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Abstract

In [19], the authors provide an evaluation of combinations of hierarchical watersheds, showing that some combina-
tions outperform individual hierarchical watersheds. In this article, we aim to achieve a deeper understanding of those
combinations. We study which of the four combinations evaluated in [19] always result in flattened (simplified) hier-
archical watersheds. Then, we provide a sufficient condition for a combination to always output flattened hierarchical
watersheds, and a new combining function that outputs flattened hierarchical watersheds. We conclude that, among
the combinations assessed in [19], only a particular case of combinations with infimum always result in flattened
hierarchical watersheds.
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1. Introduction

Hierarchies of segmentations are sequences of nested
partitions of image pixels. Since the pioneer work of
[31], several methods to build hierarchies of segmenta-
tions have been proposed, such as quasi-flat zones hi-
erarchies [27, 24], waterfall and hierarchical watersheds
[5, 29, 25], and binary partition trees [2, 33, 3, 21]. Pro-
viding a survey is beyond the scope of this paper and the
reader can refer to [7] for a review on hierarchies of seg-
mentations.

In the construction of a hierarchy of segmentations, two
aspects should be considered: (1) the regions that com-
pose the finest partition of the hierarchy; and (2) the crite-
rion under which those regions are merged along the hier-
archy. In this article, we focus on the second aspect of the
construction of hierarchies. More precisely, we explore
the method to combine hierarchies introduced in [14, 12]
and assessed in [19]. Other approaches on combinations
of hierarchies of segmentations have already been tackled

This research is partly funded by the Bézout Labex, funded by ANR, reference
ANR-10-LABX-58

in [18, 21, 30].

In this article, we consider hierarchies of partitions that
are based on the watershed transform [4, 6, 29, 9], which
derives from the topographic definition of watersheds
lines and catchment basins. Combined with other mor-
phological operators and machine learning techniques,
watershed segmentation is an important step for solving
practical problems in many application domains such as
medicine and biology, computer vision, remote sensing
and material science (see e.g. [22, 23, 16, 17, 1, 15, 21]).

More precisely, we focus on the watershed based hier-
archies of partitions, called hierarchical watersheds, that
are built in the framework of edge-weighted graphs and
that are optimal in the sense of minimum spanning forests
[9, 11, 13, 28]. The link between hierarchical water-
sheds and the well-known minimum spanning forest op-
timization problem allows us to consider the results of
the studies on the latter in the context of hierarchical wa-
tersheds. A first important consequence of this link is
the use of minimum spanning tree algorithms to design
efficient algorithms to compute hierarchical watersheds
[11, 13, 28]. Moreover, the properties of minimum span-
ning trees induce corresponding properties on hierarchical

Preprint submitted to Pattern Recognition Letters March 6, 2020



watersheds. Furthermore, minimum spanning trees and
watersheds are linked to a broader range of optimization
problems. For instance, in [8], the authors unify graph-
cuts, shortest path forests, watersheds and random walk-
ers in a single framework that solves each of those prob-
lems when different parameters are given.

Most hierarchies of partitions used in the context of im-
age analysis (e.g. [33]) are defined by means of an al-
gorithm rather than by the optimization of a cost func-
tion. In turn, a hierarchical watershed optimizes a well-
defined cost function for every partition. It is noteworthy
that many cost functions used to define image partitions
are not adapted to the computation of hierarchies. For
instance, the partitions induced by the min-cuts, average-
cuts and shortest path forests of a graph for a sequence
of decreasing subsets of markers are generally not nested
(see examples in Appendix A).

In practice, when a single hierarchical segmentation al-
gorithm is applied to an image, the resulting hierarchy of-
ten does not fit the application and cognitive expectation
for all regions and areas of the image. In [19], the authors
showed that, based on the assessment method proposed in
[32], combinations of hierarchical watersheds are superior
when compared to the individual hierarchical watersheds.
This is illustrated in Figure 1, where we present a com-
bination of two hierarchical watersheds obtained through
the method described in [12]. Those hierarchies are driven
by regional attribute values based on area [26] and on dy-
namics [29]. In Figure 1, we also present segmentations
with 75 regions extracted from each hierarchy. Hierar-
chies are represented thanks to their saliency maps, also
know as ultrametric watersheds and ultrametric contour
maps [29, 2, 18, 11, 12]. In this representation of saliency
maps, the darkest contours are the ones that persist at the
highest levels of the hierarchies. From the saliency map
of the hierarchical watershed based on area shown in Fig-
ure 1, we can see that the sky and sea regions are over-
segmented at high levels of this hierarchy. On the other
hand, spurious regions are preserved at high levels of the
hierarchy based on dynamics and the two people, which
are significant regions from a cognitive point of view, are
merged with the background. We can see that, in the com-
bination of those two hierarchies, the two people are pre-
served at high levels of this hierarchy and the sky and sea
regions are less oversegmented.

This article is a theoretical extension of the experimen-

Original image

Area attribute Dynamics attribute Combination

One level of each hierarchy with 75 regions

Figure 1: Hierarchical watersheds based on area and dynamics and their
combination by average.

tal study on combinations of hierarchical watersheds pre-
sented in [19]. In Figure 2(a), we show a scheme of the
method to combine hierarchical watersheds introduced in
[14, 12]. In the table of Figure 2(b), we present three
of the combinations assessed in [19] and how much the
scores of the combinations are improved when compared
to the individual hierarchical watershed of highest score
in the combination. Knowing that combinations of hierar-
chical watersheds can achieve superior quantitative results
when compared to individual hierarchical watersheds, we
present a theoretical study of the combinations of hier-
archical watersheds assessed in [19]. Our contributions
are threefold: (1) an investigation of which of the combi-
nations assessed in [19] are hierarchical watersheds, and
hence which of the combinations assessed in [19] sat-
isfy the optimization property of hierarchical watersheds
discussed earlier in the introduction; (2) the introduction
of the notion of flattened hierarchical watersheds, which
generalizes the notion of hierarchical watersheds to con-
sider hierarchies computed from a partial ordering on a
set of markers; and (3) a sufficient condition for a com-
bination of hierarchical watersheds to always result in a
flattened hierarchical watershed.

