a lly  s tacke d Hydrographic  Hype rs pa tia l databas e  s tructure , 

and the accompanying da ta  manipulation facilities, effectively cover the types of 

data  storage and operations required by a  spatial database .

T he  database  structure permits  direct comparison of variables  over the 

s ame  a r e a . It  c a n  s tore  a nd  re tr ie ve  da ta  e ffic ie nt ly , as  well as  c ombine  

information without loss of data  which occurs  in other systems. This  type of 

capability allows the user much greater ease and flexibility in data  manipulation 

than is available  in mos t other current GIS or database  systems.

T he  da ta  a cce s s ing a pp r o a c h  in this  s ys te m cons is ts  of the  a bility  to 

retrieve, add, replace, delete, supercede and perform operations on the multi-  

variable  data  included in the window. The data  manipulation operations can be 

applied to da ta  in each cell. Var ious  methods  of physical s torage and searching 

of the s tacked da ta  are possible.

T his  s ys te m illus tr a te s  the  gre a t  fle x ibility  a nd  ge ne ra lity  of the  da ta  

structure. Re lational Spatial analys is  can be done  directly on the data, without the 

imple me ntation of polygonal windowing that is currently in use in other systems. 

Finally, with the adve nt of spatio- temporal s tructures  such as the Hys pat code,



the existing database  technologies can blaze  a new trail into the information 

world.
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