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Abstract

A dendrogram is a tree diagram which is often used to visualize an hierarchical clus-
tering of items. Dendrograms are used in many disciplines, ranging from Phylogenetic
Trees in computational biology to Lexomic Trees in text analysis.

The dendextend package extends the dendrogram objects in the R programming lan-
guage, allowing for easy manipulation of a dendrogram’s shape, color and content. Fur-
thermore, it provides tools for comparing the similarity of two dendrograms to one another
both graphically (using tanglegrams) and statistically (from cophenetic correlations to Bk
plots).

The paper gives a detailed exposition of both the internal structure of the package and
the provided user interfaces.
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1. Introduction

1.1. The dendrogram object

The dendrogram class provides general functions for handling tree-like structures in R (R
Development Core Team 2013). It is intended as a replacement for similar functions in
hierarchical clustering and classification/regression trees, such that all of these can use the
same engine for plotting or cutting trees.

A dendrogram object represents a tree as a nested 1list object, with various attributes.

Dendrogram has several useful methods bundled with R:

methods (class="dendrogram")

## [1] [[.dendrogramx

## [2] as.dendrogram.dendrogramx

## [3] as.hclust.dendrogramx

## [4] click_rotate.dendrogramx

## [5] cophenetic.dendrogram

## [6] cor_bakers_gamma.dendrogramx*
## [7] cut.dendrogram*
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## [8] cutree.dendrogramx

## [9] entanglement.dendrograms*
## [10] head.dendrograms*

## [11] labels.dendrogram#

## [12] labels<-.dendrogramx
## [13] merge.dendrogramx

## [14] nleaves.dendrogram*

## [15] nnodes.dendrogram*

## [16] plot.dendrogramx

## [17] print.dendrogramx

## [18] prune.dendrogram*

## [19] reorder.dendrogram*

## [20] rev.dendrogram*

## [21] rotate.dendrogramx

## [22] shuffle.dendrogram*

## [23] sort.dendrogram*

## [24] str.dendrogramx

## [25] tanglegram.dendrogramx
## [26] unbranch.dendrogram
## [27] untangle.dendrogram*
## [28] update.dendrogramx

##

H# Non-visible functions are asterisked

For example, let’s create a dendrogram object based on an hierarchical clustering of 4 states
in the U.S.:

# our data:

data(USArrests)

US_data <- USArrests[c(2,5,32,35),]
print (US_data)

## Murder Assault UrbanPop Rape
## Alaska 10.0 263 48 44.5
## California 9.0 276 91 40.6
## New York 11.1 254 86 26.1
## Ohio 7.3 120 75 21.4

hc <- hclust(dist(US_data), "ave") # create an Hierarchical clustering object
dend <- as.dendrogram(hc)

Below are examples for some dendrogram methods:

print (dend)

## 'dendrogram' with 2 branches and 4 members total, at height 146.7
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labels(dend)

## [1] "Ohio" "Alaska" "California" "New York"
str(dend)

## --[dendrogram w/ 2 branches and 4 members at h = 147]
##  |--leaf "Ohio"

## "~ --[dendrogram w/ 2 branches and 3 members at h = 44.1]
# |--leaf "Alaska"

## “--[dendrogram w/ 2 branches and 2 members at h = 26.9]
## |--leaf "California"
#i# “—-leaf "New York"

str(dend[[2]]) # looking at one branch of the dendrogram

## --[dendrogram w/ 2 branches and 3 members at h = 44.1]
##  |--leaf "Alaska"

## "~ --[dendrogram w/ 2 branches and 2 members at h = 26.9]
## |--leaf "California"
## “—-leaf "New York"
plot(dend)
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You might notice how the order of the items (leaves/terminal nodes) of the dendrogram is
different than their order in the original table of data. We can re-order the rows in the table
to have the same order as the items in the dendrogram, with the order.dendrogram function:

(new_order <- order.dendrogram(dend))
## [1] 41 2 3
# the order of the ortginal items to have them

# be at the same order as they assume in the dendrogram
print (US_data[new_order,])

## Murder Assault UrbanPop Rape
## Ohio 7.3 120 75 21.4
## Alaska 10.0 263 48 44.5
## California 9.0 276 91 40.6
## New York 11.1 254 86 26.1

In order to see what our dendrogram (1list) object includes, we need to use the unclass
function, which will strip away the class attribute and will allow us to print the list as is,
without going through the print.dendrogram method. We can see how each node in the
dendrogram/list object has the following (self explaining) attributes:

str (unclass(dend))

## List of 2
## $ : atomic [1:1] 4

it ..— attr(*, "members")= int 1

##  ..- attr(*, "height")= num 0

## ..— attr(x, "label")= chr "Ohio"

##  ..- attr(*, "leaf")= logi TRUE

## $ :List of 2

it ..$ : atomic [1:1] 1

## .. ..— attr(x, "members")= int 1

# .. ..- attr(*, "height")= num O

## .. ..— attr(x, "label")= chr "Alaska"

## .. ..- attr(*x, "leaf")= logi TRUE

## ..$ :List of 2

Hit .. ..$ : atomic [1:1] 2

#i# .. .. ..— attr(x, "label")= chr "California"
## .. .. ..— attr(x, "members")= int 1

## .. .. ..- attr(*, "height")= num 0

#it .. .. ..— attr(x, "leaf")= logi TRUE

#it .. ..$ : atomic [1:1] 3

## .. .. ..— attr(x, "label")= chr "New York"

it .. .. ..— attr(x, "members")= int 1
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# .. .. ..- attr(*, "height")= num O
## .. .. ..- attr(x, "leaf")= logi TRUE
it .. ..— attr(*, "members")= int 2

## .. ..- attr(*, "midpoint")= num 0.5
## .. ..- attr(*, "height")= num 26.9
## ..— attr(*, "members")= int 3

#i#t ..— attr(x, "midpoint")= num 0.75

##  ..- attr(*, "height")= num 44.1

## - attr(*, "members")= int 4
## - attr(*, "midpoint")= num 0.875
## - attr(*, "height")= num 147

Notice how terminal nodes uses the "leaf” attribute (set to TRUE).

names (attributes (dend) [-4])

## [1] "members" "midpoint" "height"

A very important function is dendrapply. It applies some function recursively to each node of
a dendrogram. It is often used for adjusting attributes of the object, or extracting something
from it.

One current “feature” with this function is that just sending a dendrogram through it will
return it with each of its nodes becoming of class "dendrogram”. This can lead to trouble
when comparing the output of running the functiion with the original object. This can be
resolved using the unclass_dend function. For example:

# dendrapply(dend, unclass) # in case the
itself <- function(x) x

dend_from_dendrapply <- dendrapply(dend, itself)
identical(dend, dend_from_dendrapply)

## [1] FALSE

# here we must first use unclass since the output of "[[]]" inherits its class from the or
2nal object's class:

class(unclass(dend) [[2]])

## [1] "list"
class(unclass(dend_from_dendrapply) [[2]])

## [1] "dendrogram"

class(unclass_dend(dend_from_dendrapply) [[2]]) # the new uncless_dend solves it.

## [1] "list"
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1.2. Motivation for creating dendextend

The dendrogram object has several advantages:

1. dendrogram objects are nested list of lists (with attributes). This makes their struc-
ture familiar and easy to understand by R users. They are also, relatively, simple to
manipulate, extend and connect to different packages.

2. dendrogram objects have various methods and functions for using them within R base.

3. Other tree objects, such as hclust, and objects from the ape package (Paradis et al.
2004), include an as.dendrogram method for converting their objects into a dendro-
gram. And also as.phylo.dendrogram, as.hclust.dendrogram.

4. dendrogram objects are used in various packages as an intermediate step for other
purposes (often plotting), such as:

(a) The latticeExtra package (Sarkar and Andrews 2012), see the dendrogramGrob
function.

The labeltodendro package (Nia and Stephens 2011), see the colorplot function.
The belust package (Nia and Davison 2012), see the bclust function.

The ggdendro package (de Vries and Ripley 2013), see the dendro_data function.
The gplots package (Warnes et al. 2014), see the heatmap.2 function.

The Heatplus package (Ploner 2012), see the annHeatmap2 function.

The sparcl package (Ploner 2012), see the ColorDendrogram function.

However, even with all of its advantages, the dendrogram class in R still lacks various basic
features.

The dendextend package aims at filling some gaps in base R, by extending the available
functions for dendrogram manipulation, statistical analysis, and visualization.

This vignettes gives a step-by-step description of the functionality available in the dendextend
package.

1.3. Installing dendextend

To install the stable version from CRAN use:

install.packages('dendextend')

To install the GitHub version use:

if (lrequire('devtools')) install.packages('devtools'); require('devtools')
install_github('dendextend', 'talgalili')


https://github.com/talgalili/dendextend
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2. Tree attributes (extraction, assignment, length)

2.1. labels in base R

In base R, the labels function is intended to find/extract a suitable set of labels from an
object for use in printing or plotting, for example. By default, it uses the names and dimnames
functions.

What base R labels function is missing is assignment. In the next few examples we will go
through different examples of what the dendextend package offers for various objects.

Credits: These assignment functions were originally written by Gavin Simpson (in a post
on (stackoverflow)), and adopted/adjusted to this package by Tal Galili. Some modification
were inspired by Gregory Jefferis’s code from the dendroextras package.

