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1 Examples
1.1 Example: car data (Chambers / Hastie 1992)

(cardata 1) =

(define bagpl ot 12)

library(rpart); cardata<-car.test.frame[,6:7]; par(nfrow=c(1l,1))
bagpl ot (car dat a, ver bose=F, f act or =3, show. baghul | =T, dknet hod=2
show. | oophul | =T, preci si on=1)

#title("car data Chanbers/Hastie 1992")

car data Chambers/Hastie 1992
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By the way Splus computes the Tukey median as 2806.63 139.513. In contrast our center is:
2801.4000 , 139.2667. In difference to Rousseeuw et al. our bagplot as well as the bagplot
computed by Splus the data point of Nissan Van 4 is classified as outlier. To get the Splus
result you have to download bagpl ot #, the car data and ...

Spl us CHAPTER bagpl ot . f

Spl us nmake

Splus ...

> dyn. open("S.s0"); source("bagplot.s")

> postscript("hello.ps"); bagplot(cardata[,1],cardata[,2]); dev.off()



1.2 The normal case

A bagplot of an rnorm sample plus one heavy outlier
(rnorm 2) =
I11<-221
(define data xy 50)
dat an<-r bi nd(dat a, ¢c(106, 294)); par(nfrow=c(1,1))
dat an[, 2] <-datan[, 2] *100
bagpl ot (dat an, f act or =3, creat e. pl ot =T, appr ox. | i m t =300,
show. out | i er =T, show. | ooppoi nt s=T, show. bagpoi nt s=T,
show. whi sker s=T, show. | oophul | =T, show. baghul | =T, ver bose=F)
title(paste("seed: ",111))

seed: 222
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1.3 Large data sets

What about large data sets?
(large 3) =
I11<-173
if(lexists("III")) 111<-75
set.seed(ll1<-111+1); print(lIl)
n<- 3000; dat an<- cbi nd(r nor n( n) +100, r nor m( n) +300)
print(l11)
dat an<-r bi nd(dat an, c(105, 295))
par (nfrow=c(1, 1)) #, par(nfrow=2:3)
bagpl ot (dat an, factor=2.5, create. pl ot =T, approx. i nmi t =1000, cex=0. 2,
show. out | i er =T, show. | ooppoi nt s=T, show. bagpoi nt s=T, dknet hod=2,
show. | oophul | =T, show. baghul | =T, ver bose=F, debug. pl ot s="no")
title(paste("seed",111))

seed 174
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1.4 Size of data set

The time for computation increase with the number of observations. To get an imagination
of the time needed look at the following experiment: We measure the times rnorm data sets
of different sizes and plot the result.
(rnorm 2)+ =
nn<-c( 35, 50, 70, 100, 200) ; nn<-c(nn, 10xnn, 100*xnn) ; nn<-nn[-(1: 2)]
resul t<-1:1ength(nn)
for(j in seq(al ong=nn)){
I11<-111; set.seed(lll); n<-nn[j]
xy<-chi nd(rnorm(n), rnorn(n))
result[j]<-systemtine(
bagpl ot (xy, fact or=3, creat e. pl ot =F, approx. | i m t =300,
show. out | i er =T, show. | ooppoi nt s=T, show. bagpoi nt s=T,
show. whi sker s=T, show. | oophul | =T, show. baghul | =T, ver bose=F)
)[1]
}
pl ot (nn, resul t, bty="n",yl ab="user-cpu", x| ab="nunber of data points")
nanmes(result)<-nn; result

Tue Sep 20 09:23:31 2005
70 100 200 350 500 700 1000 2000 3500 5000 7000 10000 20000
0.74 0.98 2.10 2.70 2.67 2.36 3.16 3.28 3.95 5.49 7.33 8.87 14.86
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1.5 Depth one data sets

What happens if all points are of depth 1?
(quadratic 5) =
bagpl! ot (x=1: 30, y=(1: 30) ~2, ver bose=F, dknmet hod=2)
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1.6 Degenerated data sets

What happens if the data are in a one dim subspace?
(onedim 6) =
bagpl ot (x=10+c(1: 100, 200), y=30- c(1: 100, 200), ver bose=F)
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Here is a second one dim data set.
(one dim test 7) =
bagpl ot (x=(1: 100), y=(1: 100), ver bose=F)



1.7 Data set from the mail of M. Maechler

The data set of M. Maechler is discussed within R-help. We are not shure if our boxplot is
an approximation that is good enough. Maybe this doesn’t matter because usually a data
set is in regular position (Rousseeuw, Ruts 1998) that is we have no problems with identical
coordinates. (In the car data set there are two points which are identical.)

M. Maechler wrote in a reply concerning a bagplot questiion that the correct Tukey median

is (6.75 , 4.875 ) and not (6.542816, 4.707176) that is computed by our bagplot procedure.
(mm 8) =

# hallo

(define bagpl ot 12)

x0<-c¢(1,5, 6,6, 6, 6,6,7,7,8, 11, 13) # x0 <- c(x0, 8)

y0<-¢(2,3.5,4,4.5,4.5,5,5,5,5,5.5,5.5, 7) # y0 <- c(y0, 7)

par (nfrow=c(1,1))

bagpl ot (x0, y0, show. baghul | =T, show. | oophul | =T, cr eat e. pl ot =T,
show. whi sker s=T, f act or =3, debug. pl ot s="notal | ",

dkmet hod=2, ver bose=F, pr eci si on=1) $cent er
#abl i ne( h=4. 85, v=6. 75)




1.8 Bagplot with additional graphical supplements

Verbose bagplot of a sample of 100 rnorm points and an outlier

(verbosetest 9) =

I11<-221

(define data xy 50)

dat an<-r bi nd(dat a, ¢c( 105, 295))

bagpl ot (dat an, fact or=2. 5, creat e. pl ot =T, approx. | i m t =300,
show. out | i er =T, show. | ooppoi nt s=T, show. bagpoi nt s=T, dkmet hod=2
show. whi sker s=T, show. | oophul | =T, show. baghul | =T, ver bose=T)

title(paste("seed",I11))

seed 222
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1.9 Debugging plots with additional elements

