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Introduction,!Overview!

From digital mapping to mobile social networking –  
A tour on geospatial information management 

challenges 
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Mobile!devices!and!services!
!  Large(diffusion(of(mobile(devices,(mobile(services(and(locaBonObased(

services(#(loca3on4&and&mobility4aware&data&

6!

Which!data?!

!  LocaBon(data(from(mobile(phones((

"  i.e.,(cell(posiBons(in(the(GSM/UMTS(network(

!  LocaBon((and(trajectory)(data(from(GPSOequipped(devices(

"  Humans((pedestrians,(drivers)(with(GPSOequipped(smartphones(

"  Vessels(with(AIS(transmiNers((due(to(mariBme(regulaBons()(

!  LocaBon(data(from(indoor(posisBoning(systems(

"  RFIDs((radioOfrequency(ids)((

"  WiOFi(access(points(

"  Bluetooth(sensors(
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GPS!Data!

!  Raw(data:(GPS(recordings(

objectID, trajectoryID, timestamp, longitude, latitude 

201100024,1,2009-01-02 08:54:07,24.609728324369,38.013503319816 

201100024,1,2009-01-02 08:54:25,24.6094016577037,38.0127699864845 

201100024,1,2009-01-02 08:55:06,24.6086749910399,38.011116653155 

201100024,1,2009-01-02 08:55:56,24.6076299910435,38.0092066531597 

201100024,1,2009-01-02 08:56:16,24.6071983243782,38.0084733198281 

201100034,1,2009-01-02 04:19:26,23.1092366579214,38.5853616531322 

201100034,1,2009-01-02 04:19:36,22.9272199909328,38.8922416526431 

201100034,1,2009-01-02 04:19:45,23.0359933243564,38.7788549861265 

201100034,1,2009-01-02 04:19:55,22.9355449909622,38.868204986019 

201100034,1,2009-01-02 04:20:05,23.0638616578755,38.6383849863914 

... 
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GPS!Data!

"  Q:(where(is((24.6071983243782,(38.0084733198281)(located(?(

"  A:(in(the(short(sea(passage(between(Euboea(and(Andros(islands,(

Greece(



What!is!a!(GPSIbased)!trajectory?!

!  A(trajectory(is(a(model(for(a(moBon(path(of(a(moving(object((animal,(

car,(human,(…)(

"  (due(to(discreBzaBon)(a(sequence(of(sampled(BmeOstamped(locaBons(

(p
i
,(t

i
)(where(p

i
(is(a(2D(point((x

i
,(y

i
)(and(t

i
(is(the(recording(Bmestamp(of(p

i
((
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What!is!a!(GPSIbased)!trajectory?!

!  A(common(representaBon(in(MOD(is(a(3D&polyline&in(the(plane(
where(verBces(correspond(to(BmeOstamped(locaBons((p

i
,(t

i
)((

"  and(linear&interpola3on(is(assumed(between((p
i
,(t

i
)(and((p

i+1
,(t

i+1
)(

(pi,ti) (pi+1,ti+1) 
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From!“raw”!to!“semantic”!trajectories!
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•  Semantic Trajectory: T={efirst,…,elast} 

•  Episode: ei = (STOP | MOVE, tfrom, tto, place, tag) 

raw&mobility&data&&
sequence&(x,y,t)&points&

e.g.,&GPS&feeds&&

meaningful&mobility&tuples&

 <place,&3mein,&3meout,&tags>&

Home (breakfast)  office (work) Market (shopping) Home (relax) 

Road  
(bus) 

Train 
(metro) 

Sideway 
(walk) 

[~, 8am] 

[8am, 9am] [6pm, 6:30am] [7:30pm, 8pm] 

[9am, 6pm] [6:30pm, 7:30pm] [8pm,~] 
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Examples!of!GPS!trajectory!data!

!  “Milano(dataset”:(vehicles(moving(in(Milan(

"  ~2M(GPS(recordings(from(17241(disBnct(objects((7(days(period)(#(

214,780(trajectories(
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Examples!of!GPS!trajectory!data!

!  “IMIS3days”(dataset:(vessels(sailing(in(Mediterranean(sea(

"  (only(a(small(subset(of(the(dataset(at(hand)(~4.5M(GPS(recordings(

from(1753(disBnct(objects((3(days(period)(#(1503(trajectories(

14!

Examples!of!trajectoryIbased!apps!

Google My Tracks 

RunKeeper 
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What!can!we!do!with!/!learn!from!
mobility!data!...!
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Vehicles!datasets…!

!  (global)(Traffic(monitoring(

"  How(many(cars(are(in(the(ring(of(

the(town?(

"  Once(an(accident(is(discovered,(

immediately(send((

alarm(to(the(nearest(police(and(

ambulance(cars(
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Vehicles!datasets…!