2.2. labels for vectors and matrices

In base R, for vectors, labels gives the names of the object. And if these are missing, then
labels will give the vector itself as a character vector:

x <- 1:3
names (x)

## NULL
labels(x)
## [1] ||1|| ||2|| ”3“

Assignment to names is available in base R and works as follows:

x <- 1:3
names(x) <- letters[1:3]

names (x)
## [1] "a" "b" "c"
labels(x)
## [1] "a" "b" "c"

The new labels assignment function will allow a user to change the content of the vector’s
"labels” (similar to what can be done using "names”):

x <- 1:3
labels(x) <- letters[1:3]
names (x)


http://stackoverflow.com/questions/4614223/how-to-have-the-following-work-labelsx-some-value-r-question
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## [1] ||all Ilbl| "C"
labels(x)

## [1] ||all Ilbl| IICII
Labels assignment are also available for matrices.

2.3. labels for dendrogram objects

We can get a dendrogram’s labels using the labels function from base R. However, in order
to assign new values to it, we’ll need the assignment function from dendextend:

labels(dend) # from base R
## [1] "Ohio" "Alaska" "California" "New York"

labels(dend) <- c("OH", "AK", "CA", "NY") # labels assingment - thanks to den-
dextend
labels(dend)

## [1] IIOHII IIAKII IICAII IINYII

2.4. labels for hclust objects

dendextend offers a labels method for hclust objects. It take special care to have the order
of the labels be the same as is with dendrogram object, which is the order of the labels in the
plotted tree. This can be turned off when using the order parameter:

# All are from dendextend
labels(hc)

## [1] "Ohio" "Alaska" "California" "New York"
labels(hc,order=FALSE) # this ts the order of the rows of the original data.
## [1] "Alaska" "California" "New York" "Ohio"

set.seed(229835)
labels(hc) <- sample(labels(hc)) # labels assingment - thanks to dendextend
labels(hc)

## [1] "California" "New York" "Alaska" "Ohio"
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2.5. labels assignment and recycling

When the assigned vector has a different length, the dendextend assignment functions will
recycle the value but also give a warning;:

x <- 1:3

hc <- hclust(dist(US_data), "ave")
dend <- as.dendrogram(hc)

y <- matrix(1:9, 3,3)

labels(x) <- "bob"

## Warning: The lengths of the new labels is shorter than the length of the object
- labels are recycled.

labels(x)
## [1] ubobn ubobn ubobu
labels(hc) <- "bob"

## Warning: The lengths of the new labels is shorter than the number of leaves
in the hclust - labels are recycled.

labels(hc)
## [1] ubobn ubobn ubobu "bOb"
labels(dend) <- "bob"

## Warning: The lengths of the new labels is shorter than the number of leaves
in the dendrogram - labels are recycled.

labels(dend)
## [1] "bOb" "bOb" llbobll Ilbobll
labels(y) <- "bob"

## Warning: The lengths of the new labels is shorter than the length of the object’s
colnames - labels are recycled.

labels(y)

## [1] "bob" "bob" "bob"
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2.6. Tree size - number of leaves

Getting the size of a tree (e.g: number of leaves/terminal-nodes) is good for validation of
functions, and also when we wish to initiate a variable to later fill with data from the leaves.

The labels function for dendrogram is expensive, since it uses recursion to get all of the tree’s
elements. If we are only interested in getting the tree size, it is better to use the nleaves
function. It has an S3 method for hclust, dendrogram and phylo (from the ape):

nleaves (hc)
# [1] 4
nleaves(dend)
# [1] 4

For dendrograms the speed improvement is about 10 times using labels, whereas for hclust,
there is not any gain made by using nleaves. Here is a quick benchmark:

library(microbenchmark)
microbenchmark(nleaves(dend), length(labels(dend)))

## Unit: microseconds

## expr min 1g median uq max
#i# nleaves(dend) 43.12 47.03 52.91 58.79 3265
## length(labels(dend)) 980.98 1015.98 1051.53 1188.99 1965
## neval

H# 100

#i# 100

microbenchmark(nleaves(hc), length(labels(hc)))

## Unit: microseconds

H# expr min 1gq median uq max neval
## nleaves(hc) 35.84 36.96 38.63 39.20 160.1 100
## length(labels(hc)) 57.67 58.79 59.35 59.91 179.7 100

There are border-line cases where the node above some leaves is of height 0. In such a case,
we would consider that node as a "terminal node”, and in order to count the number of such
terminal nodes we would use count_terminal_nodes function. For example:

hc <- hclust(dist (USArrests[1:3,]), "ave")
dend <- as.dendrogram(hc)

par (mfrow = c(1,2))
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#it#
# Trivial case
count_terminal_nodes(dend) # 3 terminal nodes

## [1] 3

length(labels(dend)) # 3 - the same number

## [1] 3
plot(dend,
main = "This is considered a tree \n with THREE terminal nodes")
#Hit#
# NON-Trivial case
str(dend)

## --[dendrogram w/ 2 branches and 3 members at h = 54.8]

##  |--leaf "Arizona"

## " --[dendrogram w/ 2 branches and 2 members at h = 37.2]
#i#t |--leaf "Alabama"

it “——leaf "Alaska"

attr(dend[[2]], "height") <- 0
count_terminal_nodes(dend) # 2 terminal nodes, why? see this plot:

## [1] 2
# while we have 3 leaves, in practice we have only 2 terminal nodes

# (this is a feature, not a bug.)
plot(dend,

main = "This is considered a tree \n with TWO terminal nodes only")

11
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This is considered a tree This is considered a tree
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2.7. Tree size - number of nodes

Getting the size of a tree, in terms of the number of nodes can easily be done using:

hc <- hclust(dist (USArrests[1:3,]), "ave")
dend <- as.dendrogram(hc)

nnodes (hc)
## [1] 5
nnodes (dend)

## [1] 5

2.8. Generally getting tree attributes

Getting tree attributes can more generally be achieved using get_nodes_attr, however, the
dedicated function are often faster than the general solution. (also, in the future, we might
introduce functions based on Repp, offering even faster times).

Here are some examples:

hc <- hclust(dist (USArrests[1:3,]), "ave")
dend <- as.dendrogram(hc)

get_leaves_attr(dend, "label")
## [1] "Arizona" "Alabama" "Alaska"

labels(dend, "label")
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## [1] "Arizona" "Alabama" "Alaska"

get_leaves_attr(dend, "height") # should be 0's

# [11 000

get_nodes_attr(dend, "height")

## [1] 54.80 0.00 37.18 0.00 0.00

get_branches_heights(dend, sort = FALSE) # notice the sort=FALSE
## [1] 54.80 37.18

get_leaves_attr(dend, "leaf") # should be TRUE's

## [1] TRUE TRUE TRUE

get_nodes_attr(dend, "leaf") # conatins NA's

## [1] NA TRUE NA TRUE TRUE

get_nodes_attr(dend, "leaf", na.rm = TRUE) #

## [1] TRUE TRUE TRUE

get_leaves_attr(dend, "members") # should be 1's

### [1] 1 11

get_nodes_attr(dend, "members", include_branches = FALSE, na.rm = TRUE) #
## [1] 1 11

get_nodes_attr(dend, "members") #

## [1] 31211

get_nodes_attr(dend, "members", include_leaves = FALSE, na.rm = TRUE) #
## [1] 3 2

hang_dend <- hang.dendrogram(dend)
get_leaves_attr (hang_dend, "height") # no longer 0!
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## [1] 49.32 31.70 31.70
get_nodes_attr(hang_dend, "height") # does not include any Os!
## [1] 54.80 49.32 37.18 31.70 31.70

# does nmot include leaves wvalues:
get_nodes_attr(hang_dend, "height", include_leaves

FALSE)
## [1] 54.80 NA 37.18 NA NA

# remove leaves wvalues all together:
get_nodes_attr(hang_dend, "height", include_leaves

FALSE, na.rm = TRUE)
## [1] 54.80 37.18

get_branches_heights(hang dend) # notice the sort

## [1] 37.18 54.80

get_branches_heights(hang dend, sort = FALSE) # notice the sort

## [1] 54.80 37.18

Quick comparison on fetching leaves attributes:

require (microbenchmark)

# get_leaves_attr is twice faster than get_nodes_attir

microbenchmark( get_leaves_attr_4members = get_leaves_attr(dend, "members"),
get_nodes_attr_4members = get_nodes_attr(dend, "members", include_branch

## Unit: microseconds

#i# expr min 1q median uq max
## get_leaves_attr_4members 708.3 723.7 746.9 790.9 1225
##  get_nodes_attr_4members 1612.0 1647.3 1710.6 1797.6 5196
## neval

#i# 100

#i# 100
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3. Tree manipulation

3.1. unbranching and root height

A tree’s nodes have various heights. Sometimes we are interested in changing the height of
the entire tree. This can be accomplished using raise.dendrogram. For example (notice how
the entire tree’s height is changed):

hc <- hclust(dist(USArrests[1:3,]), "ave")
dend <- as.dendrogram(hc)

taller_dend <- raise.dendrogram(dend, 10)
shorter_dend <- raise.dendrogram(dend, -10)

attr(dend, "height") # 54.80041

## [1] 54.8

attr(taller_dend, "height") # 64.80041
## [1] 64.8

attr(shorter_dend, "height") # 44.80041
## [1] 44.8

par (mfrow = c(1,3))

plot(dend, ylim = c(0, 70), main = "Original dend"); abline(h = c(40, 50, 60), 1ty = 2)
plot(taller_dend, ylim = c(0, 70), main = "Taller dend"); abline(h = c(40, 50, 60), 1lty =
plot(shorter_dend, ylim = c(0, 70), main = "Shorter dend"); abline(h = c(40, 50, 60), lty

Original dend Taller dend Shorter dend
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Sometimes we wish to "unbranch” the dendrogram, meaning that we merge one of the tree’s
branches with its root. This is useful, for example, when merging phylogenetic trees from
several families, and being unwilling to assume a specific root /height to the merged trees. Un-
branching can be done using the unbranch (S3) function (notice the use of the branch_becoming_root
parameter):

hc <- hclust(dist (USArrests[10:13,]), "ward")
## The "ward" method has been renamed to "ward.D'"; note mew "ward.D2"
dend <- as.dendrogram(hc)

unbranched_dend <- unbranch(dend, branch_becoming_root=1)
unbranched_dend_2 <- unbranch(unbranched_dend, branch_becoming_root=3)

par(mfrow = c(1,3))
plot (dend)

plot (unbranched_dend)
plot (unbranched_dend_2)
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While the unbranch.hclust method exists, it is not expected to work since hclust objects are
not designed to handle non-binary trees (hence the advantage of using dendrogram objects).
For phylo objects (from the ape package), there is also a method that would simply use
ape: :unbranch(phy = x).

