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Classification and Regression Trees

» Machine learning methods used to construct
predictive models from data.

* Recursively partitions the data space using simple
binary decisions.

« Commonly portrayed as a tree with a split at each
decision node.
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Example — Fisher’s Iris Data

Species

Petal.lenjgth<2.45

‘ Petal.wiith<1.75
setosa (p=1.0)

Petal.len

gth<4.95 Petal.lenjgth<4.95

Sepal.length<5.15
virginica (p=0.666667)virginica (p=0.833333) virginica (p=1.0)

versicolor (p=0.8) versicolor (p=1.0)
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Basic Model Structure

 Y: variable to be predicted
— If categorical, we construct a classification tree.
— If continuous, we construct a regression tree.

* Xi, Xy, ... Xy: predictor variables
— May be either categorical or continuous.
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Partitioning Algorithm

Start at the root node.

Amongst all variables X;, find the split that minimizes
the resulting average within-node deviance.

— For a continuous variable, the split is of the form
X <cC.

— For a discrete variable, the split divides the possible
values into 2 distinct groups.

If one or more stopping criteria are met after the spilit,
stop. Otherwise consider splitting the child nodes.
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Sample Data Flle

g

ﬁ C:h\Data\Webinars\titanic for trees.sgd

Wm0 =] | ol W R

H B R R R e
Mo W kR o

16

M 4 F M

survived pclass Sex age sibsp
1, 2 or 3 = :i;irggs
Character Humeric Character Humeric Humeric
Yes I female 29 0
Tes 1 male 0.9167 1
No 1 female 2 1
Ho 1 male 30 1
No 1 female 23 1
Yes 1 male 48 0
Tes 1 female 63 1
o 1 male 39 0
Yes 1 female 53 2
No 1 male 71 0
o 1 male 47 1
Tes 1 female 138 1
Yes 1 female 24 0
Yes 1 female 26 0
Yes 1 male a0 0
o 1 male 0
titanic for treez 4 B 4 C | L |

o o o o e o o 2 o o o kK KR kO

parch

# parents or
children
aboard

Humeric

fare

British pounds

Humeric

211.3375
131.5500
151.5500
151.5500
131.53500
26.5500
77.9383
0.0000
51.4792
49,5042
227.5250
227.3230
69,3000
78.8500

30.0000
25,9250

embarked

Location: C, O

I 7 T o T - TR o TR e TR B B - S - B 7 B - B T

Source: Frank Harrell and Thomas Cason, University of Virginia
http://biostat.mc.vanderbilt.edu/twiki/pub/Main/DataSets/titanic.html
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http://biostat.mc.vanderbilt.edu/twiki/pub/Main/DataSets/titanic.html

Data

Classification and Regression Trees

Input

survived Dependent Y ariable:
pclass
sex survived
age "
sibs,
parcph Categorical Factors:
fare
pclass
embarked I\ -
sibsp
parch
embarked

Quantitative Factors:

I\ age
fare
[Weights:)

I\

[Select:)

I\

[~ Sort column names

OK I Cancel | Delete | Transfo:m...l

Help
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Analysis Options

Classification and Regression Trees Options

Type of Tree

(¢ Clazzification

" Regression

Partitioning
Smallest allowed node zize:
|'I 1]

Minimum obzervationz in each child:

e

kinirum within-node deviance o split;

|D.D'I

Fruning
* MNone
" Specify number of leaves

" Crogzvalidate

Mumber of leaves:

T

Ok

Cancel

Training Set

(o All rows

£ First half of rows
" First

alll rowE

" Ewery ather row

R Tree Plat

Font size:

0.75

v Abbreviate labels

3 letters

Help
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Partitioning Options

Partitioning

Smallest allowed node size:
10

Minimum observations in each child:
5

Minimum within-node deviance to split:

10.01
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Node Impurity

« Measure the impurity in a tree using the residual
mean deviance (RMD).

n = number of observations in training set
k = number of leaves

p;; = proportion of data of same type as / at its assigned leaf j
¥; = predicted value of observation i

— Classification trees ~ RMD = Zf=1‘i"kg(pu)

— Regression trees RMD = Zi=aicTo"

n—=~k
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Analysis Wind

ow

-

[ Classifiction and Regresion Tees

=)

Classification and Regression Trees

d<{-read.csv("C:\\\\Users ““\\NEIL™1,3TANNN\AppDatass\“Local \WiN\Temp s\~
setwd ("C:\\Users“"“\NEIL™1.STA\AppData““Local ~\Temp“\")
library("tree")
treefit=tree(survived”pclass+sex+sibsp+parch+embarked+age+fare,contrc

)

summary (treefit)