!  (personalized)(LocaBonOaware(

queries(

"  Where(is(my(nearest(Gas(staBon?(

"  What(are(the(fast(food(restaurants(

within(3(miles(from(my(locaBon?(

"  Let(me(know(if(I(am(near(to(a(

restaurant(while(any(of(my(friends(

are(there(
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Vessels!datasets…!

(requirements(from(Greek(MariBme(ConservaBon(Agencies)(

(

!  Querying(and(mining(trajectories:(

"  Extract(/(draw(the(ship(tracks((detailed(vs.(simplified)((

"  Calculate(average(and(minimum(distance(from(shore;(where(and(when((

"  Calculate(the(number(of(ships(in(the(vicinity(of(the(ship((e.g.(10(n.m.(

radius)((

"  Find(whether((and(how(many(Bmes)(a(ship(goes(through(narrow(

passages(or(biodiversity(boxes((

"  Calculate(the(number(of(sharp(changes(in(direcBon(

"  Find(ships(following(typical(routes(vs.(outliers(
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Vessels!datasets…!

ApplicaBonO(oriented(analysis:(

!  Improving(safety(

"  Analyze(the(accuracy(of(data(provided(by(base(staBons(

!  Traffic(opBmizaBon(

"  Calculate(metrics(from(the(traffic:(traffic(density,(mean(distance(

between(ships,(number(of(trajectories(that(are(close(to(the(

‘opBmal’(departure(–(arrival(path(

"  Devise(new(sea(routes(to(handle(traffic(increase(

"  Measure(the(acBvity(of(each(ship:(number(of(intermediate(stops(

!  Environmental(consideraBons(

"  Compare(trajectories(with(environmental(consideraBons((fuel(

consumpBon,(noise(polluBon),(

20!

More!ambitious:!“Mobile!Landscapes”!
[Ratti!et!al.!2005]!

MIT senseable project: http://senseable.mit.edu/grazrealtime/ 
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More!ambitious:!“Trajectory!patterns”!
[Giannotti!et!al.!2007]!

ΔT ∈ [10min, 20min] 

ΔT ∈ [20min, 35min] 

ΔT ∈ [5min, 10min] ΔT ∈ [25min, 45min] 

EU GeoPKDD project: http://www.geopkdd.eu 

22!

The!big!picture!
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24!

The!modules!of!our!architecture!

raw data producers 

Trajectory 
reconstruction Trajectory 

aggregations 
(DW) 

Raw location 
recordings 

(DB) 

Mobility Data 
Visualization 

Mobility Data 
Querying 

Mobility Data 
Mining 

Trajectories 
(MOD) 

Mobility Data 
OLAP 

Extract-
Transform-
Load (ETL) 
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From!data!to!information!to!knowledge!

Mobility&PaLern&Mobility&Data&Raw&Data&
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Key!questions!that!arise!

!  How(to(reconstruct&a&trajectory(from(raw(logs?((

!  How(to(store&trajectories(in(a(DBMS?(

"  Is(a(trajectory(simply(a(sequence(of((x,(y,(t)(tuples?(

!  What(kind(of(analysis&is(suitable(for(mobility(data?((

"  In(parBcular,(trajectories(of(moving(objects?(

"  How(does(infrastructure((e.g.(road(network)(affect(this(analysis?(

!  Which(paLerns&/&models&can(be(extracted(out(of(them?(

"  Clusters,(frequent(paNerns,(anomalies(/(outliers,(etc.(

"  How(to(compute(such(paNerns(/(models(efficiently?(

!  How(to(protect&privacy&/&anonymity?(

"  tradeOoff(between(privacy(protecBon(and(quality(of(analysis(
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Course!outline!

I.&Background&O(GPS(infrastructure;(SpaBal(database(management;(

SpaBal(OLAP(and(data(mining(

II.&Mobility4aware&applica3ons&and&tools&O(LocaBonObased(
services(and(tools;(Algorithms(and(operaBons(for(LBS(

III.&Mobility&data&management&(storage&and&querying)&O(
Acquiring(trajectories(from(raw(data;(LocaBonOaware(querying;(

Efficient(trajectory(indexing(and(storage(in(MODs(

IV.&Mobility&data&explora3on&(OLAP&analysis&and&mining)&O(
Trajectory(warehousing(and(OLAP;(Mobility(data(mining(and(

reasoning;(Visual(analyBcs(for(mobility(data(

V.&Privacy&aspects&O(Preserving(user(traces’(anonymity(

VI.&Outlook&O(Open(issues;(Future(Challenges(

Reading!list!
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Project!overviews,!manifesto!papers,!etc.!