In some rare cases, we might wish to equalize the heights of root’s branches. For this we can
use the flatten.dendrogram function:

hc <- hclust(dist(USArrests[10:13,]), "ward")
## The "ward" method has been renamed to "ward.D"; note mew "ward.D2"

dend <- as.dendrogram(hc)
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flatten_dend_1 <- flatten.dendrogram(dend,FUN=max)
flatten_dend_2 <- flatten.dendrogram(dend,FUN=min)

par (mfrow = c(1,3))

plot(dend, main = "Original tree"); abline(h = c(50, 100), 1lty=2)
plot(flatten_dend_1, main = "Flatten tree \n(max branches height)"); abline(h
plot(flatten_dend_2, main = "Flatten tree \n(min branches height)"); abline(h

c(50, 100)
c (50, 100)

Original tree Flatten tree Flatten tree
9 (max branches height) (min branches height)
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3.2. Coloring labels of leaves

Coloring labels can sometimes be useful, it is done through the labels_colors function
(which also has assignment). Notice the assignment recycling, as well as the difference in the
appearance of a dot when a label’s color is black, compared to when it is NULL:

par (mfrow = c(1,3))

hc <- hclust(dist (USArrests[1:3,]), "ave")
dend <- as.dendrogram(hc)

# Defaults:
labels_colors(dend)

## NULL

plot (dend)

# let's add some color:
require(colorspace)

## Loading required package: colorspace
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labels_colors(dend) <- rainbow_hcl(3)
labels_colors(dend)

## Arizona Alabama Alaska
#i# "#E495A5" "#86B875" "#7DBODD"

plot (dend)

# changing color to black
labels_colors(dend) <- 1

## Warning: Length of color vector was shorter than the number of leaves - vector
color recycled

labels_colors(dend)

## Arizona Alabama Alaska

#H# 1 1 1
plot(dend)
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# removing color (and the nodePar completely - if it has no other attribute but lab.col)
labels_colors(dend) <- NULL

## Warning: Length of color vector was shorter than the number of leaves - vector
color recycled

## Warning: ’x’ is NULL so the result will be NULL

labels_colors(dend)

## NULL
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3.3. Hanging a dendrogram

Hanging a tree means that we change the height of the leaves to be near their parent node.
Hanging helps when examining the topology of the tree. Currently, hanging of a dendro-
gram was possible by going through the hclust object, but now you can simply use the
hang.dendrogram function. Here is an example:

hc <- hclust(dist(USArrests[1:9,]), "ave")

dend <- as.dendrogram(hc)

hang dend_1 <- hang.dendrogram(dend, hang = 0.1)
hang_dend_2 <- as.dendrogram(hc, hang = 0.1)
identical (hang_dend_1, hang dend_2)

## [1] TRUE

require(colorspace)
labels_colors(hang_dend_1) <- rainbow_hcl(nleaves(hang_dend_1))

par (mfrow = c(1,2))
plot(hc, main ="Hanged hclust tree")
plot(hang_dend_1, main ="Hanged dendrogram tree")

Hanged hclust tree Hanged dendrogram tree
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3.4. Trimming leaves

Trimming some leaves from a tree can be done using the prune (S3 method) function (notice
that the attributes of the pruned tree are updated):

hc <- hclust(dist(USArrests[1:5,]), "ave")
dend <- as.dendrogram(hc)
library(colorspace)

labels_colors(dend) <- rainbow_hcl(5)
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pruned_dend <- prune(dend , c("Alaska", "California"))
str(unclass(pruned_dend))

## List of 2
## $ : atomic [1:1] 4

## ..— attr(*x, "members")= int 1

## ..- attr(*, "height")= num O

#i# ..— attr(x, "label")= chr "Arkansas"
##  ..- attr(x, "leaf")= logi TRUE

## ..— attr(*, "nodePar")=List of 2

it .. ..$ lab.col: chr "#E495A5"

## .. ..$ pch : logi NA

## $ :List of 2

# ..$ : atomic [1:1] 3

## - attr(x, "label")= chr "Arizona"
#it - attr(*, "members")= int 1

## - attr(*, "height")= num O

## - attr(*, "leaf")= logi TRUE
## .. ..— attr(*, "nodePar")=List of 2
it .. .. ..$ lab.col: chr "#BDAB66"

## .. .. ..$ pch : logi NA

it ..$ : atomic [1:1] 1

#it - attr(x, "label")= chr "Alabama"
it - attr(x, "members")= int 1

## - attr(*, "height")= num O

#it - attr(*, "leaf")= logi TRUE
#i# .. ..— attr(*, "nodePar")=List of 2
## .. .. ..%$ lab.col: chr "#55B8DO"

## .. .. ..$ pch : logi NA

#i# ..— attr(*x, "members")= num 2

##  ..- attr(*, "midpoint")= num 0.5

## ..- attr(*, "height")= num 52.6

## - attr(*, "members")= num 3

## - attr(*, "midpoint")= num 0.75
## - attr(*, "height")= num 82.6

par (mfrow = c(1,2))
plot(dend, main = "Original tree")
plot (pruned_dend, main = "Tree without Alaska/California")
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If we have two trees, we can use the intersect_trees function to reduce both trees to have
the same labels (this will be useful later when we’d like to compare the two trees):

hc_1 <- hclust(dist(USArrests[1:5,]), "single")
hc_2 <- hclust(dist(USArrests[1:5,]), "complete")
dend_1 <- as.dendrogram(hc_1)

dend_2 <- as.dendrogram(hc_2)

library(colorspace)

labels_colors(dend_1) <- rainbow_hcl(5)
labels_colors(dend_2) <- rainbow_hcl(5)

pruned_dend_1 <- prune(dend_1 , c("Alaska"))
pruned_dend_2 <- prune(dend_2 , c("California"))

dends_12 <- intersect_trees(pruned_dend_1,pruned_dend_2)

par (mfrow = c(3,2))
plot(dend_1, main =
plot(dend_2, main =
plot (pruned_dend_1,
plot(pruned_dend_2,
plot(dends_12[[1]1],
plot(dends_12[[2]],

"Tree - single method", ylim = c(0,110))
"Tree - complete method", ylim = c(0,110))

main
main
main
main

"Trimmed tree - single method", ylim = c(0,110))
"Trimmed tree - complete method", ylim = c(0,110))
"Intersected tree - single method", ylim = c(0,110))
"Intersected tree - complete method", ylim = c(0,110))
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Side-note: a similar function, called plotColoredClusters, is available in the ClassDiscovery
package for hclust objects.

3.5. Rotating branches

A dendrogram is an object which can be rotated on its hinges without changing its topological.

Rotating a dendrogram in base R can be done using the reorder function. The problem with
this function is that it is not very intuitive. For this reason we wrote the rotate function.
It has two main arguments: the object, and the order we wish to rotate it by. The order
parameter can be either a numeric vector, used in a similar way we would order a simple
character vector. Or, the order parameter can also be a character vector of the labels of the
tree, given in the new desired order of the tree.

It is also worth noting that some order are impossible to achieve for a given tree’s topology.
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In such a case, the function will do its "best” to get as close as possible.

Here are a few examples:

hc <- hclust(dist (USArrests[c(1,6,13,20, 23),]), "ave")
dend <- as.dendrogram(hc)

# For dendrogram objects:
require(colorspace)
labels_colors(dend) <- rainbow_hcl(nleaves(dend))
# let's color the labels to make the followup of the rotation easier
par (mfrow = c(2,2))
plot(dend, main = "Original tree")
plot(rotate(dend, c(2:5,1)), main =
"Rotates the left most leaf \n into the right sided of the tree")
plot(dend, main = "Original tree")
plot(sort(dend), main = "Sorts the labels by alphabetical order \n
and rotates the tree to give the best fit possible")

23
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3.6. Cutting trees

The hclust function comes with a very powerful cutree function, for extracting cluster
grouping of the original data based on cutting the Hierarchical tree at some height (or setting
a predefined k - number of clusters). The limitation of this function is that it is only available
for hclust object. Hence, if we are dealing with a tree which is NOT an ultrametric tree (e.g:
ultrametric tree = a tree with monotone clustering heights), cutree would not be available
for us (since as.hclust would not work on our dendrogram).

In dendextend, we extend cutree by turning it into an S3 method, with methods for den-
drogram and phylo objects. The phylo method is only turning the phylo object to an hclust,
and tries to work on it there. However, the dendrogram method (cutree.dendrogram) is a
complete re-writing of cutree based on the cut.dendrogram function. cutree.dendrogram
fully emulates cutree by default, but at the same time extends it with the type of trees it
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can handle, and with some other options.

Since cutree.dendrogram is written in R, it is slower than cutree which is implemented
in C. If we can turn the dendrogram into hclust, we will use cutree.hclust, otherwise -
cutree.dendrogram will be used.

Here are several examples of how these functions are used:

hc <- hclust(dist(USArrests([c(1,6,13,20, 23),]1), "ave")
dend <- as.dendrogram(hc)
unbranch_dend <- unbranch(dend,?2)

cutree(hc, k=2:4) # on hclust

## 23
## Alabama 11
## Colorado 1 1
## Illinois 1 1
## Maryland 1 2
## Minnesota 2 3

I N e S T

cutree(dend, k=2:4) # on dendrogram

#it 234
## Alabama 111
## Colorado 1 1 2
## Illinois 1 1 1
## Maryland 1 2 3
## Minnesota 2 3 4

cutree(hc, k=2) # on hclust

##  Alabama Colorado Illinois Maryland Minnesota
## 1 1 1 1 2

cutree(dend, k=2) # on dendrogram

##  Alabama Colorado Illinois Maryland Minnesota
#i# 1 1 1 1 2

cutree(dend, h = c(20, 25.5, 50,170))

## 20 25.5 50 170
## Alabama 1 1 1 1
## Colorado 2 2 1 1
## Illinois 8 3 1 1
## Maryland 4 4 2 1
## Minnesota 5 5 & 2
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cutree(hc, h = c(20, 25.5, 50,170))

#it 20 25.5 50 170
## Alabama 1 1 1 1
## Colorado 2 2 1 1
## Illinois 8 3 1 1
## Maryland 4 4 2 1
## Minnesota 5 B & 2

# the default (ordered by original data's order)
cutree(dend, k=2:3, order_clusters_as_data = FALSE)

## 2 8
## Minnesota 1 1
## Maryland 2 2
## Colorado 2 3
## Alabama 2 3
## Illinois 2 3

labels(dend)

## [1] "Minnesota" "Maryland" "Colorado" "Alabama"
## [5] "Illinois"

# cutree now works for unbranched trees!
# as.hclust (unbranch_dend) # ERROR - can not do this...
cutree(unbranch_dend, k = 2) # all NA's

## Warning: Couldn’t cut the tree - returning NA.
## Warning: You (probably) have some branches with equal heights so that there
exist no height(h) that can create 2 clusters

## [1] NA NA NA NA NA
cutree(unbranch_dend, k = 1:4)
## Warning: Couldn’t cut the tree - returning NA.

## Warning: You (probably) have some branches with equal heights so that there
exist no height(h) that can create 2 clusters