In section 2, we present the basic notions for handling
hierarchies with graphs, and we review the method to
combine hierarchies of segmentations assessed in [19]. In
section 3, we present our contributions on the properties
of combinations of hierarchical watersheds. We first re-
view hierarchical watersheds and present a generalization
of the characterization of hierarchical watersheds intro-
duced in [20]. Then, based on this generalized characteri-
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Figure 2: (a) Scheme of the method to combine hierarchical watersheds proposed in [14, 12]. First, given two hierarchical watersheds H1 and
H2, the saliency maps w1 and w2 of respectively H1 and H2 are computed. Then, the saliency maps w1 and w2 are combined, resulting in the
map wc. Finally, the resulting hierarchy is the quasi-flat zones hierarchy of wc. (b) Twelve of the combinations assessed in [19] and how much (in
percentage) the score of the combination is higher than the individual hierarchical watershed of highest score. The performance of each hierarchy
is measured by the average of the area under the fragmenentation curves for optimal and horizontal cuts as proposed in [32].

zation, we are able to state properties related to combina-
tions of hierarchical watersheds.

2. Combinations of hierarchies

In this section, we first remind the definitions of con-
nected hierarchies of partitions, weighted graphs, hierar-
chies of quasi-flat zones and saliency maps. Then, we
review the technique to combine hierarchical watersheds
assessed in [19].

2.1. Connected hierarchies of partitions

Let V be a set. A partition (of V) is a set P of non empty
disjoint subsets of V whose union is V . Any element of
a partition P is called a region of P. Let P1 and P2 be
two partitions. We say that P1 is a refinement of P2 if
every element of P1 is included in an element of P2. A
hierarchy (of partitions) is a sequence H = (P0, . . . ,P`)
of partitions such that Pi−1 is a refinement of Pi, for any i
in {1, . . . , `} and such that Pn = {V}. LetH = (P0, . . . ,P`)
be a hierarchy of partitions. Any region of a partition P of
H is called a region ofH .

A hierarchy of partitions can be represented as a tree
whose nodes correspond to regions, as shown on Figure
3. Given a hierarchy H and two regions X and Y of H ,
we say that X is a parent of Y (or that Y is a child of X)
if Y ⊂ X and X is minimal for this property, i.e., if there
is a region Z such that Y ⊆ Z ⊂ X, then we have Y = Z. It

{b} {d} {a} {c} P0 = {{a}, {b}, {c}, {d}}

{b, d} P1 = {{b, d}, {a}, {c}}

{a, b, d} P2 = {{a, b, d}, {c}}

{a, b, c, d} P3 = {{a, b, c, d}}

Figure 3: Representation of the hierarchy H = (P0, P1, P2, P3) on the
set V = {a, b, c, d}. The partition P0 of H contain all the leaf regions
ofH .
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Figure 4: From left to right: a weighted graph (G,w) and three sub-
graphs of G. The partitions P0, P1, P2 and P3 of Figure 3 are the set of
connected components of the graphs G′′′, G′′, G′ and G, respectively.

can be seen that any region X of H such that X , V has
exactly one parent. For any region R ofH , if R is not the
parent of any region of H , we say that R is a leaf region
(ofH). Otherwise, we say that R is a non-leaf region.

In Figure 3, the regions of a hierarchy H are linked to
their parents (and to their children) by straight lines.

A (undirected) graph is a pair G = (V, E), where V is a
finite set and E is a set of pairs of distinct elements of V ,
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i.e., E ⊆ {{x, y} ⊆ V | x , y}. Each element of V is
called a vertex (of G), and each element of E is called an
edge (of G). To simplify the notations, the set of vertices
and edges of any graph G will be also denoted by V(G)
and E(G), respectively.

Let G = (V, E) be a graph and let X be a subset of V .
A sequence π = (x0, . . . , x`) of elements of X is a path
(in X) from x0 to x` if {xi−1, xi} is an edge of G for any i
in {1, . . . , `}. The subset X of V is said to be connected
for G if, for any x and y in X, there exists a path from x
to y. The subset X is a connected component of G if X
is connected and if X is maximal for this property, i.e.,
for any connected subset Y of V such that X ⊆ Y , we
have X = Y . In the following, we denote by CC(G) the
set of all connected components of G. It is well known
that this set CC(G) of all connected components of G is a
partition of V .

Let G = (V, E) be a graph. A partition of V is connected
(for G) if each of its regions is connected for G and a
hierarchy on V is connected (for G) if each of its partitions
is connected.

For example, the hierarchyH of Figure 3 is connected
for the graph G of Figure 4. The partitions P0, P1, P2
and P3 of H are the sets of connected components
of G′′′, G′′, G′ and G of Figure 4, respectively.

2.2. Saliency maps and quasi-flat zones

Let G be a graph. If w is a map from the edge set of G
to the set R of real numbers, then the pair (G,w) is called
an (edge) weighted graph. If (G,w) is a weighted graph,
for any edge u of G, the value w(u) is called the weight
of u (for w).