Here is an example of plots generated with option debug. pl ot s="al | "
10 (debugplot 10) =
(define data xy 50)
dat an<-r bi nd(dat a, c(120, 280))
dat an<-dat a[ 1: 10, ] #dat an<-chi nd(c(1: 100, 200), c(1: 100, 200))
par (nfrow=c(2, 3))
bagpl ot (dat an, fact or=2. 5, creat e. pl ot =T, approx. | i m t =300,
show. out | i er =T, show. | ooppoi nt s=T, show. bagpoi nt s=T,
show. whi sker s=T, show. | oophul | =F, show. baghul | =T, dknet hod=2,
debug. pl ot s="al | ", ver bose=T)
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2 Arguments of bagpl ot

(args 11) =
ar gs(bagpl ot)

Wed Sep 21 15:48:55 2005
function
(x, y, factor = 3, approx.limt = 300, show outlier = TRUE,
show. whi skers = TRUE, show. | ooppoi nts = TRUE, show. bagpoi nts = TRUE,

show. | oophul | = TRUE, show. baghull = TRUE, create.plot = TRUE,
add = FALSE, pch = 16, cex = 0.4, ..., dknethod = 2, precision = 1,
verbose = FALSE, debug.plots ="")

NULL

A very short description can be found in the header of the function.

3 Links

Here are some links:

http://ww. cimnecgill.cal~lsimrd/ Pattern/ TheBag. ht m
http://ww. mat h. yor ku. ca/ SCS/ Gal | ery/ bri ght -i deas. ht m
http://maven. sm t h. edu/ ~st r ei nu/ Resear ch/ LocDept h/ al gorithm htnm
http://ww. agor as. ua. ac. be/ abstract/ Bagbi v97. ht m
http://ww. agor as. ua. ac. be/ Locdept . ht m
http://article.gmane. org/ gmane. conp. | ang. r. general / 25235
http://finzi.psych. upenn. edu/ R Rhel p02a/ ar chi ve/ 45106. ht ni
http://delivery.acm org/10. 1145/ 370000/ 365565/
p690-mi | | er. pdf ?key1=365565&key2=9093786211&col | =GUI DE&
dl =GUI DE&CFI D=53086693&CFTOKEN=38519152
http://ww. cs.tufts. edu/ research/ geonetry/ hal f_space/

4 The definition of bagplot

(define bagpl ot 12) =
bagpl ot <-function(x,y,
factor=3, # expanding factor for bag to get the | oop
approx.limt=300, # limt
show. outlier=TRUE, # if TRUE outlier are shown
show. whi skers=TRUE, # if TRUE whi skers are shown
show. | ooppoi nt s=TRUE, # if TRUE points in | oop are shown
show. bagpoi nt s=TRUE, # if TRUE points in bag are shown
show. | oophul | =TRUE, # if TRUE | oop is shown
show. baghul | =TRUE, # if TRUE bag is shown
create.plot=TRUE, # if TRUE a plot is created
add=FALSE, # if TRUE graphical elements are added to actual plot
pch=16,cex=.4, ..., # to define further paraneters of plot
dknet hod=2, # in 1:2; there are two nethods for approxi mati ng the bag
preci sion=1, # controls precisionn of conputation
ver bose=FALSE, debug. pl ots="" # tools for debuggi ng
){

}

(body of bagpl ot 13)

10



13 (body of bagpl ot 13) =
#pwol f 050921
(init 15)
(check and handle linear case 28)
(compute angles between points 29)
(compute hdepths 30)
(find k 31)
(compute hdepths of test points to find center 32)
i f (dkmet hod==1) {
(method one: find hulls of Dy and Dy._q 35)
}el sef
(method two: find hulls of Dy and Dy,_1 36)

(find value of | anbda 43)

(find hul | . bag 44)

(find hul | . | oop 45)

(find points outside of bag but inside loop 46)
(find hull of loop 47)

(create plot 48)

(output result 14)

Output of bagpl ot is a list of essential components of the computation. To identify singu-
lar points, use i denti fy().
14 (output result 14) =
assi gn(". Random seed", save. seed, env=. d obal Env)
return(invisible(list(
cent er =cent er, bag=hul | . bag, | oop=hul I . | oop,

outlier=if(length(pkt.outlier)>0) pkt.outlier else NULL,
hdept hs=hdept h

)))

Points with identical coordinates may result in numerical problem. Therefore, some noise
is added to the data.

15 (init 15) =

# define some functions

(define function wi n 16)

(define function out . of . pol ygon 17)

(define function cut . z. pg 18)

(define function f i nd. cut . z. pg 19)

(define function hdept h. of . poi nt s 20)

(define function expand. hul | 21)

(define function cut . p. sl . p. sl 26)

(define function pos. t 0. pg 27)

# check i nput

xydat a<-if(m ssing(y)) x else chind(x,y)
if(is.data.frane(xydata)) xydata<-as. matrix(xydat a)
# sel ect sanple in case of |arge data set
very. |l arge. dat a. set <- nrowm xydat a) >approx. i mt
i f(!exists(".Random seed")) set.seed(13)

save. seed<-. Random seed

i f(very.large.data.set){

i nd<-sanpl e(seq(nrow xydata)), si ze=approx.|limt)
xy<-xydata[ind, ]

} el se xy<-xydata

n<- nr ow( xy)

poi nts.in. bag<-floor(n/2)

#if jittering i s needed

11



16

17

18

# the following two lines can be activated
#xy<-xy+cbi nd(rnorm(n, 0,.0001+sd(xy[, 1])),

# rnornm(n, 0,.0001xsd(xy[,2])))

assi gn(". Random seed", save. seed, env=. d obal Env)
i f(verbose) cat("end of initialization")

after a lot of experiments the function at an2 is found to do the job best
(define function wi n 16) =
wi n<-function(dx, dy){ atan2(y=dy, x=dx) }

out . of . pol ygon checks if the points of Xy are within the polygon pg (return value TRUE)
or not (return value FALSE).
(define function out . of . pol ygon 17) =
out . of . pol ygon<-functi on(xy, pg){
if(nrow(pg)==1) return(pg)
pgcent er <- appl y( pg, 2, mean)
pg<-chi nd(pg[, 1] - pgcenter[1], pg[, 2] - pgcenter[2])
xy<-chi nd(xy[, 1] - pgcenter[ 1], xy[, 2] - pgcenter[2])
extr<-rep( FALSE, nrow xy))
for(i in seq(nrowm xy))){
al pha<-sort ((w n(xy[i,1]-pg[, 1], xy[i,2]-pg[,2])) %4 2*pi))
extr[i]<-pi<max(diff(al pha))
pi <(al pha[ 1] +2+pi - al pha[ | engt h(al pha)])