## 1 234
## Alabama 1 NA 2 2
## Colorado 1 NA 2 3
## Illinois 1 NA 2 2
## Maryland 1 NA 3 4
## Minnesota 1 NA 1 1
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cutree(unbranch_dend, h = c(20, 25.5, 50,170))

## 20 25.5 50 170
## Alabama 1 1 1 1
## Colorado 2 2 1 1
## Illinois 3 3 1 1
## Maryland 4 4 2 2
## Minnesota 5 5 3 8

require (microbenchmark)
## this shows how as.hclust is expensive - but still worth 2t +f possible
microbenchmark (

cutree(hc, k=2:4),

cutree(as.hclust(dend), k=2:4),

cutree(dend, k=2:4),

cutree(dend, k=2:4, try_cutree_hclust=FALSE)

)

## Unit: milliseconds

#i# expr min
#i# cutree(hc, k = 2:4) 2.392
## cutree(as.hclust(dend), k = 2:4) 8.229
#t cutree(dend, k = 2:4) 8.462
## cutree(dend, k = 2:4, try_cutree_hclust = FALSE) 20.210

#Hit 1g median uq max neval
##  2.448 2.493 2.683 8.477 100
## 8.468 8.667 8.896 14.263 100
## 8.651 8.812 8.990 16.718 100
## 20.633 21.086 22.003 29.979 100

# the dendrogram ts MUCH slower...

# and trying to "hclust" ts not expensive (which ts nice...)
microbenchmark (
cutree_unbranch_dend = cutree(unbranch_dend, k=2:4, warn = FALSE),
cutree_unbranch_dend_not_trying_to_hclust =
cutree(unbranch_dend, k=2:4, try_cutree_hclust=FALSE, warn = FALSE)

)

## Unit: milliseconds

#Hit expr min 1q
#i# cutree_unbranch_dend 14.23 14.78
## cutree_unbranch_dend_not_trying_to_hclust 13.63 14.02
## median uq max neval

##  14.97 15.49 19.99 100
##  14.29 14.72 21.54 100
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Having cutree.dendrogram available to us, we can now gain the ability to color branches for
trees which can not be represented as an hclust object.

3.7. Coloring branches

Dendrogram plots with colored branches are used to easily distinguish between different clus-
ters on a tree. They have been available in R for many years in threads on the mailing lists
and through various package. However, until recently, all of the functions in packages have
always given the user a new plot function, without separating the coloring of branches of a
dendrogram from its plotting. Often the function for actually plotting the colored branched
dendrogram would be hidden from the user. For example, the labeltodendro package (Nia
and Stephens 2011) gives a colored branch plot through the colorplot function, but the
work horse for this is available in a hidden function called dendroploth or dendroplotv,
both take care of the plotting by themselves (instead of modifying the dendrogram object,
and then letting the base R function do the work). The same story happens in the Heat-
plus (Ploner 2012), where the plot.annHeatmap2 function actually uses the hidden function
cutplot.dendrogram for doing the plotting.

This was changed in the beginning of 2013 thanks to Gregory Jefferis’s dendroextras package
(Jefferis 2013), which organized this through the colour_clusters function. In the dendex-
tend package we imported his code into a new function called color_branches, with several
useful modifications on the original code. The biggest limitation in the colour_clusters
function is that it relies on changing the dendrogram into hclust in order to use cutree on it
and get the clusters. This has the advantage of being fast, but the disadvantage of restrict-
ing the function to ultrametric and binary trees (the type of tree hclust objects can handle).
Here we implemented a new function called cutree.dendrogram (available as an S3 method),
which rely on hclust for speed, but if it is not possible to convert the dendrogram to hclust, it
will find the clustering on the dendrogram object itself (while being fully compatible with the
base R cutree function). Also, our implementation of the color_branches function allows
for repeated-multilayered coloring of the branches. Another potential bug which is avoided in
our implementation is to handle cases where the labels of the tree are of type Integer instead
of Character (this happens if the dendrogram came from an hclust, used on the dist of data
that has no rownames).

Here is an example of using color_branches combined with labels_colors:

require(colorspace)
data(iris)

d_iris <- dist(iris[,-5])
hc_iris <- hclust(d_iris)
labels(hc_iris)

## character(0)

dend_iris <- as.dendrogram(hc_iris)
is.integer(labels(dend_iris))

## [1] TRUE
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iris_species <- rev(levels(iris[,5]))
dend_iris <- color_branches(dend_iris,k=3, grouplLabels=iris_species)
is.character(labels(dend_iris)) # labels are no longer "integer”

## [1] TRUE

# have the labels match the real classification of the flowers:
labels_colors(dend_iris) <-
rainbow_hcl(3) [sort_levels_values(
as.numeric(iris[,5]) [order.dendrogram(dend_iris)]

)]

# We'll add the flower type

labels(dend_iris) <- paste(as.character(iris[,5]) [order.dendrogram(dend_iris)],
"(",labels(dend_iris),")",
sep = n ||)

dend_iris <- hang.dendrogram(dend_iris,hang _height=0.1)

# reduce the size of the labels:
dend_iris <- assign_values_to_leaves_nodePar(dend_iris, 0.5, "lab.cex")

## Warning: Length of value vector was shorter than the number of leaves - vector
value recycled

par (mar = ¢(3,3,3,7))
plot(dend_iris,

main = "Clustered Iris dataset

(the labels give the true flower species)",

horiz = TRUE, nodePar = list(cex = .007))
legend("topleft", legend = iris_species, fill = rainbow_hcl(3))
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This simple visualization easily demonstrates how the separation of the Hierarchical clustering
is very good with the "setosa” species, but misses in labeling many "versicolor” species as
"virginica”.

The hanging of the tree also helps to locate extreme observations. For example, we can see
that observation "virginica (107)” is not very similar to the Versicolor species, but still, it
is among them. Also, "Versicolor (71)” is too much "within” the Virginica bush, and it is a
wonder why that is. Of course, the Iris data set is very well known, and simpler pairs plot
often help to locate such problems, yet - dendrogram trees (with all of their limitations) can
help gain insights for very high-dimensional data where a simple pairs plot is not possible.

Here is the similar pairs plot. Notice the filled red and green dots, corresponding with the
extreme observations we have noticed in the dendrogram. Petal.Length vs Petal. Width gives
the best example of why the green dot is an outlier. Whereas most plots show why the red
dot is an outlier. There are of course other outliers, and a problem with classification, which
we will not go further into.

require(colorspace)
species_col <- rev(rainbow_hcl(3)) [as.numeric(iris[,5])]

species_pch <- rep(l, length(species_col))
species_pch[c(107,71)] <- 19

pairs(iris[,-5],
col = species_col, pch=species_pch)

31
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4. Tanglegrams - visually comparing two trees side-by-side

4.1. Tanglegram visualization

A tanglegram plot gives two dendrogram (with the same set of labels), one facing the other,
and having their labels connected by lines. Tanglegram can be used for visually comparing
two methods of Hierarchical clustering, and are sometimes used in biology when comparing
two phylogenetic trees.

Here is an example of creating a tanglegram using dendextend:
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hcl <- hclust(dist(iris[,-5]), "com")

hc2 <- hclust(dist(iris[,-5]), "single")

dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

tanglegram(dendl , dend2, lab.cex = .5, edge.lwd = 1, margin_inner= 3, type = "r",
center = TRUE, k_branches = 3)

## Warning: Length of value vector was shorter than the number of leaves - vector
value recycled
## Warning: Length of value vector was shorter than the number of leaves - vector
value recycled
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Notice that since every manipulation of the trees require going through all of their nodes, it
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might be better (when comparing large trees), to do all of the manipulations upfront, and
only then plot the tanglegram.

We can also notice the mess of tangled lines of the two trees, a mess we wish to untangle.

4.2. Measuring Entanglement

When comparing two trees via a tanglegram, we can use the entanglement function in order
to measure how much the two trees are "aligned”.

Entanglement is measured by giving the left tree’s labels the values of 1 till tree size, and than
match these numbers with the right tree. Now, entanglement is the L. norm distance between
these two vectors. That is, we take the sum of the absolute difference (each one in the power
of L). e.g: sum(abs(x-y)**L). And this is divided by the ”worst case” entanglement level
(e.g: when the right tree is the complete reverse of the left tree).

L tells us which penalty level we are at (L0, L1, L2, partial L’s etc). L>1 means that we give
a big penalty for sharp angles. While L->0 means that any time something is not a straight
horizontal line, it gets a large penalty If L=0.1 it means that we much prefer straight lines
over non straight lines

For example:

hcl <- hclust(dist(iris[,-5]), "com")
hc2 <- hclust(dist(iris[,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

dendl <- color_branches(dendl, 3)

labels(dend2) <- as.character(labels(dend2))
require(colorspace)
col_lines_by_left_groups <- rainbow_hcl(3)[
cutree(dendl, 3, order_clusters_as_data=FALSE, sort_cluster_numbers=TRUE)]

tanglegram(dendl , dend2, color_lines=col_lines_by_left_groups,
main = paste("Entanglement =", round(entanglement(dendl , dend2), 2)))
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Entanglement = 0.91
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And here is the entanglement of a tiny bit prettier tanglegram:

s_dendl <- sort(dendl)
s_dend2 <- sort(dend?2)

# s_dendl <- color_branches(s_dendl, 3) # If I don't do this again
# I will get different colors
col_lines_by_left_groups_sorted <- col_lines_by_left_groups[match(labels(s_dendl), labels(
tanglegram(s_dendl , s_dend2, color_lines = col_lines_by_left_groups_sorted,
main = paste("Entanglement =", round(entanglement(s_dendl , s_dend2), 2)))
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4.3. Finding an optimal rotation

Random search

Finding an optimal rotation for the tanglegram of two dendrogram is a hard problem.

This problem is also harder for larger trees, so let us pick a tree from only 30 flowers, and
look at comparing two clustering methods, complete and single:

set.seed(51324626)

ss <- sample(1:150, size=30)

hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)
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dend2 <- as.dendrogram(hc2)

dendl <- color_branches(dendl, 3)

# dend2 <- color_branches(dend2, 3) # colors will not match nicely
labels(dend2) <- as.character(labels(dend2))

require(colorspace)
col_lines_by_left_groups <- rainbow_hcl(3)[
cutree(dendl, 3, order_clusters_as_data=FALSE, sort_cluster_numbers=TRUE)]

tanglegram(dendl , dend2, color_lines=col_lines_by_left_groups,
main = paste("Entanglement =", round(entanglement(dendl , dend2), 2)))

Entanglement = 0.19
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One solution for improving the tanglegram would be to randomly search the rotated tree
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space for a better solution.