Important notation: in the sequel of this paper, the
symbol (G,w) denotes a weighted graph whose vertex set
is connected. To shorten the notation, the vertex set of G
is denoted by V and its edge set is denoted by E. Without
loss of generality, we also assume that the range of w is the
set E of all integers from 0 to |E|−1 (otherwise, one could
always consider an increasing one-to-one correspondence
from the set {w(u) | u ∈ E} into the subset {0, ..., |{w(u) |
u ∈ E}| − 1} of E).

As established in [12], a connected hierarchy can
be equivalently treated by means of a weighted graph
through the notion of a saliency map. Given a hierar-
chy H = (P0, . . . ,P`) connected for G, the saliency map

ofH is the map from E into {0, . . . , `}, denoted by Φ(H),
such that, for any edge u = {x, y} in E, the value Φ(H)(u)
is the lowest value i in {0, . . . , `} such that x and y belong
to a same region of Pi. It follows that any connected hier-
archy has a unique saliency map.

For instance, the weight map w depicted in Figure 4 is
the saliency map of the hierarchyH of Figure 3.

Given a hierarchy H and its saliency map Φ(H), we
can recover H from Φ(H) through the notion of quasi-
flat zones. Let λ be any element in R. The λ-level set
of (G,w), denoted by Gλ, is the graph (V, Eλ(G)) such
that Eλ(G) = {u ∈ E(G) | w(u) ≤ λ}. The sequence

QFZ(w) = (CC(Gλ) | λ ∈ E) (1)

is a hierarchy called the quasi-flat zones (QFZ) hierarchy
(of w) [27, 24, 34, 13].

In Figure 4 we present a weighted graph (G,w)
whose QFZ hierarchy QFZ(w) is precisely the se-
quence (CC(G′′′),CC(G′′),CC(G′),CC(G)) of connected
components of the subgraphs of G shown in Figure 4.
Therefore, the hierarchy of Figure 3 is also the quasi-flat
zones hierarchy of w.

Any hierarchyH connected for G is the QFZ hierarchy
of its own saliency map, i.e.,H = QFZ(Φ(H)).

For instance, the weight map w depicted in Figure 4
is the saliency map of the hierarchy H of Figure 3 and,
conversely,H is the QFZ hierarchy of w.

2.3. Hierarchical watersheds
In [9], the authors formalize watersheds in the frame-

work of weighted graphs and show the optimality of wa-
tersheds in the sense of minimum spanning forests. In
this section, we present hierarchical watersheds following
the definition of hierarchies of minimum spanning forests
presented in [11, 13].

We say that the graph G = (V, E) is a forest if, for any
edge u in E, the number of connected components of the
graph (V, E \ {u}) is greater than the number of connected
components of G. Given another graph G′, we say that
G′ is a subgraph of G, denoted by G′ v G, if V(G′) ⊆ V
and E(G′) ⊆ E. Let G′′ be a subgraph of G and let G′ be
a subgraph of G′′. The graph G′′ is a Minimum Spanning
Forest (MSF) of G rooted in G′ if:

1. the graphs G and G′′ have the same set of vertices,
i.e., V(G′′) = V; and
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2. each connected component of G′′ includes exactly
one connected component of G′; and

3. the sum of the weight of the edges of G′′ is mini-
mal among all subgraphs of G for which the above
conditions 1 and 2 hold true.

A MSF of (G,w) rooted in a single vertex of G is a
tree (connected forest) called a Minimum Spanning Tree
(MST) of (G,w).

Let k be a value in R. A connected subgraph G′ of G is
a (regional) minimum (of w) at level k if:

1. E(G′) , ∅; and

2. for any edge u in E(G′), the weight of u is equal to k;
and

3. for any edge {x, y} in E \ E(G′) such that |{x, y} ∩
V(G′)| ≥ 1, the weight of {x, y} is strictly greater than
k.

Important notation: in the sequel of this article, we
denote by n the number of minima of w. Any sequence of
minima of w considered in this article is a sequence of n
pairwise distinct minima of w.

Let {G1, . . . ,G`} be a set of graphs. We de-
note by t{G1, . . . ,G`} the graph (∪{V(G j) | j ∈

{1, . . . , `}},∪{E(G j) | j ∈ {1, . . . , `}}). In the following, we
define hierarchical watersheds based on minimum span-
ning forests following the definition of [11, 13].

Definition 1 (hierarchical watershed [11, 13]).
Let S = (M1, . . . ,Mn) be a sequence of minima
of w. Let (G0, . . . ,Gn−1) be a sequence of subgraphs of G
such that:

1. for any i ∈ {0, . . . , n− 1}, the graph Gi is a MSF of G
rooted in t{M j | j ∈ {i + 1, . . . , n}}; and

2. for any i ∈ {1, . . . , n − 1}, Gi−1 v Gi.

The sequence T = (CC(G0), . . . ,CC(Gn−1)) is called
a hierarchical watershed of (G,w) for S. Given a hierar-
chyH , we say thatH is a hierarchical watershed of (G,w)
if there exists a sequence S = (M1, . . . ,Mn) of minima
of w such thatH is a hierarchical watershed for S.

A weighted graph (G,w) and two hierarchical water-
sheds H1 and H2 of (G,w) are illustrated in Figure 5. It
can be verified that H1 and H2 are the hierarchical wa-
tersheds of (G,w) for the sequences S1 = (A, B,D,C, E)
and S2 = (D,C, E, A, B), respectively.