extr

}

cut . z. pg finds cut points of line defined by p1x, ply, p2x, p2y and lines that contains
zX, zy and origin.
(define function cut . z. pg 18) =
cut. z. pg<-function(zx, zy, plx, ply, p2x, p2y) {
a2<-(p2y-ply)/ (p2x-plx); al<-zyl/zx
sx<-(ply-a2+plx)/(al-a2); sy<-alxsx
sxy<-chi nd(sx, sy)
h<-any(is.nan(sxy))||any(is.na(sxy))]||any(lnf==abs(sxy))
if(h){
i f(verbose) cat("special")
# points on line defined by Iine segnent
h<-0==(al-a2) & sign(zx)==sign(plx)
sx<-ifelse(h, plx, sx); sy<-ifelse(h, ply, sy)
h<-0==(al-a2) & sign(zx)!=sign(plx)
sx<-ifelse(h, p2x,sx); sy<-ifelse(h, p2y, sy)
# line segnment vertical
# & center NOT ON |line segnent
h<- plx==p2x & zx!=plx & pix!=0
sx<-ifelse(h, plx, sx); sy<-ifelse(h, zyxplx/zx, sy)
# & center ON |line segnent
h<- plx==p2x & zx!=plx & plx==0
sx<-ifelse(h, plx, sx); sy<-ifelse(h,O0, sy)
# & center ON line segnment & point on |line
h<- plx==p2x & zx==plx & plx==0 & sign(zy)==sign(ply)
sx<-ifelse(h, plx, sx); sy<-ifelse(h, ply, sy)
h<- plx==p2x & zx==plx & plx==0 & sign(zy)!=sign(ply)
sx<-ifelse(h, plx, sx); sy<-ifelse(h, p2y, sy)
# points identical to end points of |ine segnment
h<-zx==plx & zy==ply; sx<-ifelse(h, plx,sx); sy<-ifelse(h, ply,sy)
h<-zx==p2x & zy==p2y; sx<-ifelse(h, p2x,sx); sy<-ifelse(h, p2y, sy)
# point of z is center

12



h<-zx==0 & zy==0; sx<-ifelse(h,0,sx); sy<-ifelse(h,O0,sy)
sxy<-chi nd(sx, sy)
} # end of special cases
#i f (verbose){ print(rbind(al, a2));print(cbind(zx, zy, plx, ply, p2x, p2y, sxy))}
i f (debug. plots=="all"){
segnent s(sxy[, 1], sxy[, 2], zx, zy, col ="red")
segment s(0, O, sxy[, 1], sxy[, 2], type="1",col ="green", | ty=2)
poi nt s(sxy, col ="red")
}

return(sxy)

}

find. cut. z. pg finds the cut points of the lines defined by z and center cent er and poly-
gon pg.
19 (define function f i nd. cut . z. pg 19) =
find.cut.z. pg<-function(z, pg, center=c(0, 0), debug. pl ot s="no"){
if(lis.matrix(z)) z<-rbind(z)
if(l==nrowmpg)) return(matrix(center,nrowz), 2, TRUE))
n. pg<-nrow( pg); n.z<-nrow z)
# center z and pg
z<-cbind(z[, 1] -center[1],z[,2]-center[2])
pgo<-pg; pg<-cbind(pg[,1]-center[1], pg[,2]-center[2])
i f (debug. pl ots=="al | "){pl ot (rbind(z, pg, 0), bty="n"); points(z, pch="p")
lines(c(pgl,1],pg[1,1]),c(pgl.2],pol1,2]))}
# find angles of pg und z
apg<-win(pg[, 1], pa[, 2])
apg[is.nan(apg)] <-0; a<-order(apg); apg<-apg[a]; pg<-pg[a,]
az<-win(z[,1],z[,2])
# find |line segnents
segm no<-appl y((outer(apg, az,"<")), 2, sum
segm no<-i f el se(segm no==0, n. pg, segm no)
next . no<-1+(segm no %% | engt h(apg))
# conpute cut points
cuts<-cut.z.pg(z[,1],z[, 2], pg[segm no, 1], pg[ segm no, 2],
pg[ next . no, 1], pg[ next . no, 2])
# rescal e
cut s<-cbi nd(cuts[, 1] +center[ 1], cuts[, 2] +center[2])
return(cuts)

}

hdept h. of . poi nt s computes the hdepths of test points t p.
20 (define function hdept h. of . poi nt s 20) =
hdept h. of . poi nt s<-function(tp,n){
n. tp<-nrow(tp)
t phdept h<-rep(0, n.tp); dpi<-2+pi-0.000001
m nuspl us<-c(rep(-1,n),rep(1,n))
for(j in 1:n.tp) {
dx<-tp[j,1]-xy[,1]; dy<-tp[j,2]-xy[,2]
a<-w n(dx, dy) +pi ; h<-a<10; a<-a[ h]; ident<-sun{!h)
init<-sumla < pi); a.shift<-(a+pi) %o dpi
h<- cumsum( m nuspl us[order(c(a,a.shift))])
t phdepth[j]<-init+m n(h)+1
# tphdepth[j]<-init+m n(h)+ident; cat("SUME",ident)
}
t phdept h
}

expand. hul | expands polygon pk without changing the depth of its points. K is the depth

13
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23

24

and r esol ut i on the number of points to be checked during expandation.
(define function expand. hul | 21) =
expand. hul | <-function(pg, k) {
(find end points of line segments: mean — pg — pgo 22)
(search for points with critical hdepth 23)
(find additional points between the line segments 24)
(compute hull pg. new25)
}

At first we search the cut points of the hull of the data set with the lines beginning in the
center and running through the points of pg. Then test points on the segments defined by
these cut points and the points of pg will be generated by using a vector | am
(find end points of line segments: mean — pg — pg0 22) =
resol uti on<-fl oor (20+preci sion)
pg0<- xy[ hdept h==1, ]
pg0<-pgO[ chul I (pgO[, 1], pgO[, 2]), ]
end. poi nts<-find. cut.z.pg(pg, pg0, cent er=cent er, debug. pl ot s=debug. pl ot s)
| anx- ((0:resolution)”1l)/resolution™l