"  Atzori,(P.((2007)(Privacy(and(anonymity(in(locaBon(and(movementOaware(data(

analysis(–(the(GeoPKDD(approach.(Proceedings(of(ISI.(

"  Giannou,(F.(and(Pedreschi,(D.((2008)(Mobility,(Data(Mining,(and(Privacy:(A(

Vision(of(Convergence.(In(Mobility,(Data(Mining(and(Privacy(–(Geographic(

Knowledge(Discovery.(Springer.(

"  Giannou,(F.(et(al.((2008)(Mobility,(Data(Mining,(and(Privacy(–(the(Experience(

of(the(GeoPKDD(Project.(Proceedings(of(PinKDD.(

"  Lopez,(X.((2003)(The(Future(of(GIS:(RealOBme,(Mission(CriBcal,(LocaBon(

Services.(Proceedings(of(Cambridge(Conference.(

"  Nabian,(N.(et(al.((2009)(MIT(GEOblog:(A(Plaworm(for(Digital(AnnotaBon(of(

Space(and(CollecBve(Community(Based(Digital(Story(Telling.(Proceedings(of(

IEEEODEST.(

"  Rau,(C.(et(al.((2005)(Mobile(Landscapes:(Graz(in(Real(Time.(Proceedings(of(LBS(

&(TeleCartogrqaphy.(

End#of#section!
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Background!on!!
Positioning!technologies!

32!

GeoIpositioning!

!  PosiBoning(technologies((all(standardized(in(early(2000’s)(

"  Using(the(mobile(telephone(network(

!  Time(of(Arrival((TOA),(UpLink(TOA((ULOTOA)(

"  Using(informaBon(from(satellites(

!  Global(PosiBoning(System((GPS)((

!  Assisted((AOGPS),(DifferenBal(GPS((DOGPS)(

source: ESA 

source: http://www.3gpp.org 

U-TDOA 
hyperboloid 

Antenna 

Antenna 

Antenna 

Estimated 
Location 
Region 

RTT 
Circle 
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GeoIpositioning!(cont.)!

!  Uplink(O(Time(Difference(of(Arrival((UOTDOA)(

"  At(least(3(receivers((located(together(with(antennas)(get(signals(from(a((

user’s(mobile,(triangulate,(and((

esBmate(its(posiBon(

"  Accuracy:(30O120(m(

"  Standardized(by(the(3GPP((

(3rd(GeneraBon(Partnership(Project)(

"  Problem:(Requires(great((

investment(in(infrastructure(

source: 3gpp.org 

U-TDOA 
hyperboloid 

Antenna 

Antenna 

Antenna 

Estimated 
Location 
Region 

RTT Circle 
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SatelliteIsupported!positioning!

!  GPS((Global(PosiBoning(System)(

"  Fully(operaBonal(since(1994(

"  24Osatellite(constellaBon(

!  monitored(by(5(monitoring(staBons(and(4(ground(antennas;(handled(with(

(extremely(precise)(atomic(clocks(

!  At(least(5(satellites(are(in(view(from(every(point(on(the(globe(

"  GPS(receiver(gathers(informaBon(from(4((

(or(3,(the(minimum)(satellites(and((

(a)(triangulates(to(posiBon(itself;((

(b)(fixes(its((nonOatomic)(clock(

"  PosiBon(accuracy:(~20m(
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source: (Swedberg, 1999) 

GeoIpositioning!(cont.)!

!  Assisted(GPS((AOGPS)(

"  provides(preO(

calculated(satellite((

orbits(to(the(receiver(

"  Accuracy(10O20(m(

!  DifferenBal(GPS((DOGPS)((

"  accuracy(down(to(1m(
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GeoIpositioning!(cont.)!

!  GPS(compeBtors(

"  Glonass((Russia)(–(currently,(semiOoperaBonal((

!  24Osatellite(constellaBon;(1O10m(accuracy(

"  Galileo((EU)(O(fully(operaBonal(by(2019(

!  30Osatellite(constellaBon;(1m(accuracy(

"  Beidou((China)(O(fully(operaBonal(by(2020(

!  35Osatellite(constellaBon;(10m(accuracy(
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Background!on!!
Spatial!database!management!
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Geographical!data!models!