2.4. Combination of hierarchies
Combining partitions and, a fortiori, hierarchies is

not straightforward. This problem has been tackled in
[18, 21, 14, 12] thanks to the use of saliency maps and
we follow the same approach. More precisely, in order to
combine two hierarchiesH1 andH2, we proceed in three
steps: first the saliency maps of H1 and H2 are consid-
ered, then the two saliency maps are combined to obtain
new weights on the edges of G, and, finally, the combina-
tion of hierarchies is the QFZ hierarchy of the new weight
map.

Let F be the set of all maps from E into R. Any map C
from F 2 into F is called a combining function.

Given two hierarchies H1 and H2 and a combining
function C, the combination of H1 and H2 by C is the
hierarchyHC(H1,H2) defined by:

HC(H1,H2) = QFZ(C(Φ(H1),Φ(H2))). (2)

In [19], the authors consider three classical functions in
the instantiation of the combining function (supremum,
infimum and linear combination), and a new function
called concatenation. Given two maps f and g in F , the
supremum, infimum and linear combination of f and g,
respectively denoted by g( f , g), f( f , g) and �α,β( f , g),
are defined for each edge u in E as:

g( f , g)(u) = max( f (u), g(u))
f( f , g)(u) = min( f (u), g(u))
�α,β( f , g)(u) = α f (u) + βg(u)

(3)

where α, β ∈ N are parameters of the linear combination.
One example of a combination of hierarchies by infi-

mum is shown in Figure 6.
The purpose of the concatenation is to combine higher

levels of a hierarchy with lower levels of another hierar-
chy. This type of combination is useful when a hierarchy
H1 succeeds at describing the small details of an image
at lower levels, but fails at filtering the small regions to
capture the main large objects at higher levels of the hier-
archy. Therefore, it can be interesting to concatenate H1

5



A B C D E
a

b

c

d

e

f

g

h

i

j

1 2 3 4 5

6 8 7 9

(G,w)

a

b

c

d

e

f

g

h

i

j

0 0 0 0 0

1 2 4 3

Φ(H1)

a

b

c

d

e

f

g

h

i

j

0 0 0 0 0

4 2 1 3

Φ(H2)

a

b

c

d

e

f

g

h

i

j

0 0 0 0 0

4 2 4 3

g(Φ(H1),Φ(H2))

{a} {b} {c} {d} {e} { f } {g} {h} {i} { j}

A

{a, b}
B

{c, d}
C

{e, f }
D

{g, h}
E

{i, j}
X

{a, c}
Y

{e, g}
W

{c, e}
Z

{g, i}

B

A B C D E

F

G

H

I

H1

A B C D E

F′

G′

H′

I′

H2

A B C D E

G′′

H′′

I′′

Hg
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Figure 7: Concatenation of the hierarchiesH1 andH2 at level λ = 2.

with another hierarchyH2 whose high level sets describe
well the important regions in the image. This general idea
is represented in Figure 7. Given two hierarchies H1 and
H2, we aim to obtain a new hierarchy H3 whose high
(resp. low) levels correspond approximately to the high
(resp. low) levels of H1 (resp. H2). In order to define
the concatenation of hierarchies, we first define the dou-
ble threshold function. Given any map f in F and given
two parameters α and β in R such that α < β, we denote
by T ( f , α, β) the double threshold of f by (α, β) such that,
for any edge u of G:

T ( f , α, β)(u) =


0 i f f (u) < α
β i f f (u) > β
f (u) otherwise

(4)
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Let f and g be two maps in F . Given a threshold
value λ, the concatenation of f and g at level λ, for any
edge u, is given by:

]λ ( f , g)(u) = max(T ( f , 0, λ)(u),T (g, λ,∞)(u)) (5)

In Figure 6, we show the concatenation of the hierar-
chiesH2 andH1 at level λ = 3.

3. Properties of combinations of hierarchical water-
sheds

Combining hierarchical watersheds through their
saliency maps raises the question whether the combina-
tion of hierarchies is closed for the set of hierarchical wa-
tersheds. More precisely, given any two hierarchical wa-
tersheds H1 and H2 of (G,w), is the combination of H1
andH2 with a given combining function also a hierarchi-
cal watershed of (G,w)?

In this section, we answer to this question for combi-
nations of hierarchical watersheds with supremum, infi-
mum, concatenation and linear combination with param-
eters α and β different from zero. For the linear combi-
nation, we consider the case where α = 1 and β = 1,
which will be denoted by average. We show that combi-
nations with any of those functions do not result in hier-
archical watersheds in general. However, in the particular
case where we consider a unique ordering on the edges
of (G,w), combinations of hierarchical watersheds with
infimum have the noteworthy property of being flattened
(simplified) hierarchical watersheds, i.e., hierarchies re-
sulting from removing (and/or repeating) partitions of a
departing hierarchical watershed. For this particular case,
we present a sufficient condition for a combining function
to always output flattened hierarchical watersheds.

Definition 2 (flattening of hierarchies). Let H and H ′

be two hierarchies on V such that any partition ofH is a
partition ofH ′. We say thatH is a flattening ofH ′.

Let H and H ′ be two hierarchies on V such that H is
a flattening of H ′. If H ′ is a hierarchical watershed of
(G,w), then we say thatH is a flattened hierarchical wa-
tershed of (G,w). The reader may note that there can be
repeated partitions in both H and H ′. Hence, the hierar-
chy H can have more partitions than H ′, but H has less
distinct partitions thanH ′.