For example:

set.seed(65168)
dend12 <- untangle_random_search(dendl, dend2, R=100)
tanglegram(dend12[[1]] , dend12[[2]], color_lines=col_lines_by_left_groups,

main = paste("Entanglement =", round(entanglement(dend12[[1]] , dend12[[2]]), 2
Entanglement = 0.03
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We can see we already got something better. An advantage of the random search is the ability
to create many many trees and compare them to find the best pair.

A one-sided greedy search

Let’s use a greedy forward step wise rotation of the right tree, to see if we can find a better
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solution for comparing the two trees. Notice that this may take some time to run (the larger
the tree, the longer it would take), but we can limit the search for smaller k’s, and see what
improvement that can bring us:

best_dend_heights_per_k <- heights_per_k.dendrogram(dend2)

dend2_2 <- untangle_step_rotate_lside(dend2, dendl,
k_seq=2:3, best_dend_heights_per_k=best_dend_heights_per_k) [[1]]
# notice that here we are only using
tanglegram(dendl , dend2_2, color_lines=col_lines_by_left_groups,
main = paste("Entanglement =", round(entanglement(dendl , dend2_2), 2)))

Entanglement = 0.06
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entanglement (dendl , dend2_2)

## [1] 0.06166

Let’s try to go "all the way down” all possible k’s:

dend2_3 <- untangle_step_rotate_lside(dend2, dendl,
best_dend_heights_per_k=best_dend_heights_per_k) [[1]
tanglegram(dendl , dend2_3, color_lines=col_lines_by_left_groups,
main = paste("Entanglement =", round(entanglement(dendl , dend2_3), 2)))

Entanglement = 0.04
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entanglement (dendl , dend2_3)

## [1] 0.04225

Combining a one-sided greedy search with a random search

As we can see, the random search actually found something better than the forward selection
search. But now we can use the forward search on the trees we found in the random search:

dend2_4 <- untangle_step_rotate_lside(dend12[[2]], dend12[[1]1]) [[1]]
tanglegram(dend12[[1]] , dend2_4, color_lines=col_lines_by_left_groups,
main = paste("Entanglement =", round(entanglement(dend12[[1]] , dend2_4), 2)))

Entanglement =0
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entanglement (dend12[[1]] , dend2_4)

## [1] O

We see how this got us with a perfect solution. The trees look almost identical, but they are
not (look at label 45 to see a leaf which is differently located between the two trees.). We can
use the k_branches parameter for tanglegram, to help us see the difference between the two
trees (notice labels 19 and 45). One could actually do an animation sequence, using various
k_branches values in order to located the differences between the trees.

tanglegram(color_branches(dend12[[1]], col=1, k=1) , dend2_4, color_lines=col_lines_by_lef
main = paste("Entanglement =", round(entanglement(dend12[[1]] , dend2_4), 2)))

Entanglement =0
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139 139 }
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15 15
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A two-sided greedy search

Sometimes, using just one-sided greedy algorithm is not enough. Also, it is probably best to
combine the random search with the two sided greedy step-wise search:

dendl <- as.dendrogram(hclust(dist(USArrests[1:20,]1)))

dend2 <- as.dendrogram(hclust(dist(USArrests[1:20,]), method = "single"))
set.seed(3525)

dend2 <- shuffle(dend2)

tanglegram(dendl,dend2, margin_inner=6.5)

Louisiana Hawaii
Alabama lowa
Delaware Maine
lllinois Connecticut ———
Alaska Kentucky ———

Georgia \ Idaho
L \
Colorado ‘ Indiana
—— Arkansas ' Kansas
Maryland \ //l/ Alaska ——
~

_{ Arizona / \\" Arkansas ————
+

—— California /// /~‘ Colorado ——

/ Georgia. ————

——— Florida '

Maine ' lllinois ————
lowa ’ / Delaware ——— [
Hawaii / Alabama —— ]
Kentucky Louisiana ——
Idaho ‘ Maryland ———
Kansas Arizona ————
Indiana California
Connecticut Florida
T T T T T 1 T T T T T T T 1
250 200 150 100 50 0 0O 10 20 30 40 50 60 70

entanglement (dendl,dend2, L = 2) # 0.79

## [1] 0.7917
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dend2_corrected <- untangle_step_rotate_lside(dend2, dendl) [[1]]
tanglegram(dendl,dend2_corrected, margin_inner=6.5)

Louisiana Louisiana
Alabama Alabama
Delaware Delaware -
lllinois lllinois
Alaska Georgia ]
Georgia Colorado

{ Colorado Arkansas

—— Arkansas Alaska |
Maryland Maryland ———

_{ Arizona Arizona ——
—— Callifornia California
——— Florida Florida
Maine Hawaii
lowa Maine
Hawaii lowa
Kentucky Kentucky ———
Idaho Idaho
Kansas Kansas
Indiana Indiana :l_
Connecticut Connecticut
T T T T T 1 T T T T T T T 1
250 200 150 100 50 O 0 10 20 30 40 50 60 70

entanglement (dendl,dend2_corrected, L = 2)

## [1] 0.006767

dend12_corrected <- untangle_step_rotate_2side(dendl, dend2)

## We ran untangle 1 times
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tanglegram(dend12_corrected[[1]],dend12_corrected[[2]], margin_inner=6.5) # Bet-

ter. ..
Hawaii Hawaii
{ lowa lowa
— Maine Maine
— Connecticut Connecticut
Kentucky Kentucky ———
Idaho Idaho
Indiana Indiana
Kansas Kansas :l_
Arkansas Alaska
4|_E Colorado Arkansas
Georgia Colorado
Alaska Georgia ||
lllinois lllinois
— Delaware Delaware ——
— Alabama Alabama
'— Louisiana Louisiana
— Maryland Maryland
_|: Arizona Arizona
California California
—— Florida Florida
T T T T T 1 T T T T T T T 1
250 200 150 100 50 O 0 10 20 30 40 50 60 70

entanglement (dend12_corrected[[1]],dend12_corrected[[2]], L=2) # 0.0045
## [1] 0.004511

# best combination:
dend12_corrected_1 <- untangle_random_search(dendl, dend2)
dend12_corrected_2 <- untangle_step_rotate_2side(dendl12_corrected_1[[1]],dend12_corrected_

## We ran untangle 1 times
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tanglegram(dend12_corrected_2[[1]],dend12_corrected_2[[2]], margin_inner=6.5) # Bet-
ter. ..

Florida Florida

Arizona Arizona

_{ Maryland Maryland

—— California California

Colorado Colorado

_{ Georgia Georgia
—— Arkansas Arkansas B

Delaware Delaware

Louisiana Louisiana

Alabama Alabama

Uyl

lllinois lllinois

Alaska Alaska

Hawaii Hawaii

Maine Maine

lowa lowa

Kentucky Kentucky ———

Idaho Idaho
Kansas Kansas
Indiana Indiana :|

Connecticut Connecticut

[ T T T T [ T T T T T T 1
250 200 150 100 50 0 0O 10 20 30 40 50 60 70

entanglement (dend12_corrected_2[[1]1],dend12_corrected_2[[2]], L=2) # O - PERFECT.
## [1]1 O

# using rank_branches and k_branches, combined with type, center, and zlim -
# helps to see warious topological differences between the two trees:
tanglegram(dend12_corrected_2[[1]],

dend12_corrected_2[[2]],

k_branches = 7, rank_branches = TRUE,

margin_inner=6.5, type = "t", center = TRUE,
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x1lim = c(8,0)) # Much Better...

xlim = c(8,0)
) # Also Better...

Florida Florida
Arizona Arizona
Maryland Maryland
California California
Colorado Colorado
Georgia Georgia
Arkansas Arkansas
Delaware Delaware
Louisiana Louisiana
Alabama Alabama
lllinois lllinois
Alaska Alaska
Hawaii Hawaii
Maine Maine
lowa lowa
Kentucky Kentucky
Idaho Idaho
Kansas Kansas
Indiana Indiana
Connecticut Connecticut
T 1
2 0
# using "hang=TRUE" also helps:
tanglegram(dend12_corrected_2[[1]],

dend12_corrected_2[[2]],

k_branches = 7,

rank_branches = TRUE, hang = TRUE,

margin_inner=6.5, type = "r", center = TRUE,

o

[e)

47



48 Visualizing and ComparingTrees of Hierarchical Clustering:Using the dendextend R Package

Florida Florida —
Arizona Arizona
_[ Maryland Maryland :’_
— California California —
Colorado Colorado
_[ Georgia Georgia :’_
] — Arkansas Arkansas — —
— Delaware Delaware —
] Louisiana Louisiana N
_[ Alabama Alabama :’_
lllinois lllinois
Alaska Alaska —
Hawaii Hawaii —
4|:— Maine Maine —
— lowa lowa —
— Kentucky Kentucky —
— ldaho ldaho —
— Kansas Kansas —
— Indiana Indiana —
Connecticut Connecticut
[ T T T 1 I T T T 1
8 6 4 2 0 0 2 4 6 8

5. Comparing two trees - statistics and inference

5.1. Baker’s Gamma Index

Baker’s Gamma Index (Baker 1974) is a measure of association (similarity) between two trees
of Hierarchical clustering (dendrograms). It is defined as the rank correlation between the
stages at which pairs of objects combine in each of the two trees.

Or more detailed: It is calculated by taking two items, and see what is the highest possible
level of k (number of cluster groups created when cutting the tree) for which the two item
still belongs to the same tree. That k is returned, and the same is done for these two items
for the second tree. There are n over 2 combinations of such pairs of items from the items in
the tree, and all of these numbers are calculated for each of the two trees. Then, these two
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sets of numbers (a set for the items in each tree) are paired according to the pairs of items
compared, and a Spearman correlation is calculated.

The value can range between -1 to 1. With near 0 values meaning that the two trees are not
statistically similar. For exact p-value one should use a permutation test. One such option
will be to permute over the labels of one tree many times, calculating the distribution under
the null hypothesis (keeping the trees topologies constant).

Notice that this measure is not affected by the height of a branch but only of its relative
position compared with other branches.