The test is performed in two stages. In the interval form start point to end pointr esol ut i on
test points are tested concerning their h-depth. The critical interval is divided again to find
a better limit.
(search for points with critical hdepth 23) =
Pg. news<- pg
for(i in 1:nrow pg)){
t p<-cbi nd(pg[i, 1] +l am(end. points[i, 1]-pg[i,1
pg[i, 2]+l am(end. points[i,2]-pg[i,2
hd. t p<- hdept h. of . poi nt s(t p, nrow xy))
i nd<- max(sunm( hd. t p>=k), 1)
if(ind<length(hd.tp)){ # hd.tp[ind]>k &&
t p<-cbind(tp[ind, 1] +l am(tp[ind+1, 1]-tp[ind, 1]),
tp[ind, 2]+l am(tp[ind+l,2]-tp[ind, 2]))
hd. t p<- hdept h. of . poi nt s(tp, nrow xy))
i nd<- max(sun( hd. t p>=k), 1)
}
pg.newi,]<-tp[ind,]

—_
~ ~—
~ -

}
pg. new<- pg. new chul | (pg. new , 1], pg. new , 2]), ]
# cat ("depth pg.new', hdepth. of. poi nts(pg. new, n))

Between the spurts we interpolated additional directions and find additional limits by the
same procedure.
(find additional points between the line segments 24) =
pg. add<- 0. 5+ ( pg. new+r bi nd(pg. new-1,],pg. newf1,]))
end. poi nt s<-find. cut. z. pg(pg, pg0, cent er=cent er)
for(i in 1:nrow pg.add))(
t p<-cbi nd(pg. add[i, 1] +|l am:(end. points[i, 1] -pg. add[i, 1]),
pg. add[i, 2] +l amx(end. poi nts[i, 2]-pg.add[i, 2]))
hd. t p<- hdept h. of . poi nt s(t p, nrow xy))
i nd<- max(sunm( hd. t p>=k), 1)
if(ind<length(hd.tp)){ # hd.tp[ind]>k &&
t p<-cbind(tp[ind, 1] +l am(tp[ind+1, 1]-tp[ind, 1]),
tp[ind, 2]+l am(tp[ind+l,2]-tp[ind, 2]))
hd. t p<- hdept h. of . poi nt s(t p, nrow xy))
i nd<- max(sun( hd. t p>=k), 1)
}
pg. add[i,]<-tp[ind,]

14
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26

27

28

# cat ("depth pg.add", hdepth. of. points(pg.add, n))

Finally the hull of the limits is computed and our numerical solution of hull(d). pg. newis
the output of expand. hul | .
(compute hull pg. new25) =

pg. new<- r bi nd( pg. new, pg. add)

pg. new<- pg. newf chul | (pg. new , 1], pg. new , 2] ), ]

cut. p. sl.p. sl finds the cut of two lines. Both of them are described by a point and its
slope. Remember:

Y=y +m(x—x)

(define function cut . p. sl . p. sl 26) =
cut.p.sl.p.sl<-function(xyl, m, xy2, n2){
sX<-(xy2[ 2] - mR*xy2[ 1] - xy1[ 2] +ml*xy1[ 1] )/ ( nl- nR)
sy<-xyl1[ 2] - ml*xy1[ 1] +mil* sX
if(!is.nan(sy)) return( c(sx,sy) )
if(abs(ml)==Inf) return( c(xyl[1], xy2[2] +m2*(xyl[1]-xy2[1
if(abs(m)==Inf) return( c(xy2[1], xyl[2] +ml+(xy2[1]-xyl[1
}

—_—

)) )
)) )

pos. t 0. pg finds the position of points z relative to a polygon pg If a point is below the
polygon" | ower " is returned otherwise " upper".
(define function pos. t 0. pg 27) =
pos.to. pg<-function(z, pg, reverse=FALSE){
if(reverse){
i nt.no<-apply(outer(pgl, 1], z[,1],">="), 2, sum
zy.on. pg<-pg[int.no, 2] +pg[int.no, 3] *(z[,1]-pg[int.no, 1])
}el sef
int.no<-apply(outer(pgl, 1], z[,1],"<="), 2, sum
zy.on. pg<-pg[int.no, 2] +pg[int.no, 3] *(z[,1]-pg[int.no, 1])

ifel se(z[, 2] <zy.on.pg, "lower","higher")

}

Now the local function are ready for usage.
To detect a one dimensional data set we apply prcomp. Then we construct a boxplot by
hand.
(check and handle linear case 28) =
pr dat a<- pr conp( xydat a)
is.one.dinm-(mn(prdata[[1]])/ max(prdata[[1]]))<0.0001
i f(is.one.dim{
if(verbose) cat("data set one dinensional")
prdata<-prdata[[2]];
trdat a<- xydat a% %r data; ytr<-nean(trdatal, 2])
boxpl ot r es<-boxpl ot (trdata[, 1], pl ot =FALSE)
dy<-0. 1«di f f (r ange( st at s<- boxpl ot res$st ats))
dy<-0. 05+*nean(c(di ff(range(xydata[, 1])),
di ff(range(xydata[,2]))))
segtr<-rbind(cbind(stats[2:4],ytr-dy, stats[2:4],ytr+dy),
chind(stats[c(2,2)],ytr+c(dy, -dy),
stats[c(4,4)],ytr+c(dy, -dy)),
chind(stats[c(2,4)],ytr,stats[c(1,5)],ytr))
segnk-chi nd(segtr[, 1: 2] % % ( prdata),
segtr[,3:4] % % (prdata))
if(!add) plot(xydata,type="n",bty="n", pch=16, cex=.2,...)
extr<-c(mn(segni6, 3], segn 7,3]), max(segni6, 3],segn{7,3]))
extr<-extr+c(-1,1)*0.000001«diff(extr)
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xydat a<- xydat a[ xydat a[, 1] <extr[1] |
xydat a[, 1] >extr[ 2], , dr op=FALSE]
i f(0<nrow( xydata)) poi nts(xydata[, 1], xydat a[, 2], pch=pch, cex=cex)
segment s(segni, 1], segni, 2], segni, 3], segni, 4],)
return(apply(matrix(segn{2,],2,2),1, mean))
}

i f(verbose) cat("data not linear")