To compute a hierarchical watershed of (G,w), a se-
quence of minima of w is often defined by extinction val-
ues [36]. When distinct minima of w have the same ex-
tinction value, the order between those minima is defined
arbitrarily. Let G′ be the MSF of (G,w) rooted in the min-
ima of w. By Definition 1, we may say that a hierarchical
watershed of (G,w) can be obtained by filtering, one by
one, the connected components of G′. Now, let us con-
sider a framework in which the minima with equal extinc-
tion values are treated simultaneously. In this new frame-
work, the connected components of G′ rooted in minima
of w with equal extinction values are filtered out simulta-
neously. We can affirm that the resulting partitions of this
framework are a subset of the partitions of a hierarchi-
cal watershed of (G,w), and hence a flattened hierarchical
watershed. Thus, we can see that the notion of flattened
hierarchical watersheds, even though not formally defined
previously, arise naturally in the context of marker-based
watershed segmentation.

It is noteworthy that, alike a hierarchical watershed, all
partitions of a flattened hierarchical watershed are optimal
in the sense of minima spanning forests.

To state the properties of combinations of hierarchical
watersheds aforementioned, we review the characteriza-
tion of hierarchical watersheds proposed in [20]. To this
end, we first remind the definition of binary partition hi-
erarchies by altitude ordering, which is closely linked to
hierarchical watersheds [13].

3.1. Binary partition hierarchies by altitude ordering
Binary partition trees [33] are widely used for hierar-

chical image representation. In this section, we describe
the particular case where regions linked by the lowest
edge weights are the first regions to be merged in the hier-
archy [13], which is deeply linked to single-linkage clus-
tering [12].

Let ≺ be an altitude ordering (on E) for w, i.e., ≺ is a bi-
nary relation that is transitive and trichotomous (for any u
and v in E only one of the relations u ≺ v, v ≺ u and v = u
holds true) such that, for any u and v in E, if w(u) < w(v),
then u ≺ v. Let k be any element in {1, . . . , |E|}. We denote
by u≺k the k-th element of E with respect to ≺. We set B0 =

{{x}|x ∈ V}. The k-partition of V (by the ordering ≺) is
defined by Bk = {By

k−1 ∪ Bx
k−1} ∪ (Bk−1 \ {Bx

k−1,B
y
k−1})

where u≺k = {x, y} and Bx
k−1 and By

k−1 are the regions
of Bk−1 that contain x and y, respectively. The sequence
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(Bi | i = 0 or Bi , Bi−1) is a hierarchy on V . This hierar-
chy (Bi | i = 0 or Bi , Bi−1), denoted by B≺, is called the
binary partition hierarchy (by altitude ordering) of (G,w)
by ≺.

Let us consider the graph (G,w) of Figure 4. Let ≺
be an altitude ordering for w such that {b, d} ≺ {a, b} ≺
{a, c} ≺ {c, d}. We have B0 = {{a}, {b}, {c}, {d}}. For k
from 1 to 4, the k-partition of V(G) by ≺ are the fol-
lowing: B1 = {{b, d}, {a}, {c}}, B2 = {{a, b, d}, {c}}, B3 =

{{a, b, d, c}} and B4 = {{a, b, d, c}}. Since the partitions B3
and B4 are equal, the binary partition hierarchy of (G,w)
by ≺ is the sequence (B0,B1,B2,B3).

Let B be a hierarchy on V . We say that B is a binary
partition hierarchy of (G,w) if there is an altitude order-
ing ≺ for w such that B is the binary partition hierarchy of
(G,w) by ≺.

Let ≺ be an altitude ordering for w. We can associate
any non-leaf region X of the binary partition hierarchy B≺
of (G,w) by ≺ to the lowest rank r such that Br contains X.
This rank is called the rank of X and it is denoted by r(X).
Let X be a non-leaf region of B≺, the building edge of X
is the r(X)th edge for ≺. Given an edge u in E, we denote
the region of B≺ whose building edge is u by Ru. If u is
the building edge of a region of B≺, we say that u is a
building edge of B≺. The set of all building edges of B≺
is denoted by E(B≺).

In Figure 5, we present a weighted graph (G,w) and a
binary partition hierarchy B of (G,w). The building edge
of each non-leaf region R of B is shown above the node
that represents R.

Let B be a binary partition hierarchy of (G,w). Let X
and Y be two distinct regions of B. If the parent of X is
equal to the parent of Y , we say that X is a sibling of Y ,
that Y is a sibling of X and that X and Y are siblings. It
can be seen that X has exactly one sibling and we denote
this unique sibling of X by sibling(X).

Important remark: by abuse of notation, when no
confusion is possible, we will denote the set of vertices
of any minima of w as a minima of w.

As established in [28], given a binary partition hierar-
chy B of (G,w), the minima of w can be extracted from B
as well as the watershed-cut edges forB, whose definition
is given bellow.

Definition 3 (watershed-cut edge). Let B be a binary
partition hierarchy of (G,w), let u be a building edge of

B such that each child of Ru contains at least one mini-
mum of w. Then we say that u is a watershed-cut edge (of
(G,w)) for B.

3.2. Characterization of hierarchical watersheds

In [20], the authors present a characterization of hier-
archical watersheds for weighted graphs which are trees
with pairwise distinct edge weights. They define one-side
increasing maps and establish their link with hierarchical
watersheds. In this section, we generalize their definition
of one-side increasing maps (in Definition 4) as well as
their characterization of hierarchical watersheds (in The-
orem 5) to any weighted graph 1.

Definition 4 (one-side increasing map). Let B be a bi-
nary partition hierarchy of (G,w). Let f be a map from E
into R. We say that f is one-side increasing for B if:

1. { f (e) | e ∈ E(B)} = {0, . . . , n − 1};

2. for any edge u in E(B), f (u) > 0 if and only if u is a
watershed-cut edge for B; and

3. for any edge u in E(B), there exists a child R of Ru

such that f (u) ≥ ∨{ f (v) such that Rv is included
in R}, where ∨{} = 0.