Here are a few examples:

set.seed(23235)

ss <- sample(1:150, 10 ) # we want to compare small trees
hcl <- hclust(dist(iris[ss,-5]), "com")

hc2 <- hclust(dist(iris[ss,-5]), "single")

dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

# cutree(dendl1)

cor_bakers_gamma(hcl, hc2)

## [1] 0.5716
cor_bakers_gamma(dendl, dend2)
## [1] 0.5716

# dendl <- match_order_by_labels(dendl, dend2) # if you are not sure
# cor_bakers_gamma(dendl, dend2, use_labels_not_values = FALSE)

require(microbenchmark)

microbenchmark (
with_labels = cor_bakers_gamma(dendl, dend2, try_cutree_hclust=FALSE) s
with_values = cor_bakers_gamma(dendl, dend2, use_labels_not_values = FALSE, try_cutree_
times=10

## Unit: milliseconds

## expr min 1g median uq max neval
## with_labels 202.3 203.9 204.6 211.2 213.6 10
## with_values 167.7 168.1 169.0 171.3 181.8 10

# The cor of a tree with itself s 1:
cor_bakers_gamma(dendl, dendl, use_labels_not_values = FALSE)

## [1] 1
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cor_bakers_gamma(dendl, dendl, use_labels_not_values = TRUE)
## [1] 1

entanglement (dendl, dendl) # having a worse entanglement

## [1] O

tanglegram(dendl, dendl) # having a worse entanglement

97 97
67 67
59 59
94 94
29 29

]
—_—

23 23

109 109

126 126

145 145

123 123
[ T T T T T 1 [ T T T T T 1
6 5 4 3 2 1 0 0 1 2 3 4 5 6

# tree order has mno effect on the correlation:
rev_dendl <- rev(dendl)
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cor_bakers_gamma(dendl, rev_dendl, use_labels_not_values = TRUE)
# [1] 1

entanglement (dendl, rev_dendl) # having a worse entanglement

## [1] 1

tanglegram(dendl, rev_dendl) # having a worse entanglement

97 123

67 145
— 59 126 ——

94 109 ——

— ~N\

— 109 94

— 126 59

145 67

123 97
[ T T T T T 1 [ T T T
6 5 4 3 2 1 0 0 1 2 3

# But labels order does matter!!
dendl_mixed <- dendl

o1



52 Visualizing and ComparingTrees of Hierarchical Clustering:Using the dendextend R Package

labels(dendl_mixed) <- rev(labels(dendl_mixed))
tanglegram(dendl, dendl_mixed)

97 123
67 145
—— 59 126
94 109
|7 29 23 —|
L 23 29 J
— 109 94 —
—— 126 50 — |
145 67
——- 123 97
I T T T T T 1 I T T T T T 1
6 5 4 3 2 1 0 0 1 2 3 4 5 6

entanglement (dendl, dendl_mixed) # having the worst entanglement
# [1] 1

# does NOT mean having the worst cor!
cor_bakers_gamma(dendl, dendl_mixed, use_labels_not_values = TRUE)

## [1] 0.647
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set.seed(983597)
labels(dendl_mixed) <- sample(labels(dendl_mixed))
tanglegram(dendl, dendl_mixed)

97 123
67 126
59 29
94 94

T "

—— 109 145 —
— 126 109 —
145 59
123 97
T T T T T T 1 T T T T
6 5 4 3 2 1 0 0 1 2 3

entanglement (dendl, dendl_mixed) # having a worse entanglement
## [1] 0.7874
cor_bakers_gamma(dendl, dendl_mixed, use_labels_not_values = TRUE)

## [1] -0.06617
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Since the observations creating the Baker’s Gamma Index of such a measure are correlated,
we need to perform a permutation test for the calculation of the statistical significance of
the index. Let’s look at the distribution of Baker’s Gamma Index under the null hypothesis
(assuming fixed tree topologies). This will be different for different tree structures and sizes.
Here are the results when the compared tree is itself (after shuffling its own labels), and when
comparing tree 1 to the shuffled tree 2:

set.seed(23235)

ss <- sample(1:150, 10 ) # we want to compare small trees
hcl <- hclust(dist(iris[ss,-5]), "com")

hc2 <- hclust(dist(iris[ss,-5]), "single")

dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

# cutree(dendl)

the_cor <- cor_bakers_gamma(dendl, dendl)
the_cor

## [1] 1

R <- 1000
cor_bakers_gamma_results <- numeric(R)
dend_mixed <- dendl
for(i in 1:R) {
dend_mixed <- sample.dendrogram(dend_mixed, replace = FALSE)
cor_bakers_gamma_results[i] <- cor_bakers_gamma(dendl, dend_mixed)
X
plot(density(cor_bakers_gamma_results),
main = "Baker's gamma distribution under HO",
xlim = c(-1,1))
abline(v = 0, 1ty = 2)
abline(v = the_cor, 1ty = 2, col = 2)
title(sub = paste("One sided p-value =", round(sum(the_cor < cor_bakers_gamma_results)/ R
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Baker's gamma distribution under HO

Density

I I
-1.0 -0.5 0.0 0.5

N = 1000 Bandwidth =0.03033
One sided p-value =0

set.seed(23235)

ss <- sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com"
hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

the_cor <- cor_bakers_gamma(dendl, dend2)
the_cor

## [1] 0.5716

R <- 1000

55
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cor_bakers_gamma_results <- numeric(R)
dend_mixed <- dend?2
for(i in 1:R) {
dend_mixed <- sample.dendrogram(dend_mixed, replace = FALSE)
cor_bakers_gamma_results[i] <- cor_bakers_gamma(dendl, dend_mixed)
}
plot (density(cor_bakers_gamma_results),
main = "Baker's gamma distribution under HO",
xlim = c(-1,1))
abline(v = 0, lty = 2)
abline(v = the_cor, 1ty = 2, col = 2)
title(sub = paste("One sided p-value =", round(sum(the_cor < cor_bakers_gamma_results)/ R

Baker's gamma distribution under HO

Density

| | — |
-1.0 -0.5 0.0 0.5 1.0

N =1000 Bandwidth =0.02976
One sided p-value =0
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And lastly, let us look at a simulation were labels of both trees are shuffled:

set.seed(23235)

ss <- sample(1:150, 10 ) # we want to compare small trees
hcl <- hclust(dist(iris[ss,-5]), "com")

hc2 <- hclust(dist(iris[ss,-5]), "single")

dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

# cutree(dendl1)

the_cor <- cor_bakers_gamma(dendl, dend2)
the_cor

## [1] 0.5716

R <- 1000

cor_bakers_gamma_results <- numeric(R)

dend_mixedl <- dendil

dend_mixed2 <- dend2

for(i in 1:R) {
dend_mixedl <- sample.dendrogram(dend_mixedl, replace = FALSE)
dend_mixed2 <- sample.dendrogram(dend_mixed2, replace = FALSE)
cor_bakers_gamma_results[i] <- cor_bakers_gamma(dend_mixedl, dend_mixed2)

}
plot(density(cor_bakers_gamma_results),
main = "Baker's gamma distribution under HO",
xlim = c(-1,1))
abline(v = 0, 1ty = 2)
abline(v = the_cor, 1ty = 2, col = 2)
title(sub = paste("One sided p-value =", round(sum(the_cor < cor_bakers_gamma_results)/ R
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Baker's gamma distribution under HO

Density

I I
-1.0 -0.5 0.0 0.5 1.0

N = 1000 Bandwidth =0.03042
One sided p-value =0

We can also calculate a bootstrap confidence interval using the sample.dendrogram function.
This function can be very slow for larger trees, so make sure you use if carefully:

set.seed(312356)

ss <- sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

R <= 1000
dend1l_labels <- labels(dendl)
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dend2_labels <- labels(dend2)
cor_bakers_gamma_results <- numeric(R)
for(i in 1:R) {
sampled_labels <- sample(dendl_labels, replace = TRUE)
# members needs to be fized since i1t will be later used in nleaves
dend_mixedl <- sample.dendrogram(dendi,
dend_labels=dendl_labels,
fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,
replace = TRUE, sampled_labels=sampled_labels
)
dend_mixed2 <- sample.dendrogram(dend2, dend_labels=dend2_labels,
fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,
replace = TRUE, sampled_labels=sampled_labels
)

cor_bakers_gamma_results[i] <- cor_bakers_gamma(dend_mixedl, dend_mixed2, warn = FALSE)

# here 1s the tanglegram
tanglegram(dendl, dend2)



78 ——

60 Visualizing and ComparingTrees of Hierarchical Clustering:Using the dendextend R Package

50 77—

42 147

81 104 ———

104 ‘v v’ 116 ——

WA

116 ,1‘;& 101

101 81

78 8

7 50

— 147 42

T T T 1 [ T T T T 1
3 2 1 0 0.0 0.5 1.0 15 2.0 25

# And here is the tanglegram for one sample of our trees:
dend_mixedl <- rank_order.dendrogram(dend_mixedl)
dend_mixed2 <- rank_order.dendrogram(dend_mixed2)
dend_mixedl <- fix_members_attr.dendrogram(dend_mixedl)
dend_mixed2 <- fix_members_attr.dendrogram(dend_mixed2)
tanglegram(dend_mixedl, dend_mixed2)
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81 4 81 4
81 3 81 3
81_2 81_2
81 78_2
—— 104 77_2
— 101 78
— 782 7
— 77_2 104
— 78 101
— 77 81
[ T T T T 1 [ T T 1
5 4 3 2 1 0 0.0 0.5 1.0 15

cor_bakers_gamma(dend_mixedl, dend_mixed2, warn = FALSE)
## [1] 0.9924

CI95 <- quantile(cor_bakers_gamma_results, probs=c(.025,.975))
CI95

## 2.5}, 97.5}
## 0.4753 1.0000

par (mfrow = c(1,1))
plot(density(cor_bakers_gamma_results),
main = "Baker's gamma bootstrap distribution",

61
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xlim = c(-1,1))
abline(v = CI95, lty = 2, col = 3)
abline(v cor_bakers_gamma(dendl, dend2), 1ty = 2, col = 2)
legend("topleft", legend =c("95% CI", "Baker's Gamma Index"), fill = c(3,2))

Baker's gamma bootstrap distribution

< B 95% CI
B Baker's Gamma Index
('Y') p—
P
2
o N T
a)
‘_| p—
O p—

I I
-1.0 -0.5

N = 1000 Bandwidth = 0.02552

We can see that in our case, the non-parametric bootstrap confidence-intervals reassures us
that the correlation is significantly different than 0 (thanks to the confidence-intervals duality
with rejection regions).