"  RepresentaBon(of(reality:((

Raster(vs.(Vector&
  

x&(&

y&(&

0&(& 4&00&(& 8&00&(&

4&00&(&

8&00&(&

street&&&

river& &&

house&&&

house&&&

Trees&II& &&

Trees&I& &&

bridge&&&

I&&&I&&&
I&&& I&&&

II&&&
II&&& II&&&

h&&&

II&&& h&&&b&&&

r&&&

r&&&

r&&& r&&&
r&&& r&&&

r&&&
r&&&

r&&&
r&&&

s&&&
s&&& s&&&

s&&&
s&&& s&&&

s&&&

7&&&
6&&&
5&&&
4&&&
3&&&
2&&&
1&&&
0&&&

0&&& 1&&& 2&&& 3&&& 4&&& 5&&& 6&&& 7&&&

reality& (&

raster& (& vector& (&
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Vector!model!

!  Geographical(space(=(a(set(of(enBBes(

"  0Od:(points(

"  1Od:(line(segments,(polylines,(…(

"  2Od:(polygons,(polygons(with(holes,(…(

((

edge(((

vertex(((

end(((

end(((

Open(line((( Closed(line(((

((

Simple(

polygon(
((NonOsimple(

polygon(
(( Convex(

polygon(
(( Polygon(

with(hole(s)(
((
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Spatial!relationships!

!  Topological(vs.(direcBonal(relaBonships(between(spaBal(objects(

"  Topological(relaBonships(are(invariant(to(topological(transformaBons(

!  Shiz,(RotaBon,(Scaling(



41!

Topological!relationships!

!  Egenhofer’s(4O(and(9O(

intersecBon(model(

(Egenhofer(and(

colleagues,(1989O93)(

"  Based(on(the(set(

intersecBons(between(

objects’(interior,(

boundary(and(exterior(

  

disjoint 

meet 

overlap 

inside 

contain 

covered-by 

cover 

equal 

42!

Egenhofer’s!NineIIntersection!Model!
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Example!of!a!geoIDB!

!  EnBBes:(countries,(ciBes,(rivers,(etc.(

"  RelaBonships(between(enBBes:(capitalOofOcountry,(…(

!  How(can(we(model(and(manage(such(informaBon?(

"  Country(is(of(polygon(shape(

"  River(is(of(polyline(shape((?)(

"  City(is(of(point(shape((?)(

!  SpaBal(operaBons:((

"  area(of(a(country,(length(of((

borderline(between(2(countries,(...(

44!

Example:!World!Database!

!  At(the(conceptual(level(

"  3(EnBBes:(Country,(City,(River(

"  2(RelaBonships:(capitalOof,(originatesOin(
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Example:!World!Database!(cont.)!

!  At(the(logical(level:(3(relaBons((Country,(City,(River)(

46!

How!do!we!implement!spatial!DBs!

!  An(example(SpaBal(DBMS:(

PostgreSQL&

"  Geometric(data(types(

!  Point&

!  Line&segment(=(2(points(

!  Box&=(2(points(

!  Path(=(sequence(of(points(

!  Polygon(=(sequence(of(
points(

!  Circle(=(point(+(number(

(radius)(

"  SpaBal(indexing(techniques(

!  GiST(–(generalized(search(

trees(

!  Special(case:(ROtree(

"  Geometric(funcBons(and(

operators((

!  A(variety(…(
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PostgreSQL!geometric!data!types!

48!

PostgreSQL!geometric!operators!

Operator Description Example        
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PostgreSQL!geometric!operators!(cont.)!
Operator Description Example        

50!

PostgreSQL!Examples!

!  A(table(of(areas((zones)(

(

(CREATE TABLE zones (poly_id integer, name varchar(30), sector polygon); 
 INSERT INTO zones VALUES (1, 'PARK', '(479243, 4204000,  

 477728, 4202750, 477559, 4202100, 476271, 4204750)' :: polygon); 
(

!  A(table(of(points((locaBons)(

(

(CREATE TABLE locations (point_id integer, name varchar(30), pos point); 
 INSERT INTO locations VALUES (52, 'Freedom Sq.',  

 '(476600, 4202800)' :: point); 
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PostgreSQL!Examples!

!  Objects(within(distance(from(a(given(point(

SELECT point_id,(pos<->Point '(475750, 4201500)') as distance 
FROM locations 
WHERE (pos <-> Point '(475750, 4201500)' ) <= 200 

(

!  Objects(within(a(given(region(

(SELECT point_id, name 
FROM locations 
WHERE (pos @ box '(476271, 4204000, 479243, 4204750)') = TRUE 
(

SELECT point_id, name 
FROM locations  
WHERE (pos @ (SELECT sector FROM zones WHERE name = 'PARK')) 

52!

SDBMS!physical!level!