Important remark: for simplicity’s sake, only the
building edges of B are considered in the second state-
ment of Definition 4. But, since we are handling saliency
maps of hierarchies, this statement applies to every edge
in E.

Theorem 5. Let H be a hierarchy on V. The hierar-
chyH is a hierarchical watershed of (G,w) if and only if
there is an altitude ordering ≺ for w such that the saliency
map Φ(H) ofH is one-side increasing for B≺.

For instance, we can verify in Figure 5 that the saliency
maps of the hierarchical watershedsH1 andH2 of (G,w)
are one-side increasing for the binary partition hierar-
chy B.

1The proofs of the theorem and properties can be found in Appendix
B.
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3.3. Combinations with infimum, supremum, average and
concatenation

As established in the following property, combinations
of hierarchical watersheds with infimum, supremum, av-
erage and concatenation are not hierarchical watersheds
nor flattened hierarchical watersheds in general.

Property 6. Let H1 and H2 be two hierarchical water-
sheds of (G,w). The combination of H1 and H2 with
supremum (resp. average, concatenation and infimum) is
not a flattened hierarchical watershed of (G,w) in gen-
eral.

Proof 1 (of Property 6). Let us consider the hierarchical
watershedsH1 andH2 of the graph (G,w) and their com-
bination Hg with supremum depicted in Figure 5. The
first pair of regions to be merged in Hg are the minima
B and C. However, there is no hierarchical watershed of
(G,w) such that B and C are the first minima to be merged.
By contradiction, let us assume that there is a sequence of
minima S′ of (G,w) such that, in the hierarchical water-
shed H ′ of (G,w) for S′, B and C are the first minima to
be merged. Then, we can infer that either B or C is the
first minimum in the sequence S′. However, if B were the
first minimim, then it would be merged to the minimum
A because the weight of the edge linking A and B is 6,
which is lower than the weight of the edge linking B and
C. On the other hand, if C were the first minimum in the
sequence S′, then C would be first merged to D due to the
same reason. Hence, there is no hierarchical watershed
H ′ of (G,w) such that partition {A, B ∪C,D, E} ofHg is
a partition ofH ′. Therefore,Hg is not a flattened hierar-
chical watershed of (G,w). The same situation is found in
the combinations with average and concatenation of the
maps Φ(H1) and Φ(H2) shown in Figure 8. In both cases,
the minima B and C are the first to be merged in the hi-
erarchy. The counter example for infimum is presented in
Figure 9, where we show two maps f1 and f2 which are
one-side increasing for distinct binary partition hierar-
chies of the graph (G′,w′). The reader can verify that the
QFZ hierarchy of the combination of f1 and f2 with infi-
mum is not a flattened hierarchical watershed of (G′,w′).

2

The counter-example of Figure 9 considers two maps
which are one-side increasing for distinct binary partition
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Figure 8: Combination of the saliency maps Φ(H1) and Φ(H2) of Figure
5 with average and concatenation (λ = 3).

hierarchies of (G′,w′). However, as established in the fol-
lowing property, if the input maps are one-side increas-
ing for the same binary partition hierarchy of (G,w), then
their combination with infimum is a flattened hierarchical
watershed of (G,w).

Property 7. Let H1 and H2 be two hierarchical water-
sheds of (G,w) and let B be a binary partition hier-
archy of (G,w) such that both Φ(H1) and Φ(H2) are
one-side increasing for B. Then the hierarchy Hf =

QFZ(G,f(Φ(H1),Φ(H2))) is a flattened hierarchical
watershed of (G,w).

Important remark: in the processing of graph-based
image segmentation, it is common to consider a raster
scanning of the edges of any input graph. Hence, a unique
altitude ordering ≺ for w and, consequently, a unique bi-
nary partition hierarchy of (G,w) are used by the algo-
rithm.

3.4. Generalization to other combining functions

In this section, we are interested in generalizing the
analysis of combination functions. In the following prop-
erty, we introduce a sufficient condition for a combin-
ing function to always output flattened hierarchical wa-
tersheds.

Property 8. Let C be a combining function, let H1
and H2 be two hierarchical watersheds of (G,w) and let
B be a binary partition hierarchy of (G,w) such that both
Φ(H1) and Φ(H2) are one-side increasing for B. The
combination of H1 and H2 with C is a flattened hierar-
chical watershed of (G,w) if C(0, 0) = 0 and if, for any
a, b, c, d in {0, . . . , n − 1}, we have:

1. C(a, b) = C(b, a); and

2. if min(a, b) < min(c, d), then C(a, b) < C(c, d); and
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Figure 9: Firs line: a graph (G,w) and its two binary partition hierarchies B1 and B2. Second line: a map f1 which is the saliency map of a
hierarchical watershed of (G,w) and which is one-side increasing for B1, a map f2 which is the saliency map of a hierarchical watershed of (G,w)
and which is one-side increasing for B2, and the combination of f1 and f2 with infimum. The resulting combination is not a flattened hierarchical
watershed of (G,w).

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d),
then C(a, b) ≤ C(c, d).

By Property 8, we can derive other combining func-
tions which always lead to flattened hierarchical water-
sheds, such as C′(a, b) = min(am, bm) and C′′(a, b) =

min(a, b)m, for any m ≥ 1, or the function stated in the
following property.

Property 9. Let H1 and H2 be two hierarchical water-
sheds of (G,w). Let C be a combining function such that:

C(x, y) =

0 i f x=0 and y=0
xmym

xm+ym otherwise
(6)

for m ≥ n. The combination of H1 and H2 with C is a
flattened hierarchical watershed of (G,w).