##
## Classification tree:
## tree(formula = survived ™ pclass + sex + sibsp + parch + embarked

## age + fare, data = d, control = tree.control(nochs = 1309,
## mincut = S, minsize = 10, mindev = 0.01))

## Variables actually used in tree construction:

## [1] "sex" "pclass" "fare" "age" "sibsp"

## Number of terminal nodes: 7
## Residual mean deviance: 0.8524 = 884.7 ~ 1038
## Misclassification error rate: 0.1847 = 193 ~ 1045

plot(treefit)
text (treefit,pretty=0,cex=0.75)

p<-prune.tree(treefit)
newd<-read.csv("C:\\\\Users\“\\NEIL™1.5TAN\\“AppData’~“\“\Local“~\\\Temg
pd<-predict (treefit,newd,type="where")
write.table(treefitSframe,file="C:"\Users\“NEIL”1.STAN\AppData’sLocal
write.table(treefitSwhere,file="C:"\Users’\~NEIL™1.STA\AppData~“Local
write.table(cbind (pSsize,pSdev,pSk) ., file="C:"\Users~"~NEIL™1.5TA\NAppL
write.table(pd,file="C:"\\Users\~NEIL™1.3TA\\AppData~\Local \“\Temp™\“\pre

The StatAdvisor
The output above shows the results of instructing the *tree” package in R to construct a classification tree to predic
survived. Use the Analysis Options dialog box to control how large atree is created.

fare<2|

pcla

survived

sex=female

55=3

ager9.5

3.0875

Yes

No

sibspf3,4,5

Yes

No Yes

pclass=2,3

No

No
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fare<?2

Decision Tree

survived

sex=female

pclaj

55=3

age

3.0875

Yes

No

sibspE3,4,5

Yes

No Yes
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Decision Tree Options

Tree Diagram Options >

Labels

Font zzaling factor:
g

| Abbreviate labels
|3 letters

Decimal places for leaves:

|3 | Rotate

aF. Cancel | Help
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Tree Structure

Node (Label Size |Deviance survived Splits left Splits right
1 sex 1045 (141357 No female male

2 pclass |388 [434.161 Yes 3 12

3 fare 152  1210.295 No <23.0875 >23.0875
4 <leaf> 131 |180.986 Yes

5 <leaf> |21 13.2087 No

6 <lea> 236 [117.01 Yes

7 age 657 |667.388 No <95 >95

8 sibsp 43 58 466 Yes 345 012

9 <leaf> 16 748133 No

10 <leaf> |27 18.8369 Yes

11 pclass |614 |577.291 No 23 1

12 <leaf> |466 |357.901 No

13 <leaf> 148 1189.319 No

* Note: based on complete cases only.
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Node Probabilities

. 4

. 4

Node |[Label Size | yprob.No yprob.Yes
1 sex 1045 10591388 0408612
2 pclass |388 |0.247423 0.752577
3 fare 152 10526316 0473684
4 <leaf> 131 |0.465649 0.534351
5 <leaf> |21 0.904762 0.0952381
6 <leaf> 236 |0.0677966 0.932203
7 age 657 10.794521 0.205479
8 sibsp 43 0418605 0.581395
9 <leaf> 16 0.9375 0.0625

10 <leaf> |27 011111 0.888889
11 pclass |614 |0.820847 0.179153
12 <leaf> |466 0871245 0.128755
13 <leaf> 148 0662162 0.337838

* Note: based on complete cases only.
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Classification Table

Training set n=1309

Actual Group |Predicted

survived Size No Yes

No 809 709 100
(87.64%) (12.36%)

Yes 500 142 358
(28.40%) (71.60%)

Percent of training cases correctly classified: 81.51%

* Note: based on both complete and partial cases.
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Training and Validation Sets

* May separate the data into 2 sets:
— Training set used to build the tree.

— Jest set used to estimate the tree
misclassification percentages.

Training Set
(" All rows
" First half of rows
" First
B55 ows

{* Every other row
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Compare Results

Training set n=655

Actual Group |Predicted
survived Size No Yes
No 408 400 8
( 98.04%) ( 1.96%)
Yes 247 117 130
(47.37%) (52.63%)

Percent of training cases correctly classified: 80 92%

Validation set n=654

Actual Group |Predicted

survived Size No Yes

No 401 387 14
(96.51%) ( 3.49%)

Yes 253 124 129
(49.01%) ( 50.99%)

Percent of validation cases correctly classified: 78 .90%
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Pruning Options

« Reduces the complexity of the tree by removing
branches.

Pruning
¢ None
(" Specify number of leaves

(" Crossvalidate

Number of leaves:

10
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Pruning by Cross-validation

* Runs a 10-fold cross-validation experiment. Builds
10 trees, leaving out 10% of the data each time,
and averages the results.

» Uses all of the observations for both training and
validation.