!  Issue:((

"  How(to(store(and(efficiently(process(this(

kind(of(informaBon?(

!  RelaBonal(DBMS(support(tradiBonal(

(alphanumeric,(etc.)(data(types(

"  Low(complexity(#(relaBonal(tables(are(

efficient(

"  Total(ordering(#(search(trees((e.g.(B+O

trees)(for(fast(search(

!  Unfortunately,(spaBal(objects((

"  (a)(are(of(high(complexity(and((

"  (b)(lack(total(ordering(

x&(&

y&(&

0&(& 4&00&(& 8&00&(&

4&00&(&

8&00&(&

street&&&

river& &&

house&&&

house&&&

Trees&II& &&

Trees&I& &&

bridge&&&
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SDBMS!physical!level!

!  Unfortunately,(spaBal(objects((

"  (a)(are(of(high(complexity(and((b)(lack(total(ordering(

!  Nevertheless,(can(we(do(something?(

"  Regarding((a):(use(spaBal(data(approximaBons(of(low(complexity((

"  Regarding((b):(adopt(mulBOdimensional(search(techniques(

France 

54!

Spatial!data!approximations!

!  Minimum((Orthogonal)(Bounding(Rectangle((MBR)((

"  MBR(obj)(is(the(minimum(orthogonal(rectangle(that(covers(obj(

!  Unfortunately,(approximaBons(are(not(idenBcal(to(the(original(

shapes(they(origin(from($(

"  Need(for(a(filter&and&refinement(procedure(to(support(typical(spaBal(
queries(

France 



55!

(parenthesis:!“typical!spatial!queries”)!

!  Typical(spaBal(queries(are(the(following:(

"  Point((D,(p):(find(objects(in(dataset(D(covering(point(p(

"  Range((D,(r):(find(objects(in(dataset(D(that(lie(inside((or(overlapping)(
region(r(

"  NN((D,(p,(k):(find(the((kO)(object(s)(in((
dataset(D(that(lie(nearest(to(point(p(

"  Spa3alJoin((D1,(D2):(find(all(pairs((
(o1,o2)(of(objects(in(datasets(D1,(D2,((

that(saBsfy(a(spaBal(condiBon((

(usually,(overlap)(

56!

The!FilterIRehinement!procedure!

!  Processing(a(spaBal(query(Q(

"  Filter(step:(find(a(set(S(that(contains((for(sure)(the(answer(set(of(Q(

using(MBR(approximaBons(

"  Refinement(step:(find(the(exact(answer(set(of(Q(by(geometrically(

processing(S(

Query(

SpaBal(Index(

Candidate(Set(

Filter'Step'

False(Hits(

Refinement'Step'

Local(Object(Geometry(

Test(on(exact(Geometry(

Hits(

Query&Result&
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An!example!of!hilter!–!rehinement!

!  Range(query(processing(

"  filter(step:(find(object(MBRs(overlapping(Q(

"  refinement(step:(find(objects(overlapping(Q(

B 

C D 

A 

B 

C D 

Query 
region 

MBR 

Data 
Object B 

C 
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Indexing!spatial!objects!

!  Problem:((

"  Cannot(adopt(“total(ordering”(in(mulBOdimensional(space(

!  If(this(was(the(case,(we(would(have(adopted(the((

wellOknown(B+Otree(

!  SoluBons:(

"  Adopt(parBal(ordering((using(space(filling(curves,((

e.g.(Hilbert),(transform(2D(objects(in(1D(intervals,((

and(exploit(on(e.g.(B+Otrees,(or(

"  Invent(novel(spaBal(indexing(techniques:((

ROtrees,(Quadtrees,(etc.(

Hilbert(curve(
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Space!hilling!curves!

Row( RowOprime( ZOOrder((Morton)(

Hilbert( Cantor(diagonal( Spiral(

60!

ZI!vs.!Hilbert!curve!

!  ZOcurve:(

"  Produced(by(interleaving(bits(

n=3 n=2 n=1 n=0 
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ZI!vs.!Hilbert!curve!

!  Hilbert(curve:(

"  Produced(by(interleaving(bits(

"  …(and(rotaBng(

n=3 n=2 n=1 n=0 

A 
A A 

A
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RItree!(and!family)!

!  The(basic(idea:(extends(BOtree(to(mulBOdimensional(space(

!  Basic(properBes:((

"  Nodes(correspond(to(disk(pages;(Balanced(tree;(Nodes(consist(of(MBRs(

covering(the(entries(of(the(lower(level(

"  Implemented(in(Oracle,(IBM(DB2,(PostgreSQL,(etc.((

"  Finds(many(applicaBons:(spaBal,(image,(mulBmedia,(BmeOseries(

databases,(OLAP,(etc.((Manolopoulos(et(al.(2005)(
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Point!/!Range!query!processing!in!RItrees!
[Guttman,!1984]!