4. Conclusion

In this article, we presented a study of the combina-
tions of hierarchical watersheds assessed in [19]. Through
the characterization of hierarchical watersheds introduced
in [20], we concluded that combinations of hierarchical
watersheds with infimum, supremum, linear combination
and concatenation are not hierarchical watersheds in gen-
eral. However, if the input hierarchical watersheds have

saliency maps that are one-side increasing for the same
binary partition hierarchy of (G,w), then their combina-
tion with infimum is a flattened hierarchical watershed.
We also provided a sufficient condition for a combin-
ing function to always output flattened hierarchical wa-
tersheds. Among the four combining functions aforemen-
tioned, this condition holds true only for infimum.
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Appendix A. Marker-based
segmentation on
graphs

The hierarchical watersheds [11, 13, 28] are the solu-
tions to a multiscale optimization problem, namely each
partition of a hierarchical watershed optimizes a simple
cost function. More precisely, each partition of a hierar-
chical watershed of (G,w) is induced by a solution to the
problem of finding a MSF of (G,w) rooted in a certain
subset of the minima of w (see Definition 1). Moreover,
the (optimal) partitions of a hierarchical watershed sat-
isfy a hierarchical or scale consistency property formal-
ized below in the context of marker-based segmentation.
However, as we will see in this section, this property is
not satisfied by some of the most common energy terms
used in graph based image segmentation.

A marker set (of (G,w)) is a set of disjoint subsets of
V . We denote by ΠV the set of all partitions of V .

Definition 10 (marker-based segmentation). Let M =

{M1, . . . ,M`} be a marker set. A marker-based segmenta-
tion of (G,w) forM is a partition P in ΠV such that each
region of P includes exactly one element ofM.

Marker-based segmentations can be obtained by water-
shed [9], min-cut [35], average-cut [37] and shortest path
forest [10] algorithms, to name a few. It can be observed
that the related optimization problems are ill-posed and do
not necessarily have a unique solution. Therefore, those
algorithms are not deterministic: they can produce several
solutions for a given marker set. Hence, in order to study
the “hierarchical behavior” of these algorithms, we start
by providing a definition of a non-deterministic marker-
based segmentation operator.

Definition 11. A (non-deterministic) marker-based seg-
mentation operator σ is a map from the set of all marker
sets into the set of all subsets of ΠV such that, for any
marker set M, any partition in σ(M) is a marker-based
segmentation forM.

Definition 12. Letσ be a marker-based segmentation op-
erator. We say that σ is hierarchical if, for any two marker

setsM andM′ such thatM′ is a subset ofM, there ex-
ists a pair (P,P′) of partitions such that P and P′ belongs
to respectively σ(M) and σ(M′), and such that P is a
refinement of P′.

Let L be a subset of E. We say that L is a cut if, for any
edge u = {x, y} in L, x and y belong to distinct connected
components of (V, E \ L). We denote the set of connected
components of (V, E \ L) by the partition induced by L.
By abuse of notation, given a spanning forest G′ of G, we
also denote the set of connected components of G′ by the
partition induced by G′.

The following property asserts that the MSF operator is
indeed hierarchical.

Property 13. Letσ be the operator that maps any marker
set M into the set of partitions induced by each of the
MSFs rooted inM. Then, the operator σ is hierarchical.

Property 13 is the basis of hierarchical watersheds
(Definition 1). In the following, we show that the opera-
tors that produce min-cuts, average-cuts and shortest path
forest cuts are not hierarchical.

Definition 14 (min-cuts). LetM be a marker set. A min-
cut of (G,w) forM is a subset L of E such that:

1. the set of connected components of (V, E \ L) is a
marker-based segmentation of (G,w) forM; and

2. the sum
∑
u∈L

w(u) is minimal for all subsets of E for

which statement 1 holds true.

Property 15. Let σmin be the operator that maps any
marker set M into the set of partitions induced by each
of the min-cuts of (G,w) forM. The operator σmin is not
hierarchical.

Proof 2. Let (G,w) be the weighted graph of Figure
A.10(a). Let M = {{a}, {c}, { f }} be a marker set of
(G,w). In Figure A.10(b), we show the unique min-
cut L (dashed edges) of (G,w) for M. Hence, we have
σmin(M) = {{{a, b, d}, {c}, {e, f }}}. In Figure A.10(c), we
shown the unique min-cut L′ of (G,w) for the subset
M′ = {{a}, { f }} of M. Therefore, we have σmin(M′) =

{{{a, b}, {c, d, e, f }}}. We can observe that the unique parti-
tion in σmin(M) is not a refinement of the unique partition
in σmin(M′). Thus, σmin is not hierarchical. 2
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Figure A.10: From left to right: a graph (G,w), the min-cut L (dashed
edges) of (G,w) for the set of markersM = {{a}, {c}, { f }}, and the min-
cut L′ of (G,w) for the set of markers M′ = {{a}, { f }}. The partition
induced by L is not a refinement of the partition induced by L′.

Definition 16 (average-cuts). LetM be a marker set. An
average-cut of (G,w) forM is a subset L of E such that:

1. the set of connected components of (V, E \ L) is a
marker-based segmentation of (G,w) forM; and

2. the value
∑
u∈L

w(u)

|L| is minimal for all subsets of E for
which statement 1 holds true.

Property 17. Let σavg be the operator that maps any
marker set M into the set of partitions induced by each
of the average-cuts of (G,w) forM. The operator σavg is
not hierarchical.