5.2. Cophenetic correlation

The cophenetic distance between two observations that have been clustered is defined to be
the inter-group dissimilarity at which the two observations are first combined into a single
cluster. This distance has many ties and restrictions. The cophenetic correlation (Sokal and
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Rohlf 1962) is the correlation between two cophenetic distance matrices of two trees.

The value can range between -1 to 1. With near 0 values meaning that the two trees are
not statistically similar. For exact p-value one should result to a permutation test. One
such option will be to permute over the labels of one tree many times, and calculating the
distribution under the null hypothesis (keeping the trees topologies constant).

Here is a simple example:

set.seed(23235)

ss <- sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

# cutree(dendl)

# cophenetic(hcl)

# cophenetic(hc2)

# # notice how the dist matrixz for the dendrograms have different orders:
# cophenetic(dendl)

# cophenetic(dend2)

cor(cophenetic(hcl), cophenetic(hc2)) # 0.874

## [1] 0.4925

cor (cophenetic(dendl), cophenetic(dend2)) # 0.16
## [1] 0.3106

# the difference is becasue the order of the distance table in the case of
# stats:::cophenetic.dendrogram will change between dendrograms!

# However, thts is consistant (since I force-sort the rows/columns) :
cor_cophenetic(hcl, hc2)

## [1] 0.4925
cor_cophenetic(dendl, dend2)
## [1] 0.4925

# we can also use different cor methods (almost the same result though):
cor_cophenetic(hcl, hc2, method = "spearman") # 0.845601/

## [1] 0.5716

63
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cor_cophenetic(dendl, dend2, method = "spearman") #
## [1] 0.5716

# cophenetic correlation ts about 10 times (!) faster than bakers_gamma cor:
require (microbenchmark)

microbenchmark (
cor_bakers_gamma = cor_bakers_gamma(dendl, dend2, try_cutree_hclust=FALSE),
cor_cophenetic = cor_cophenetic(dendl, dend2) 5
times=10

)

## Unit: milliseconds

H# expr min 1gq median uq max neval
## cor_bakers_gamma 203.26 205.52 210.51 214.31 217.83 10
## cor_cophenetic 21.32 21.39 21.51 21.98 23.53 10

# but only because of the cutree for dendrogram. When allowing hclust cutree
# 2t 1s only about twice as fast:

microbenchmark (
cor_bakers_gamma = cor_bakers_gamma(dendl, dend2, try_cutree_hclust=TRUE),
cor_cophenetic = cor_cophenetic(dendl, dend2) s
times=10

)

## Unit: milliseconds

H# expr min 1lg median ug max neval
## cor_bakers_gamma 53.50 55.36 56.53 59.53 60.44 10
#Hit cor_cophenetic 20.98 21.41 21.63 22.25 30.11 10

An example of a permutation test:

set.seed(23235)

ss <- sample(1:150, 10 ) # we want to compare small trees
hcl <- hclust(dist(iris[ss,-5]), "com")

hc2 <- hclust(dist(iris[ss,-5]), "single")

dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

# cutree(dendl1)

the_cor <- cor_cophenetic(dendl, dend2)
the_cor

## [1] 0.4925

R <- 1000
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cor_cophenetic_results <- numeric(R)

dend_mixedl <- dendl

dend_mixed2 <- dend2

for(i in 1:R) {
dend_mixedl <- sample.dendrogram(dend_mixedl, replace FALSE)
dend_mixed2 <- sample.dendrogram(dend_mixed2, replace = FALSE)
cor_cophenetic_results[i] <- cor_cophenetic(dend_mixedl, dend_mixed2)

}
plot(density(cor_cophenetic_results),
main = "Cophenetic correlation distribution under HO",

xlim = c(-1,1))
abline(v = 0, 1ty = 2)
abline(v = the_cor, 1ty = 2, col = 2)
title(sub = paste("One sided p-value =", round(sum(the_cor < cor_cophenetic_results)/ R,
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Cophenetic correlation distribution under HO
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An example of a bootstrap CI (with method="pearson”):

set.seed(312356)

ss <- sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com"

hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

R <= 1000
dendl_labels <- labels(dendl)
dend2_labels <- labels(dend2)
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cor_cophenetic_results <- numeric(R)
for(i in 1:R) {
sampled_labels <- sample(dendl_labels, replace = TRUE)
# members needs to be fized since it will be later used in nleaves
dend_mixedl <- sample.dendrogram(dendl,
dend_labels=dendl_labels,

fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,

replace = TRUE, sampled_labels=sampled_labels

)
dend_mixed2 <- sample.dendrogram(dend2, dend_labels=dend2_labels,

fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,

replace = TRUE, sampled_labels=sampled_labels
)

cor_cophenetic_results[i] <- cor_cophenetic(dend_mixedl, dend_mixed2, warn = FALSE)

# here ts the tanglegram

# tanglegram(dendl, dend2)

# And here 1s the tanglegram for one sample of our trees:
dend_mixedl <- rank_order.dendrogram(dend_mixedl)
dend_mixed2 <- rank_order.dendrogram(dend_mixed?2)
dend_mixedl <- fix_members_attr.dendrogram(dend_mixedl)
dend_mixed2 <- fix_members_attr.dendrogram(dend_mixed?2)

# tanglegram(dend_mizedl, dend_mized2)
cor_cophenetic(dend_mixedl, dend_mixed2, warn = FALSE)

## [1] 0.9981

CI95 <- quantile(cor_cophenetic_results, probs=c(.025,.975))
CI95

## 2.5% 97.5%
## 0.5253 0.9943

par (mfrow = c(1,1))
plot(density(cor_cophenetic_results),
main = "Cophenetic correlation - bootstrap distribution",
xlim = c(-1,1))
abline(v = CI95, 1ty = 2, col = 3)
abline(v = cor_cophenetic(dendl, dend2), 1ty = 2, col = 2)
legend("topleft", legend =c("95}% CI", "Cophenetic correlation"), fill = c(3,2))
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Cophenetic correlation — bootstrap distribution
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An example of a bootstrap CI (with method="spearman”):

set.seed(312356)

ss <- sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com"
hc2 <- hclust(dist(iris[ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

R <= 1000
dendl_labels <- labels(dendl)
dend2_labels <- labels(dend2)
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cor_cophenetic_results <- numeric(R)
for(i in 1:R) {
sampled_labels <- sample(dendl_labels, replace = TRUE)
# members needs to be fized since it will be later used in nleaves
dend_mixedl <- sample.dendrogram(dendl,
dend_labels=dendl_labels,
fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,
replace = TRUE, sampled_labels=sampled_labels
)
dend_mixed2 <- sample.dendrogram(dend2, dend_labels=dend2_labels,
fix_members=TRUE,fix_order=TRUE,fix_midpoint=FALSE,
replace = TRUE, sampled_labels=sampled_labels
)

cor_cophenetic_results[i] <- cor_cophenetic(dend_mixedl, dend_mixed2, warn = FALSE, met

# here ts the tanglegram

# tanglegram(dendl, dend2)

# And here 1s the tanglegram for one sample of our trees:

dend_mixedl <- rank_order.dendrogram(dend_mixedl)

dend_mixed2 <- rank_order.dendrogram(dend_mixed?2)

dend_mixedl <- fix_members_attr.dendrogram(dend_mixedl)

dend_mixed2 <- fix_members_attr.dendrogram(dend_mixed?2)

# tanglegram(dend_mizedl, dend_mized2)

cor_cophenetic(dend_mixedl, dend_mixed2, warn = FALSE, method="spearman")

## [1] 0.9924

CI95 <- quantile(cor_cophenetic_results, probs=c(.025,.975))
CI95

## 2.5% 97.5%
## 0.4753 1.0000

par (mfrow = c(1,1))
plot(density(cor_cophenetic_results),
main = "Cophenetic correlation - bootstrap distribution",
xlim = c(-1,1))
abline(v = CI95, 1ty = 2, col = 3)
abline(v = cor_cophenetic(dendl, dend2, method="spearman"), lty = 2, col = 2)
legend("topleft", legend =c("95}% CI", "Cophenetic correlation"), fill = c(3,2))
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Cophenetic correlation — bootstrap distribution
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5.3. The Fowlkes-Mallows Index and the Bk plot

The Fowlkes-Mallows Index

The Fowlkes-Mallows Index (Fowlkes and Mallows 1983) (FM Index, or Bk) is a measure of
similarity between two clusterings. The FM index ranges from 0 to 1, a higher value indicates
a greater similarity between the two clusters.

The dendextend package allows the calculation of FM-Index, its expectancy and variance
under the null hypothesis, and a creation of permutations of the FM-Index under Hy. Thanks
to the profdpm package (Shotwell 2013), we have another example of calculating the FM
(though it does not offer the expectancy and variance under Hy):
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ss <- TRUE # sample(1:150, 10 )
hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris([ss,-5]), "single")

# FM index of a cluster with himself is 1:
FM_index(cutree(hcl, k=3), cutree(hcl, k=3))

## [1] 1

## attr(,"E_FM")
## [1] 0.3722

## attr(,"V_FM")
## [1] 5.985e-05

# FM index of two clusterings:
FM_index(cutree(hcl, k=3), cutree(hc2, k=3))

## [1] 0.806
## attr(,"E_FM")
## [1] 0.4462
## attr(,"V_FM")
## [1] 6.464e-05

# we got a walue far above the expected under HO

# Using the R code:
FM_index_R(cutree(hcl, k=3), cutree(hc2, k=3))

## [1] 0.806
## attr(,"E_FM")
## [1] 0.4462
## attr(,"V_FM")
## [1] 6.464e-05

# Or wrapping the code from profdpm: (notice the NA's)
FM_index_profdpm(cutree(hcl, k=3), cutree(hc2, k=3))

## Loading required package: profdpm

## [1] 0.806

## attr(,"E_FM")
## [1] NA

## attr(,"V_FM")
## [1] NA

71

The distribution of FM is interesting for medium sized k (25), we can test it using a permu-

tation test:
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set.seed(23235)

ss <- TRUE # sample(1:150, 10 )

hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris[ss,-5]), "single")
# dendl <- as.dendrogram(hcl)