For friends of complexity: the angles between all pair of points are computed in O(n* log 1)
time. The angle between identical points is set to 1000.
29 (compute angles between points 29) =
dx<-(outer(xy[,1],xy[,1],"-"))
dy<'(OUter(Xy[ ’ 2] ’ Xy[! 2] ’ "'"))
al pha<- at an2(y=dy, x=dx) ; di ag(al pha)<-1200
for(j in 1:n) alpha[,j]<-sort(alpha[,j])
al pha<-al pha[-n,] ; nmk-n-1
## qui ck | ook inside, just for check
i f(debug. plots=="all"){
pl ot (xy, bty="n"); xdelta<-abs(diff(range(xy[,1]))); dx<-xdelta*.3
for(j in 1:n) {
p<-xy[j.]; dy<-dx+tan(alpha[,j])
segment s(p[ 1] - dx, p[ 2] - dy, p[ 1] +dx, p[ 2] +dy, col =j)
text(p[1]-xdeltax.02,p[2],],col=j)
}

i f(verbose) print("end of conmputation of angles")

We compute the h-depths in O(n?log(n)). The NaNangles are extracted because they indi-
cate points with identical coordinates. For every point we find the hdeep by the following
algorithm: At first we count the number of angles of the actual point within interval [0, 7).
This is equivalent to the number of points above the actual point. Then we rotate the y = 0-
line counterclockwise and increment the initial counter if an additional point emerges and
we decrement the counter if a point / angle leaves the halve plain.
The median is defined as the gravity center of all points with maximal hdeep.
30 (compute hdepths 30) =
hdept h<-rep(0, n); dpi<-2*pi-0.000001
m nuspl us<-c(rep(-1,m,rep(1,m)
for(j in 1:n) {
a<-al pha[,j]+pi; h<-a<10; a<-a[h]; init<-sum(a < pi) # hallo
a.shift<-(a+pi) %0 dpi
h<- cunsum( m nuspl us[order(c(a,a.shift))])
hdepth[j]<-init+min(h)+1 # or do we have to count identical points?:
# hdepth[j]<-init+m n(h)+sum xy[j, 1] ==xy[,1] & xy[],2]==xy[,2])# hallo

}
i f(verbose){print("end of computation of hdepth:"); print(hdepth)}
## quick l ook inside, just for a check
i f(debug. plots=="all"){
pl ot (xy, bty="n")
xdel t a<-abs(di ff(range(xy[,1]))); dx<-xdeltax.1
for(j in 1:n) {
a<-al pha[,j]+pi; a<-a[a<l1l0]; init<-suma < pi)
a.shift<-(a+pi) 9%hb dpi
h<- cumsun{ m nuspl us[ ao<- (order(c(a,a.shift)))])
no<-whi ch((init+mn(h)) == (init+h))[1]
p<-xy[j.]; dy<-dx+tan(alpha[,j])
segnent s(p[ 1] - dx, p[ 2] - dy, p[ 1] +dx, p[ 2] +dy, col =}, | t y=3)
dy<-dx*tan(c(sort(a),sort(a))[no])
segnment s(p[ 1] - 5+dx, p[ 2] - 5+dy, p[ 1] +5*dx, p[ 2] +5*dy, col =" bl ack")
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text (p[ 1] -xdel tax. 02, p[2], hdepth[]], col =1, cex=2. 5)
}
}

We compute the depth k with #D; < poi nts. i n. bag < #Dy_1
31 (find k 31) =
hd. t abl e<-t abl e(sort (hdepth))
d. k<-cbi nd(dk=rev(cunsun(rev(hd.table))),
k =as. nuneric(nanes(hd.table)))

k. 1<-sum(poi nts.in. bag<d. k[, 1])
i f(nrow(d. k)>1){

k<-d. k[ k. 1+1, 2]
} else {

k<-d. k[ k.1, 2]
}
i f(verbose){cat ("counts of nembers of dk:"); print(hd.table)}
i f(verbose){cat("end of conputation of k, k=",k)}

The two dimensional median is the center of gravity of the points (not data points) with
maximal h-depths.
We extract some data points with maximal depths and define t p as random linear combi-
nations of them. Then we compute their h-depths.
32 (compute hdepths of test points to find center 32) =
cent er <- appl y(xy[ whi ch( hdept h==nax( hdept h) ), , dr op=FALSE], 2, nean)
i f(10<nrow( xy) &&l engt h( hd. t abl e) >2) {
n. p<-floor(c(32, 16, 8)[ 1+(n>50) +(n>200) ] *preci si on)
cands<-xy[rev(order(hdepth))[1:6],]
cands<-cands[ chul | (cands[, 1], cands[, 2]),]; n.c<-nrow cands)
(check points on a grid to find center 33)
i f(verbose){cat("center.region",center.region); print(table(tphdepth)) }
}
i f(verbose) cat("center depth:", hdepth. of.points(rbind(center),n))
i f(verbose){print("end of conputation of center"); print(center)}
# cat ("HALLO'"); print(hdepth. of.points(cbind(6.75,4.85),n))

33 (check points on a grid to find center 33) =

xyextr<-rbi nd(appl y(cands, 2, m n), appl y(cands, 2, max))
hl<-seq(xyextr[1, 1], xyextr[2, 1], | ength=n.p)
h2<-seq(xyextr[1, 2], xyextr[2,2],I|ength=n.p)
t p<-cbind(matrix(hl,n.p,n.p)[1:n. p 2],

matri x(h2,n.p,n.p, TRUE)[ 1: n. p~2])
t phdept h<- hdept h. of . poi nt s(tp, n)
center.region<-tp[which(tphdepth>=(nax(tphdepth))),, drop=FALSE]
cent er <- appl y(cent er.region, 2, nean)
cands<-center.region[chull (center.region[,1],center.region[,2]),, drop=F]
xyextr<-rbi nd(appl y(cands, 2, m n), appl y(cands, 2, nax))
xydel <- (xyextr[2,]-xyextr[1,])/n.p
xyextr<-rbind(xyextr[1,]-xydel,xyextr[2,]+xydel)
hl<-seq(xyextr[1, 1], xyextr[2, 1], | ength=n.p)
h2<-seq(xyextr[1, 2], xyextr[2,2],|ength=n.p)
t p<-cbind(matrix(hl, n.p,n.p)[1:n. p"2],

matri x(h2,n.p,n.p, TRUE)[ 1: n. p~2])
t phdept h<- hdept h. of . poi nt s(tp, n)
center. regi on<-tp[ whi ch(t phdept h>=max(t phdepth)),, dr op=FALSE]
cent er<- appl y(center.region, 2, nean)
center.region<-center.region[chull(center.region[,1],center.region[, 2]),]
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34