* Can be used to determine the optimal size for the
tree by increasing the number of leaves until you
see warnings such as:

## Warning in prune.tree(structure(listiframe = structure(listi(var =
## structure(ci(3il., : hest 1s bigger than tree size
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Pruning Example

 First reduce within-node deviance to fit a complex
free.

Classification and Regression Trees Options >
Type af Tree Training Set
* Classification * Al rows
" Regression " First half of rows
" First

Partitioning 1309 rows

Smallest allowed node zize:

T

inimum observations in each child: A Tree Plat

" Ewen other row

T

Font zize:

Finirurm within-node deviance to split: 075

0.o01| [v Abbreviate labels
3 letters

v

Pruning

(* Maone

" Specihy number of leaves
(" Crozsvalidate

Murmber of leaves:

10
Cancel Help
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embarkl

Pruning Example

fare<2B.0875

ed=Q,Sare<3

survived
sexifem
pclags=3 ageg9.5
fare<3p.0896 sibspg0.,1,2 pclags=1
1.3312 parcih=2,3 fare<1#9.03@&gex3.5 fare<15.5729 age<B2.25 ageq454.5
| sib =Il fare<13.125 | sibsp
n (@) o n
o 2
>
" n 1]
L O (]
> > >
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Pruning Example

 Now reduce the number of leaves to 10 and select
cross-validation.

survived
sex—lmale
pcl 3 ageg9.5
fare<28.0875 fare<3p.0896 sibspE3.4.5 pclasg=2,3
b age<B2.25 age454.5
2 Y] Z
> > > >
Z 2 2 Z
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10 Leaves Is Too Complex

Lo O sl

Classification and Regression Trees ~

E= = . . -
Classification and Regression Trees - survived

d<-read.csv("C:~oANUsersssSSHNEIL™ L, STANSSSAppDatass~sMLocal~s>sTempssssdata.csv!  dee="." ,sep="," ,stri
setwd ("C:~~Users~~MNEIL™1.2TANAppData~~Local ~~Temp~~")

library("tres")
treefit=tree(survived™pclass+sex+sibsp+parch+embarked+age+fare, control=tree.control (nohs=1309, mincut

)

treefit=cv.tree(tresefit best=10)

##

Warning in prune.

tree (structure(list (frame

= structure(list(var

## structurei(c (3L, best is higger than tree size
## Warning in prune.tree(structure(list(frame = structure(list(wvar =
## structurei(c (3L, best is higger than tree size

#4

Warning in prune

tree(structure(list (frame

= structure(list (var

## structurei(c (3L, best is higger than tree size
## Warning in prune.tree(structure(list(frame = structure(list(wvar =
## structurei(c (3L, best is higger than tree size

##
##

##
##

##
##

##
##

ETRT)
<

Warning in prune
structure (o 3L,

Warning in prune
structure (3L,

Warning in prune
structure (3L,

Warning in prune
structure (3L,

[l mmam o a5 e ammman e

tree(structure(list (frame

best is higger than tree

tree(structure(list (frame

best 1s bigger than tree

tree(structure(list (frame

best 1s bigger than tree

tree(structure(list (frame

best 1s bigger than tree

T e C LIV SR s B T A S TR

= structure(list (var
size

= structure(list(var
size
= structure(list(var
size
= structure(list(var
size

— md st ST A e Fr e e
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Finding Optimal Number of Leaves

« Step 1: Copy script from Statgraphics to Word and
modify last line.

d<—

read.csv ("C:\V\\\Users\\\\NEIL~1.STA\\\\AppData‘\\\\Local\\\\Temp\
“Whdata.csv",dec=".",sep=", ", stringsAsFactors=TRUE,colClasses=c |
"pclass"="factor", "sex"="factor", "sibsp"="factor", "parch"="facto
r", "embarked"="factor"))

setwd ("C:\\Users\\NEIL~1.8TA\\AppDatai\\Local\\Tempi\")
library("tr=ee")
treefit=tree{survivedwpclass+5ex+5ib5p+parch+embarked+age+fare,c
ontrol=tree.control (nobs=1309, mincut=5,minsize=10,mindev=0.001)},
data=d

)

— CV.tree(treefit)
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Finding Optimal Number of Leaves

« Step 2: Copy modified script to R and run it. Look
for size with minimum deviance.