# dend2 <- as.dendrogram(hc2)

# cutree(dendl)

# # small k

# Al_clusters <- cutree(hcl, k=3) # will give a right tailed distribution
# # large k

# A1_clusters <- cutree(hcl, k=50) # will give a discrete distribution

# "medium" k

Al_clusters <- cutree(hcl, k=25) # gives almost the mormal distribution!
A2 _clusters <- Al_clusters

R <- 10000

set.seed(414130)

FM_index_HO <- replicate(R, FM_index_permutation(Al_clusters, A2_clusters)) # can take 10
plot(density(FM_index_HO), main = "FM Index distribution under HO\n (10000 permutation)")
abline(v = mean(FM_index_HO), col = 1, 1ty = 2)

# The permutation distribution s with a heavy rTight tail:

# require(psych)

# skew(FM_index_HO) # 1.25/

# kurtost (FM_tindex_HO) # 2.5427

mean (FM_index_HO) ; var(FM_index_HO)

## [1] 0.05151
## [1] 8.28e-05

the_FM_index <- FM_index(Al_clusters, A2_clusters)
the_FM_index

## [1] 1

## attr(,"E_FM")
## [1] 0.05154
## attr(,"V_FM")
## [1] 8.415e-05

our_dnorm <- function(x) {
dnorm(x, mean = attr(the_FM_index, "E_FM"),
sd = sqrt(attr(the_FM_index, "V_FM")))
}
# our_dnorm(0.35)
curve (our_dnorm,
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col = 4,
from = -1,to=1,n=R,add = TRUE)
abline(v = attr(the_FM_index, "E_FM"), col = 4, lty = 2)

legend ("topright", legend = c("asymptotic", "permutation"), fill = c(4,1))
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It is interesting to compare how the two distributions diverge when K (3) is smaller:

## [1] 0.3722

## [1] 5.923e-05
## [1] 1

## attr(,"E_FM")
## [1] 0.3722
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## attr(,"V_FM")
## [1] 5.985e-05

FM Index distribution under HO
(10000 permutation)
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Or of how it will look when K (80) is large (and the distribution becomes discrete):

## [1] 0.01146
## [1] 8.89e-05
## [1] 1

## attr(,"E_FM")
## [1] 0.01136
## attr(,"V_FM")
## [1] 8.86e-05
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FM Index distribution under HO
(10000 permutation)
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The Bk plot

In the Bk method we calculate the FM Index (Bk) for each k (k=2,3,... n-1) number of
clusters, giving the association between the two trees when each is cut to have k groups. The
similarity between two hierarchical clustering dendrograms, can be investigated, using the
(k,Bk) plot: For every level of splitting of the two dendrograms which produces k clusters in
each tree, the plot shows the number Bk, and therefore enables the investigation of potential
nuances in the structure of similarity. The Bk measures the number of pairs of items which
are in the same cluster in both dendrograms, one of the clusters in one of the trees and one of
the clusters in the other tree, divided by the geometric mean of the number of pairs of items
which are in the same cluster in each tree. Namely, a,, = 1 (orby, = 1) if the items u and v
are in the same cluster in the first tree (second tree), when it is cut so to give k clusters, and
otherwise 0:
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The Bk measure can be plotted for every value of k (except k=n) in order to create the ”(k,Bk)
plot”. The plot compares the similarity of the two trees for different cuts. The mean and
variance of Bk, under the null hypothesis (that the two trees are not "similar”), and under
the assumption that the margins of the matching matrix are fixed, are given in Fowlkes and
Mallows (Fowlkes and Mallows 1983). They allow making inference on whether the results
obtained are different from what would have been expected under the null hypothesis (of now
particular order of the trees’ labels).

The Bk and the Bk_plot functions allow the calculation of the FM-Index for a range of k
values on two trees. Here are examples:

FM, =By =

set.seed(23235)

ss <- TRUE

hcl <- hclust(dist(iris[ss,-5]), "com")
hc2 <- hclust(dist(iris([ss,-5]), "single")
dendl <- as.dendrogram(hcl)

dend2 <- as.dendrogram(hc2)

Bk(hcl, hc2, k = 3)

## $°3°

## [1] 0.806

## attr(,"E_FM")
## [1] 0.4462

## attr(,"V_FM")
## [1] 6.464e-05

Bk(dendl, dend2, k = 3)

## $°3°

## [1] 0.806

## attr(,"E_FM")
## [1] 0.4462

## attr(,"V_FM")
## [1] 6.464e-05

require(microbenchmark)
microbenchmark (
Bk(hcl, hc2, k = 3),
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Bk(dendl, dend2, k = 3),
times = 10
) # the "dend" method is much slower (since it relies less on C code).

## Unit: milliseconds
#it expr min 1qg median uq

#it Bk(hcl, hc2, k = 3) 9.964 10.22 10.54 11.46
## Bk(dendl, dend2, k = 3) 4920.104 5124.74 5202.45 5277.52
## max neval

## 16.17 10
## 5500.40 10

# however, because the hc2 tree ts actually with several branches/leaves of
# the same height - actually the dendrogram object gives a more correct output!

The Bk plot:

Bk_plot(hcl, hc2, main = "WRONG Bk plot \n(due to the way cutree works with ties in hclust
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WRONG Bk plot
(due to the way cutree works with ties in hclust)
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Bk_plot(dendl, dend2, main = "CORRECT Bk plot \n(based on dendrograms)")
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CORRECT Bk plot
(based on dendrograms)
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6. dendextendRcpp - gaining speed with Rcpp

Since dendrogram objects are often revised through the use of recursion, R often falls short
when it comes to speed. In various function which are intended to run only once (such as
labels.color), this does not bother us, and we are content at quickly writing the function
with R and letting it handle many extreme cases.

However, some functions are intended to be used many times, and in such cases are well served
to be handled with C++. Thanks the the Repp package (Eddelbuettel and Frangois (2013),
Eddelbuettel and Frangois (2011)), we can comfortably extend several core functions of the
dendextend package. These modifications are included in a separate add-on package called
dendextendRcpp (Francois et al. 2013) by Dirk Eddelbuettel, Romain Francois and Tal Galili.
dendextendRcpp is set to load automatically when dendextend loads, and its functions are
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set to properly override the R functions.
Here are a few benchmarks using the microbenchmark package (Mersmann 2013).

For labels.dendrogram:

dend <- as.dendrogram(hclust(dist(iris[,-5])))
labels(dend) <- as.character(labels(dend))

require(dendextendRcpp) # already loaded by default with dendexztend

## Loading required package: dendextendRcpp
## Loading required package: Rcpp

require (microbenchmark)

microbenchmark (

stats:::labels.dendrogram(dend),

dendextendRcpp: : labels.dendrogram(dend)
)

## Unit: milliseconds

#Hit expr min 1q
##t stats:::labels.dendrogram(dend) 49.204 50.042
## dendextendRcpp::labels.dendrogram(dend) 1.118 1.157
## median uq max neval

## 50.80 54.851 69.826 100
#i# 1.31 1.345 1.947 100

# Rcpp ts "34 times faster

For get_branches_heights (an essential function when using cutree with some k):

dend <- as.dendrogram(hclust(dist(iris[,-5])))
labels(dend) <- as.character(labels(dend))

require (microbenchmark)

require (dendextendRcpp)

microbenchmark (
dendextendRcpp: :dendextendRcpp_get_branches_heights(dend),
0old_get_branches_heights(dend,sort=F),
times = 10)

## Unit: microseconds

## expr
## dendextendRcpp: :dendextendRcpp_get_branches_heights(dend)
#i# 0old_get_branches_heights(dend, sort = F)
Hit min 1g median uq max neval

#i# 745.3 954.1 1015 1082 1860 10
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63595.3 66009.1 67236 69596 74800 10

# ~148 times faster! (for larger trees)

# Rcpp ts "90 times faster!

For heights_per_k.dendrogram (an essential function when using cutree with some k):

require (microbenchmark)

require (dendextendRcpp)

# dend <- as.dendrogram(hclust(dist(iris[1:150,-5])))
dend <- as.dendrogram(hclust(dist(iris[1:30,-5])))

# dend <- as.dendrogram(hclust(dist(iris[1:3,-5])))
microbenchmark (

#i#
#it
##
#Hit
#i#
Hit
#i#

# dendextendRcpp: :heights_per_k.dendrogram(dend),
dendextendRcpp: :dendextendRcpp_heights_per_k.dendrogram(dend),
dendextendRcpp: :0ld_heights_per_k.dendrogram(dend),

times = 10

Unit: milliseconds
expr
dendextendRcpp: :dendextendRcpp_heights_per_k.dendrogram(dend)
dendextendRcpp: :0ld_heights_per_k.dendrogram(dend)
min 1qg median uq max neval
1.7256 1.857 1.882 1.954 2.69 10
126.960 127.707 130.893 133.783 214.81 10

# improuvment ts 10 times faster (inm Rcpp) for a tree of size 3
# 76 times faster for a tree of size 30

# And:

# 134 times faster for a tree of stize 150!!

For cut_lower_fun (an essential function when using cutree with some h):

#i#
#it

# require(dendextend)
require(dendextendRcpp)
dend_big = as.dendrogram(hclust(dist(iris[1:150,-5])))
require (microbenchmark)
microbenchmark(old_cut_lower_fun(dend_big,.1),
dendextendRcpp: : dendextendRcpp_cut_lower_fun(dend_big,.1),
times = 100)

Unit: milliseconds
expr



82 Visualizing and ComparingTrees of Hierarchical Clustering:Using the dendextend R Package

#i# old_cut_lower_fun(dend_big, 0.1)
## dendextendRcpp: :dendextendRcpp_cut_lower_fun(dend_big, 0.1)
## min 1q median ug max neval

## 45.634 49.110 52.997 57.544 183.6 100
## 4.205 4.476 4.751 5.083 10.9 100

7. Summary

The dendextend package presented in this paper greatly extends the available functionality
of the dendrogram objects in R.
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## [5] LC_TIME=Hebrew_Israel.1255
##
## attached base packages:

## [1] stats graphics grDevices datasets utils
## [6] methods  base
##

## other attached packages:
## [1] dendextend_0.15.0 magrittr_1.0.1 knitr_1.6
## [4] installr_0.15.5

#i#

## loaded via a namespace (and not attached):

## [1] ape_3.1-2 digest_0.6.4 evaluate_0.5.5
## [4] formatR_0.10 grid_3.1.0 lattice_0.20-29

## [7] nlme_3.1-117 stringr_0.6.2 tools_3.1.0
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