35

36

This was an alternative approach to find the center but the brute force method seems to be
better.
(beta 34) =
# lan<-matrix(runif(n.c*xn.p),n.p,n.c)
set.seed(13); n.p.beta<-10*n.p
lanx-matri x(rbeta(n.c+n.p.beta,.5,.5),n. p.beta,n.c)
lanx-l am matri x(appl y(lam 1, sum, n. p. bet a, n. c, FALSE)
t p<-chi nd( | ant#%ands|[, 1], | an?s %cands[, 2])
t phdept h<- hdept h. of . poi nts(tp, n)
center. regi on<-tp[which(tphdept h==max(tphdepth)),, dr op=FALSE]
cent er<- appl y(center.region, 2, nean)
center.region<-center.region[chull (center.region[,1],center.region[,2]),]

We compute the convex hull of Dy: polygon pdk and the hull of Dy_;: polygon pdk. 1.
pdk represents inner polygon and pdk. 1 outer one.
Then polygon pdk and pdk. 1 are enlarged without changing its h-depth: exp. dk, exp. dk. 1-

(method one: find hulls of Dy and Dy,_1 35) =

# inner hull of bag

xyi <- xy[ hdept h>=k, , dr op=FALSE]

pdk<-xyi [chul | (xyi[, 1], xyi[,2]),,dr op=FALSE]

# outer hull of bag

xyo<- xy[ hdept h>=(k- 1), , dr op=FALSE]

pdk. 1<-xyo[ chul | (xyo[, 1], xyo[, 2]),, dr op=FALSE]

i f(verbose)cat("hull conputed:")

#; if(verbose){print(pdk); print(pdk.1) }

i f(debug. plots=="all"){
pl ot (xy, bty="n")
h<-rbi nd( pdk, pdk[1,]); lines(h,col="red",|ty=2)
h<-rbi nd(pdk. 1, pdk. 1[ 1,]); i nes(h, col ="bl ue", | t y=3)
points(center[ 1], center[2], pch=8, col ="red")

}

exp. dk<- expand. hul | ( pdk, k)

exp. dk. 1<- expand. hul I (exp. dk, k-1) # pdk. 1, k-1, 20)

The new approach to find the hull works as follows:

For a given k we move lines with different slopes from outside of the cloud to the center and
stop if k points are crossed. To keep things simple we rotate the data points so that we have
only move a vertical line.

1. define directions / angles for hdepth search
2. standardize data set to get appropiate directions
3. computation of Dy polygon and restandardization

4. computation of Dy_q polygon and restandardization

(method two: find hulls of Dy and Dy_1 36) =
# define direction for hdepth search
nunx-fl oor (c(351, 171, 85) [ ¢c(n>200, n<200, n<50)] [ 1] *pr eci si on)
num h<-fl oor (nun 2); angl es<-seq(0, pi, | ength=num h)
ang<-tan(pi/ 2-angl es)
# standardi zati on of data set
xynx-appl y(xy, 2, nean); xysd<-apply(xy, 2, sd)
xyxy<-cbind((xy[, 1] -xyn{1])/xysd[1], (xy[, 2] -xyn{ 2] )/ xysd[ 2])
kkk<-k
(find kkk-hull: pg 37)
exp. dk<- cbi nd(pg[, 1] *xysd[ 1] +xyni 1], pg[, 2] *xysd[ 2] +xyn{ 2])
i f(kkk>1) Kkkk<-kkk-1
(find kkk-hull: pg 37)
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exp. dk. 1<-cbi nd(pg[, 1] *xysd[ 1] +xyn{ 1], pg[, 2] *xysd[ 2] +xyn{ 2] )

The polygon for h-depth kkk is constructed in a loop. In each step we consider one direction
/ angle.
37 (find kkk-hull: pg 37) =
(initialize loop of directions 39)
for(ia in seq(angles)[-1]){
(body of loop of directions 38)

(combination of lower and upper polygon 40)

At first we search the limiting points for every direction by rotating the data set and then
we determine the quantiles xi/, and x(,,1_)/,,- With this points we construct a upper pg
and a lower polygon pgl that limits the hull we are looking for. To update a polygon we
have to find the line segments of the polygon that are cut by the lines of slope a through the
limiting points as well as the cut points.
38 (body of loop of directions 38) =
# determine critical points pnew and pnewl of direction a
### cat("ia",ia)
a<-angl es[ia]; angtan<-ang[ia]; xyt<-xyxy% %(cos(a),-sin(a)); xyto<-order(xyt)
i nd. k <-xyto[kkk]; ind.kk<-xyto[n+1-kkk]; pnew<-xyxy[ind.k,]; pnew <-xyxy[ind. kk, ]
i f(debug. plots=="all") points(pnew 1], pnew 2], col ="red")
# new limting lines are defined by pnew/ pnew and slope a
# find segnent of polygon that is cut by newlimting line and cut
i f (abs(angtan)>1el10){ ### cat("y=c case")
pg. no<-sun(pg[, 1] <pnew 1])
cut p<-c(pnew 1], pg[ pg. no, 2] +pg[ pg. no, 3] *(pnew 1] - pg[ pg. no, 1]))
pg. nol <-sun(pgl [, 1] >=pnew [ 1])
cut pl <-c(pnew [ 1], pgl [ pg. nol, 2] +pgl [ pg. nol , 3] *(pnewl [ 1] - pgl [ pg. nol , 1]))
tel se{ ### cat ("normal case")
pg.inter<-pg[, 2] -angtan*pg[, 1]; pnew. i nter<-pnew 2] - angt an*pnewf 1]
pg. no<-sun(pg. i nter<pnew.inter)
cut p<-cut.p.sl.p.sl(pnew ang[ia], pg[ pg. no, 1: 2], pg[ pg. no, 3])
pg.interl<-pgl[,2]-angtanxpgl [,1]; pnew. interl <-pnew [2]-angtan*pnew [ 1]
pg. nol <-sun{pg.interl>pnew.interl)
cutpl <-cut.p.sl.p.sl(pnew, angtan, pgl [ pg. nol, 1: 2], pgl [ pg. nol , 3])
}
# update pg, pgl
pg<-rbi nd(pg[ 1: pg. no, ], c(cut p, angt an), c(cut p[ 1] +dxy, cut p[ 2] +angt anxdxy, NA))
pgl <-rbi nd(pgl [ 1: pg. nol , ], c(cutpl, angtan), c(cutpl [1]-dxy, cutpl[2]-angtan*dxy, NA))
(debug: plot within for loop 41)