'R R Console EI@
WemphhZhwhdata.csvs
> ( d~pclass+sex+sibsp+parch+embarked+age+fare, control=tree.co?
+ )
> cwv.tree(treefit)
S mize”
[1] 92 51 S0 8BS 88 BT 86 85 B3 BZ 81 80 76 74 73 72 71 70 67 66 €5 €2 61 60 59
[26] 58 56 54 50 47 44 42 41 40 35 32 31 29 27 24 21 20 18 13 12 10 S 8 7T &
[51] 5 23 2 1
Sdew
[1] 938.0877 935.0877 93B8.0877 938.0877 ©938.0877 938.0B77 938.0877
[B] 938.0877 938.0877 93B8.0877 935.0877 ©S938.0877 93B.0B77 938.0877
[15] ©938.0877 938.0877 938.0877 ©938.0877 938.0877 938.08B77 ©S538.0877
[22] ©938.0877 938.0877 938.08B77 ©938.0877 938.0877 938.08B77 ©S538.0877
[29] ©938.0877 938.0877 938.0877 ©938.0877 938.0877 938.08B77 ©S938.0877
[36] ©S38.0877 938.0877 938.08B77 ©S938.0877 9S38.0877 938.0B77 B538.0877
[43] ©38.0877 938.0877 938.0877 ©S938.0877 9S38.0877 O938.0B77 B538.0877
[50] ©934.8098 1016.7447 1020.9768 1105.5453 1414.5408
W
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Prune Tree

Classification and Regression Trees Options

Type of Tree Training Set

{¢ Clazzification o Al rows

" Regression " First half af roves
" First

Fartitioritig |1 09 [

Smallest allowed node size:

I'Ilili
Minirmurm observations in each child: R Tree Plat

|5 Font size:
irirmurn within-node deviance to zplit; IEIF"Ei

|EI. 0o [v Abbreviate labels
|3 letters

" Ewerny ather row

Fruning

{" Mone

* Specify nurber of leaves
{ " Crozzvalidate

Muriber of leaves:

—

Ok, Cahcel Help
statgraphics’
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Fin

al Tree

survived

sex:lmale

pclass=3

No

Yes

age

£9.5

sibsp¥3,4,5

No
Yes

statgraphics’
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Predict Additional Cases

» To make predictions for additional cases, add
them to the bottom of the original data, leaving the
cell for Y blank.

ﬁ Ch\Data\Webinars\titanic for trees.sqd

[= @] =

1304
1303
1306
1307
1308
1309
1310
1311
1312
1313

Ho
Ho
Ho
No
Ho
Ho

survived

Character

O W W W W W W

[4 4 B M ttanicfortrees 4 B 4 C

pclass sex age sibsp
# siblings

1, 2 or 3 rd
Humeric Character HNumeric Numeric

male 0

female 14.5 1

female 1

male 26.3 0

male 27 0

male 29 o]

female 35 0

male 35 0

[4]

[ SR T == R = R = B == B = N = |

parch

# parents or
children
aboard

Numeric

fare embarked

Location: C, Q

British ds
ritish poun i

Numeric Character
14.4583

14,4542
14.4542
T.2230
T.2250
T7.8730
13

15

[ T R T R o T o T o T B
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Predictions and Residuals

Classification and Regression Trees |- B eS|
1302 (12 |[No No ~
1303 |7 No No
1304 No No
1305 |4 Yes No
1306 |4 Yes No
1307 |12 [No No
1308 |12 [No No
1309 (12  [No No

IUnknown set n=2

Fesidual mean deviance = 0 .869329

Row |Leaf |Predicted Observed
1310 |6 Yes
1311 |13 No

£

The StatAdvisor
This table shows the observed and predicted values of survived for each observation. It also indicates the number of the
terminating node which the observations reach after navigating the tree.
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Example 2: World Bank Demographics

Classification and Regression Trees X
Country Code Dependent Variable:
Country
Year b |Life Expectancy
Population
Pop. Density .

Rural Population Categorical Factors:
Female Percentage
Age Dependency Ratio I\
Life Expectancy
Life Expectancy [Female)
Life Expectancy [Male)
Female-Male
Fertility R ate
Infant Mortality Rate
Trade
GDP per Capita e .
Central Government Debt Quantitative Factors:
Consumer Price Inflation I\ Paop. Density
Real Interest Rate Age Dependency Ratio
Unemployment [T otal) Female Percentage
Unemployment [female] GDP per Capita
Unemployment [Male) Rural Population
Gross Domestic Savings Fertility A ate
[Weights:)
(Select:)

[~ Sort column names

oK | Cancel | Delete | Transfo:rn.,.l Help
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GDP.per.Ca

Decision Tree

Life Expectancy

Fertility. Rate<3.3

GDP.per.Caj

Dita<11068.0

Dita<4282.75

Pop..Dens

66.88

ity<40.37

71.66

74.49

79.51

Fertility.Rate<4.585

emale.Percentage<49.97

66.652

Age.Dependengy.Ratio<72.925

62.22
54.00

statgraphics’
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Pop..Dens

ity<31.005

50.51

55.507



References

« StatFolios and data files are at:
www.Statgraphics.com/webinars

« R Package “tree” (2015) https://cran.r-
project.org/web/packages/tree/tree.pdf

« Classic text: Brieman, L., Friedman, J., Stone, C.J.
and Olshen, R.A. (1998) Classification and
Regression Trees. Wadsworth.
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