!  Query(window:(Q(

!  Root(level:(Q(overlaps(R
1
,(R

2(

!  DepthOfirst(propagaBon:(node(R
1
(%(node(R

3
,(node(R

2
(%(node(R

5
(%(overlaps(r

7(

!  Answer(set:(r
7(

Q 
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NN!query!processing!in!RItrees!
[Roussopoulos!et!al.!1995]!

!  Query(point:(Q(

!  Root(level:(R
1
,(R

2
(are(candidates((at(the(moment…)(for(containing(the(answer(

!  DepthOfirst(propagaBon((ask(yourselves(why…):(node(R
1
(%(node(R

3
(%(r

2
(and(r

3
(

are(candidate(answers((

"  sideOeffect:(R
2
(is(pruned!(

"  Answer(set:(r
2
,(r

3
((two(candidates(for(the(1ONN(!!)(

Q 

MINDIST&

MINMAXDIST&

MINMAXDIST&
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Spatial!DB!+!Time!=!SpatioItemporal!DB!

!  Including(Bme(dimension(in(spaBal(data(is(not(straighworward(

((Koubarakis(et(al.(2003)(

"  Bme(is(not(simply(a(3rd(dimension((monotonicity,(etc.)(

!  Adding(moBon(in(spaBal(objects((points,(lines,(regions)(

"  Novel(data(types,(e.g.(“moving(points”((GüBng(et(al.(2000)(

"  SpaBoOtemporal(extensions(of(ROtrees(for(indexing((Theodoridis(et(al.(

1998)((
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An!example!of!spatioItemporal!DB!

!  Vessel(traffic:(

"  En33es:(vessels,(ports,(coastlines,(narrow(passages,(etc.(

"  Rela3onships(between(enBBes:(vessels’(scheduled(trips((portOtoOport)(

"  Spa3al&opera3ons:((
when(does(a((

vessel(approach((

(pass(through)((

a(port((narrow((

passage),(how((

close((and(when)((

do(two(vessels((

approach(each((

other,...(

Live information: vesseltracker.com 
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Background!on!!
Spatial!data!exploration!

Aggregating!DB!information:!Data!Cubes!

!  Aggregated(informaBon(from(DBs((

is(stored(in(data&cubes&&
[Gray(et(al.(DMKD(’97](

"  Feeded(from(DB(via(an((

ExtractOTransformOLoad((ETL)((

procedure(

"  Technically,(a(collecBon(of(relaBons((

(if(relaBonal(model(is(adopted)(

!  Typical(structure:(star&schema&

"  Several(dimension&tables(with(their(hierarchies(

"  One(fact&table(with(measures&

"  VariaBon:(constellaBon(schema((

(more(than(one(fact(tables)(

68!

Location

Branch-id
downtown
City
Region
Country

Time

Time-id
Hour
Date
day-of-week
Month
Year

Product

Product-id
Type
Category

Fact-table

when
where
what
how-much
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ETL!example!

!  DB(schema((

product (product_ID,  
type, category) 

location (branch_ID,  
downtown, city,  
region, country) 

sales-transaction ( 
timestamp, product_ID,  
branch_ID, units_sold,  
unit_price)  

!  ETL(query(

INSERT INTO sales  
( SELECT datetime(timestamp) AS when,  
  branch_ID AS where, product_ID AS what,   
 sum(units_sold*unit_price) AS how-much  
 FROM sales-transaction  
 GROUP BY when, where, what  
 HAVING how-much > 0 ) 

Data&
Warehouse&

Extract(

Transform(

Load(

Refresh(

OperaBonal((

DBs(

OLAP!operations!on!data!cubes!

!  A(sequence(of(operaBons:(

"  (roll4up)(“What(was(the(total((

turnover((“howOmuch”(measure)((

per(month(and(per(city?”((

"  (slice)(“Especially(in(March,((

what(was(the(turnover(per(city?”((

"  (drill4down)(“Especially(in(March,((

what(was(the(turnover(on((

weekdays(vs.(weekends?”((

"  (cross4over)(“Display(the(DB(records((
that(support(the(above(result.”((

!  Degree(of(efficiency(of(OLAP(operaBons((

depends(on(the(type(of(measures&
"  distribuBve(vs.(algebraic(vs.(holisBc(

Location

Branch-id
downtown
City
Region
Country

Time

Time-id
Hour
Date
day-of-week
Month
Year

Product

Product-id
Type
Category

Fact-table

when
where
what
how-much
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Data!cubes!for!spatial!data!