To initialize the loop we construct the first polygons (upper one: pg, lower one: pgl ) by
vertical lines. dxdy is a step that is larger than the range of the standardized data set.
39 (initialize loop of directions 39) =
ia<-1; a<-angles[ia]; xyt<-xyxy% %(cos(a),-sin(a)); xyto<-order(xyt)
# initial for upper part
i nd. k <-xyto[kkk]; cutp<-c(xyxy[ind.k,1],-10)
dxy<-di ff(range(xyxy))
pg<-rbind(c(cutp[1],-dxy,Inf),c(cutp[1], dxy, NA))
# initial for |ower part
i nd. kk<-xyt o[ n+1- kkk] ; cutpl <-c(xyxy[ind. kk, 1], 10)
pgl <-rbind(c(cutpl[1],dxy, Inf),c(cutpl[1],-dxy, NA))
(debug: plot ini 42)

The combination of the is a little bit complicated because sometimes at the right and at left

margin an additional cut point has to be computed and integrated. | in front of a variable
name indicates the left margin whereas the right one is coded by r. Letter | (u) at the end
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of a name is short for lower and upper.
40 (combination of lower and upper polygon 40) =

pg<-pg[-nrow(pg),][-1,,drop=F]; pgl<-pgl[-nrow(pgl),][-1,,drop=FALSE]

i ndl <-pos.to.pg(pgl, pg); indu<-pos.to.pyg(pg, pgl, TRUE)

npg<-nrow( pg); npgl <-nrowpgl)

rnum <-rnumu<-I num <-I nunu<-0; sl<-pg[1,1:2]; sr<-pgl[1,1:2]

# right region

i f(indl[1]=="higher"& ndu[ npg] =="1ower"){
rnum <-whi ch(indl =="lower")[1]-1; xyl<-pgl[rnum K ] #
rnunu<-whi ch(rev(i ndu=="hi gher"))[1]; xyu<-pg[npg+1-rnunu,] #
sr<-cut.p.sl.p.sl(xyl[21:2],xyl[3],xyu[ 1: 2], xyu[ 3])

}

# left region

i f(indl[npgl]=="higher"& ndu[ 1] =="1 ower"){
I num <-whi ch(rev(indl=="lower"))[1]; xyl<-pgl[npgl+1-Inum, k] #
| nunmu<-whi ch(i ndu=="hi gher")[1]-1; xyu<-pg[lnumu,] #?
sl<-cut.p.sl.p.sl(xyl[21:2],xyl[3],xyu[ 1: 2], xyu[ 3])

}

pgl <-pgl [ (rnum +1): (npgl -1 num ), 1: 2, dr op=FALSE]

pg <-pg [ (I numu+l1): (npg -rnunu), 1: 2, dr op=FALSE]

pg<-rbi nd( pg, sr, pgl, sl)

pg<-pg[chull (pgl, 1], pgl,2]),]

i f(debug. plots=="all") lines(rbind(pg,pg[l,]),col="red")

41 (debug: plot within for loop 41) =

HERHHHH PR R HH SRR H T R

#### cat ("angtan", angt an, "pg. no", pg. no, "pkt: ", pnew)

# if(ia==stopp) lines(pg,type="b", col ="green")

i f(debug. plots=="all"){
poi nt s(pnew 1], pnew 2], col ="red")
hx<-xyxy[ind. k,c(1,1)]; hy<-xyxy[ind.k,c(2,2)]
segnent s( hx, hy, ¢(10, -10), hy+ang[ia] *(c(10,-10)-hx),|lty=2)

# text(hx+rnorm(l,,.1), hy+rnorm(1,,.1),ia)

#print (pg)

# if(ia==stopp) lines(pgl,type="b", col="green")
points(cutpl[1],cutpl[2],col ="red")
hx<-xyxy[ind. kk, c(1,1)]; hy<-xyxy[ind.kk, c(2,2)]
segnent s( hx, hy, ¢(10, -10), hy+ang[ia] *(c(10,-10)-hx),|ty=2)

# text(hx+rnorm(l,,.1), hy+rnorm(1,,.1),ia)

#print (pgl)

}

42 (debug: plot ini 42) =
i f(debug. plots=="all"){ pl ot (xyxy,type="p", bty="n")
# text(xy,,1:n,col ="blue")
# hx<-xy[ind.k,c(1,1)]; hy<-xy[ind.k,c(2,2)]
# segment s( hx, hy, c(10, -10), hy+ang[i a] *(c(10, -10)-hx), | ty=2)
# text (hx+rnorm(1,,.1), hy+rnorn(1,,.1),ia)
}

On the way of finding the bag the function expand. hul | computes not an exact solution
but a numerical approximation. k. 1 indicates the polygon with h-depth k — 1. k. 1+1 will
usually points to h-depth k, to the inner polygon.

In computing A we follow Miller et al. (1999). They define A as the relative distance from
the bag to the inner contour and they compute it by A = (50 — J) /(L — J), where Dy, contains
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43

44

45

46

J% of the original points and Dy_q contains L% of the original points:

. 50-]  n/2—-#Dy number in bag — number in inner contour
" L—]  #Dy_; —#D;,  number in outer contour — number in inner contour
A == 0 happens if bag and inner contour is identical.

(find value of | anbda 43) =

| anbda<-if(nrow(d. k)==1) 0.5 el se
(n/2-d.k[k.1+1,1])/(d. k[ k. 1, 1] -d. k[ k. 1+1, 1])

i f(verbose) cat ("l anbda", | anbda)

A == 0 happens if bag and inner contour is identical. The bag is constructed by lambda *
outer polygon + (1-lambda)* inner polygon
(find hul | . bag 44) =
cut.on. pdk. 1<-find. cut. z. pg(exp. dk, exp.dk.1, center=center)
cut.on.pdk <-find.cut.z.pg(exp.dk.1, exp.dk, center=center)
# expand inner pol gon
hl<- (1-1 anbda) *exp. dk+l anbda*cut . on. pdk. 1
# shrink outer polygon
h2<- (1-1 anbda) *cut . on. pdk+l anbda*exp. dk. 1
h<-rbi nd(h1, h2); hull.bag<-h[chull (h[,1],h[,2]),]
i f(verbose)cat("bag conpleted:") #if(verbose)print(hull.bag)
i f(debug. plots=="all"){ lines(hull.bag, col ="red") }

The loop is found by expand hul | . bag by factor f act or .