!  Spa3al&data&cubes((
[Han(et(al.(PAKDD’98](

"  Dimensions((

!  SpaBal((e.g.(Geography)(vs.((

!  nonOspaBal(/themaBc((

(e.g.(Time,(Product)(

"  Measures:(

!  Numerical(vs.(SpaBal((

Geography

Geo-id
Geometry
City
Region
Country

Time

Time-id
Hour
Date
day-of-week
Month
Year

Product

Product-id
Type
Category

Fact-table

when
where
what
how-much
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Cluster!analysis!(and!outlier!detection)!

!  The(seungs:(

"  A(dataset(of(enBBes(D(=({e
1
,(e

2
,(…,(e

N
}(

"  For(each(pair(of(enBBes,(a(distance(Dist(e
ij
)(can(be(measured((hence,(a(

NxN(distance(matrix(is(potenBally(formed)(

!  (hopefully)(the(distance(measure(Dist(e
ij
)(should(be(a(metric.(

!  The(objecBve(goal:(

"  ParBBon(enBBes(of(D(into(K(groups((clusters),(G
1
,(…,(G

K
(with(the(

following(properBes:(

!  ∪(G
i
(=(D,(G

i
(∩(G

j
(=(∅((

!  The(intraOcluster((interOcluster)(distance(between(enBBes(is(minimized(

(maximized,(resp.),(as(beNer(as(possible(



What!is!Cluster!Analysis?!!
original!slide!from!(Tan!et!al.!2004)!

!  Finding(groups(of(objects(such(that:((

"  the(objects(in(a(group(will(be(similar((or(related)(to(one(another(and((

"  …(different(from((or(unrelated(to)(the(objects(in(other(groups(

Inter-cluster 
distances are 

maximized 
Intra-cluster 
distances are 

minimized 

Types!of!Clusterings!!
original!slide!from!(Tan!et!al.!2004)!

!  A(clustering&is(a(set(of(clusters(

!  Important(disBncBon(between(hierarchical(and(par33onal(sets(
of(clusters(

((

!  Hierarchical(clustering(

"  A(set(of(nested(clusters(organized(as(a(hierarchical(tree((

(

!  ParBBonal(Clustering(

"  A(division(data(objects(into(nonOoverlapping(subsets((clusters)(such(

that(each(data(object(is(in(exactly(one(subset(



Partitional!Clustering!!
original!slide!from!(Tan!et!al.!2004)!

Original Points A Partitional  Clustering 

Hierarchical!Clustering!!
original!slide!from!(Tan!et!al.!2004)!

p4
p1

p3

p2

 

p4 
p1 

p3 

p2 
p4p1 p2 p3

p4p1 p2 p3

Traditional Hierarchical 
Clustering 

Non-traditional Hierarchical 
Clustering 

Non-traditional Dendrogram 

Traditional Dendrogram 



Clustering!Algorithms!!
original!slide!from!(Tan!et!al.!2004)!

!  ParBBonal(algorithm(

"  KOmeans(and(its(variants(

!  Hierarchical(clustering(

"  AgglomeraBve(vs.(divisive(approaches(

"  Issue:(how(to(measure(distance(between(two(clusters?(

!  DensityObased(clustering(

"  DBSCAN,(OPTICS,(etc.(

KImeans!Clustering!!
original!slide!from!(Tan!et!al.!2004)!

!  ParBBonal(clustering(approach((

!  Each(cluster(is(associated(with(a(centroid((center(point)((
!  Each(point(is(assigned(to(the(cluster(with(the(closest(centroid(

!  Number(of(clusters,(K,(must(be(specified(

!  The(basic(algorithm(is(very(simple(



KImeans!example,!step!1!!
original!slide!from!(PiatetskyIShapiro!2003)!

k1 

k2 

k3 

X 

Y 

Pick 3  
initial 
cluster 
centers 
(randomly) 
 

KImeans!example,!step!2!
original!slide!from!(PiatetskyIShapiro!2003)!

k1 

k2 

k3 

X 

Y 

Assign 
each point 
to the closest 
cluster 
center 
 



KImeans!example,!step!3!
original!slide!from!(PiatetskyIShapiro!2003)!

X 

Y 

Move 
each cluster 
center 
to the mean 
of each cluster 
 

k1 

k2 

k2 

k1 

k3 

k3 

KImeans!example,!step!4!
original!slide!from!(PiatetskyIShapiro!2003)!

X 

Y 

Reassign 
points  
closest to a 
different new 
cluster center 
 
Q: Which 
points are 
reassigned? 
 
 

k1 

k2 

k3 



KImeans!example,!step!4!…!
original!slide!from!(PiatetskyIShapiro!2003)!

X 

Y 

A: three 
points with 
animation 

k1 

k3 
k2 

KImeans!example,!step!4b!
original!slide!from!(PiatetskyIShapiro!2003)!

X 

Y 

re-compute 
cluster 
means 

k1 

k3 
k2 



KImeans!example,!step!5!
original!slide!from!(PiatetskyIShapiro!2003)!

X 

Y 

move cluster 
centers to 
cluster means 

k2 

k1 

k3 

Hierarchical!Clustering!
original!slide!from!(Tan!et!al.!2004)!

!  Two(main(types(of(hierarchical(clustering(

"  Agglomera3ve:(((

!  (Start(with(the(points(as(individual(clusters;(At(each(step,(merge(the(closest(

pair(of(clusters(unBl(only(one(cluster((or(k(clusters)(lez(

"  Divisive:(((

!  (Start(with(one,(allOinclusive(cluster;(At(each(step,(split(a(cluster(unBl(each(

cluster(contains(a(point((or(there(are(k(clusters)(

!  TradiBonal(hierarchical(algorithms(use(a(similarity(or(distance(

matrix(

"  Merge(or(split(one(cluster(at(a(Bme(
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0.05

0.1

0.15

0.2

Hierarchical!Clustering!–!an!example!
original!slide!from!(Tan!et!al.!2004)!

Nested Clusters Dendrogram 

1 

2 

3 

4 

5 

6 

1 

2 

3 

4 

5 

DBSCAN!

!  DBSCAN((Ester(et(al.(KDD’96)(is(a(densityObased(algorithm.(

"  Density(=(number(of(points(within(a(specified(radius((Eps)(

!  The(noBon(of(density&reachability(

(

"  Directly(DensityOReachable((

"  DensityOReachable(

"  DensityOConnected(((((

m = 3 

q

pe

q
pp’ 

o
pq



DBSCAN!

!  Core(vs.(Border(vs.(Noise(points.((

(

A(point(is(characterized(as:&

"  core&point,(if(it(has(at(least(MinPts(points(within(its(Eps(neighborhood((

!  Core(points(are(expected(to(be(the(cores(of(clusters(

"  border&point,(if(it(is(not(a((
core(point,(but(it(lies(in(the((

neighborhood(of(a(core((

point((

!  Border(points(are(expected((

to(be(included(in(the((

clusters(of(their(cores(

"  noise&point,(otherwise(
!  Noise(points(are(expected(to((

be(excluded(from(clusters((

(hence,(outliers)(

DBSCAN:!Core,!Border,!and!Noise!Points!
original!slide!from!(Tan!et!al.!2004)!



DBSCAN:!Core,!Border!and!Noise!Points!
original!slide!from!(Tan!et!al.!2004)!

Original Points Point types: core, 
border and noise 

Eps = 10, MinPts = 4 

OPTICS:!Ordering!Points!To!Identify!the!Clustering!Structure!
Reachability plot !  Addresses(DBSCAN's(major(weakness:((

"  the(problem(of(detecBng(meaningful((

((((((clusters(in(data(of(varying(density(

!  OPTICS(methodology(

"  Points(are((linearly)(ordered(according((

to(their(closeness(

"  A(special(distance(is(stored((“reachability”)((
for(each(point(that(represents(the(density((

to(be(accepted(for(a(cluster(in(order(to(have((

both(points(belong(to(the(same(cluster(



93!

Conclusions!

!  AssumpBons(

"  Wireless(networks(infrastructures(are(the(nerves(of(our(territory(

"  besides(offering(their(services,(they(gather(highly(informaBve(traces(

about(human((animal,(etc.)(mobile(acBviBes(

"  Ubiquitous(compuBng(infrastructure(will(further(push(this(

phenomenon(

!  Therefore,(

"  Mobility(data(collecBons(will(be(more(and(more(popular(…(

"  …(asking(for(effecBve(and(efficient(management(and(explora3on&

!  …(while,(in(parallel,(taking(privacy&issues&into(consideraBon(

94!

Questions!
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Online!Resources!

!  PosiBoning(technologies(

!  3GPP(specificaBons,(hNp://www.3gpp.org/specs/specs.htm((

!  ETSI(–(European(TelecommunicaBon(Standards(InsBtute.(hNp://www.etsi.org((

!  Open(GIS(ConsorBum,(OpenGIS®(LocaBon(Services((OpenLS):(Core(Services,(

hNp://www.openls.org((

!  Open(Mobile(Alliance((OMA),(hNp://www.openmobilealliance.org((

!  OpenPrivacy(IniBaBve,(hNp://www.openprivacy.org((

!  Trimble:(All(About(GPS,(hNp://www.trimble.com/gps(

!  SpaBoOtemporal(database(management(

!  ChoroChronos.org.(A(portal(of(datasets(and(algorithms(for(mobility(data(

management.(hNp://www.chorochronos.org((
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