(find hul | . | oop 45) =

hul | . 1 oop<-chbi nd(hul |l . bag[, 1]-center[1], hull.bag[,2]-center[2])
hul | . 1 oop<-factor+hul |l .l oop

hul I . 1 oop<-cbind(hull .l oop[, 1] +center[1], hull.l oop[, 2] +center[2])
i f(verbose) cat("loop conputed")

Now we look for the loop ...
(find points outside of bag but inside loop 46) =
if(!'very.large.data.set){
pkt . bag <-xydat a[ hdept h>= k ,, dr op=FALSE]
pkt. cand <- xydat a[ hdept h==(k- 1), , dr op=FALSE]
pkt. not. bag<- xydat a[ hdept h< (k-1),, dr op=FALSE]
i f (I engt h(pkt.cand)>0){
out si de<- out. of . pol ygon( pkt. cand, hul | . bag)
i f(sum(!outside)>0)
pkt . bag <-rbi nd( pkt . bag, pkt.cand[! outside,])
i f(sum( outside)>0)
pkt. not. bag<-rbi nd(pkt. not. bag, pkt.cand][ outside,])
}
telse {
extr<-out. of. pol ygon(xydat a, hul | . bag)
pkt . bag <-xydata[!extr,]
pkt. not. bag<- xydat a[ extr, , dr op=FALSE]
}
i f (I ength(pkt.not.bag)>0){
extr<-out. of. pol ygon(pkt.not. bag, hull .l oop)
pkt.outlier<-pkt.not.bag[extr,,dr op=FALSE]
i f(0==length(pkt.outlier)) pkt.outlier<-NULL
pkt . out er <- pkt. not. bag[! extr,, dr op=FALSE]
}el se{
pkt . out er<-pkt.outlier<-NULL
}

i f(verbose) cat("points of bag, outer points and outlier identified")
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and compute the hull of the loop points.
47 (find hull of loop 47) =
hul I . 1 oop<-rbi nd( pkt. outer, hull. bag)
hul I . 1 oop<-hul I .l oop[chull (hull.loop[,1],hull.loop[, 2]),]
i f(verbose) cat("end of conputation of |oop")

Finally the plot is constructed.
48 (create plot 48) =
if(create.plot){

if(!add) plot(xydata,type="n", pch=pch, cex=cex, bty="n",...)

i f(verbose) text(xy[,1],xy[, 2], paste(as. character(hdepth)), cex=2)
oo ) R R
if(show loophull){ # fill loop

h<-rbind(hul | .1 oop, hull.loop[1,]); lines(h[,1],h[,2],1ty=1)
pol ygon(hul I .l oop[, 1], hul I .l oop[, 2], col =" #aaccff")

i f(show. | ooppoints && | engt h(pkt.outer)>0){ # points in |oop
poi nt s(pkt.outer[, 1], pkt.outer[, 2], col ="#3355ff", pch=pch, cex=cex)
}
i o= (o M e e T
i f(show. baghull){ # fill bag
h<-rbi nd(hul | . bag, hul | . bag[1,]); lines(h[,1],h[,2],1ty=1)
pol ygon(hul | . bag[, 1], hul | . bag[, 2], col ="#7799ff")
}
i f (show. bagpoi nts && | engt h( pkt. bag)>0){ # points in bag
poi nt s(pkt. bag[, 1], pkt. bag[, 2], col ="#000088", pch=pch, cex=cex)
}
# whi skers
i f (show. whi skers && | engt h( pkt. outer)>0){
debug. pl ot s<-"not "
pkt.cut<-find.cut.z.pg(pkt.outer, hull.bag, center=center)
segnent s(pkt.outer[, 1], pkt.outer[, 2], pkt.cut[, 1], pkt.cut[, 2], col ="red")
}
o 1 | = G
if(show outlier &% | ength(pkt.outlier)>0){ # points in |oop
points(pkt.outlier[,1], pkt.outlier[, 2], col="red", pch=pch, cex=cex)
}
# center:
i f(exists("center.region")&& ength(center.region)>2){
h<-rbi nd(center.region,center.region[1,]); lines(h[,1],h[,2],Ity=1)
pol ygon(center.region[, 1], center.region[, 2], col ="orange")
}

points(center[ 1], center[2], pch=8, col ="red")

i f(verbose){
h<-rbi nd(exp. dk, exp. dk[1,]); lines(h, col ="blue",|ty=2)
h<-rbi nd(exp. dk. 1, exp.dk.1[1,]); lines(h, col ="bl ack",|ty=2)
i f(exists("tphdepth"))
text(tp[,1],tp[, 2], as. character(tphdepth), col ="green")
text (xy[, 1], xy[, 2], past e(as. charact er (hdepth)), cex=2)
poi nts(center[ 1], center[2], pch=8, col ="red")

}

In case of problems some additional plottings may be helpful.
49 (additional graphical comments if necessary 49) =

# poi nts(exp.dk[, 1], exp. dk[, 2], type="b", col ="red")
# poi nts(exp.dk[, 1], exp. dk[, 2], type="b", col ="green")
# poi nts(exp.dk. 1[, 1], exp. dk. 1], 2], type="b", col ="bl ue")
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5 Random data set

50 (define data Xy 50) =

if(lexists("II1")) Ill<-75
#l11<-75 # 267 81 115
set.seed(lll<-111+1); print(lIl)

#dat a<-mat ri x(sanpl e(1: 10000, si ze=2000), 1000, 2)
#dat a<-mat ri x(sanpl e(1: 10000, si ze=1000), 500, 2)
#dat a<-matri x(sanpl e(1: 10000, si ze=300), 50, 2)
n<- 100; dat a<- cbi nd(rnor m(n) +100, r nor n( n) +300)
par (nfrow=c(1, 1))

6 Definitionn of bagpl ot on start

51 (start 51) =
(define bagpl ot 12)

7 Extracting of function bagpl ot

52 (call t angl eRto extract tangle function bagpl ot () 52) =
tangl eR(" hdeep. rev", expand. root s="define [[bagplot]]")
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