Proof 3. Let (G,w) be the weighted graph of Figure
A.11(a). Let M = {{a}, {c}, {d}} be a marker set of
(G,w). In Figure A.11(b), we show the unique average-
cut L (dashed edges) of (G,w) for M. Hence, we have
σavg(M) = {{{a}, {b, d}, {c}}}. In Figure A.11(c), we
shown the unique average-cut L′ of (G,w) for the sub-
setM′ = {{a}, {d}} ofM. Therefore, we have σavg(M′) =

{{{a, b, c}, {d}}}. We can observe that the unique partition
in σavg(M) is not a refinement of the unique partition in
σavg(M′). Thus, σavg is not hierarchical. 2
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Figure A.11: From left to right: a graph (G,w), the average-cut L
(dashed edges) of (G,w) for the set of markersM = {{a}, {c}, {d}}, and
the average-cut L′ of (G,w) for the set of markersM′ = {{a}, {d}}. The
partition induced by L is not a refinement of the partition induced by L′.

Let d be a distance on V , i.e., a map from V × V to R+

such that:

• for any two vertices x and y in V , d(x, y) = d(y, x);

• for any two vertices x and y in V , d(x, y) = 0 if and
only if x = y; and

• for any three vertices x, y and z, we have d(x, y) ≥
d(x, z) + d(z, y).

Let M be a marker set and let x be a vertex in V . Let π
be a path from x to y such that y belongs to an element
ofM. We say that π is a d-shortest path from x toM if
the distance d(x, y) is less than the distance d(x, z) for any
other vertex z such that z belongs to an element ofM.

Definition 18 (shortest path forests). Let M be a
marker set and let d be a distance on V. Let G′ be a forest
of (G,w) rooted inM. The graph G′ is a d-shortest path
forest of (G,w) forM if, for each vertex x in V, there is a
d-shortest path π from x toM in G such that π is also a
d-shortest path from x toM in G′.

Let x and y be two vertices in V and let π = (z1, . . . , z`)

be a path from x to y. We denote the sum
`−1∑
i=1

w({zi, zi+1})

by the weight of π.

Property 19. Let d be a distance on V. Let σs be the
operator that maps any marker setM into the set of par-
titions induced by each of the d-shortest path forests of
(G,w) forM. The operator σs is not hierarchical.

Proof 4. Let (G,w) be the graph of Figure A.12(a) and
let d be a distance on V(G) such that, for any two ver-
tices x and y in V(G), we have d(x, y) equal to the min-
imum among the weights of all paths from x to y. Let
M = {{a}, {c}, { f }} andM′ = {{a}, { f }} be two marker sets
of (G,w). In Figures A.12(b) and (c), we show the unique
d-shortest path forests of (G,w) for M and M′, respec-
tively. Hence, we have σs(M) = {{{a, b}, {c, d}, {e, f }}}
and σs(M′) = {{{a, b, c}, {d, e, f }}}. We can observe that
the unique partition in σs(M) is not a refinement of the
unique partition in σs(M′). Thus, σs is not hierarchical.
2
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Figure A.12: From left to right: a graph (G,w), the d-shortest path
forest G′ (all vertices plus blue edges) of (G,w) for the marker set
M = {{a}, {c}, { f }}, and the d-shortest path forest G′′ of (G,w) for the
marker setM′ = {{a}, { f }}. The partition induced by G′ is not a refine-
ment of the partition induced by G′′.

Appendix B. Proofs of theo-
rems and prop-
erties

Appendix B.1. Proof of Theorem 5
In order to prove Theorem 5, we will use an equiva-

lent formulation provided in Property 12 of [13], which
requires to introduce the following new definitions.

Let ≺ be an altitude ordering for w, let B≺ be the binary
partition hierarchy by ≺ and let S = (M1, . . . ,Mn) be a
sequence of minima of (G,w). Let X be a region of B≺.
Following the terminology of [13], the extinction value
of X for S is zero if there is no minimum M of w such
that M is a subset of X and, otherwise, it is the highest
index k such that Mk is a subset of X. Let ε be the map
from the regions of B≺ into R such that, for any region
Y of B≺, ε(Y) is the extinction map of Y for S. We say
that ε is the extinction map (for ≺ and S) or that ε is an
extinction map (for ≺).

Let ≺ be an altitude ordering for w, let B≺ be the binary
partition hierarchy by ≺ and let S = (M1, . . . ,Mn) be a
sequence of minima of w. Let u be a building edge of B≺
and let X be the region of B≺ whose building edge is u.
The persistence value of u (for ≺ and S) is the minimum
of the extinction values of the children of X. Let ρ be the
map from the building edges of B≺ into R such that, for
any building edge u of B≺, ρ(u) is the persistence value
of u. We say that ρ is the persistence map (for ≺ and S).
We denote by Bi the set of building edges of B≺ whose
persistence value is lower than or equal to i.

Definition 20. (hierarchy induced by an altitude or-
dering and a sequence of minima [13]) Let ≺ be
an altitude ordering for w, let S = (M1, . . . ,Mn) be
a sequence of minima of w and let ρ be the persis-
tence map for ≺ and for S. The sequence of parti-
tions (CC(V, B0), . . . ,CC(V, Bn−1)) is a hierarchy called
the hierarchy induced by ≺ and S.

Recall that Theorem 5 states the equivalence between:

A A hierarchyH is a hierarchical watershed of (G,w).

B There exists an altitude ordering ≺ for w such that
the saliency map Φ(H) is one-side increasing for B≺

In order to prove this theorem, we will use another equiv-
alent property:

C There exists an altitude ordering ≺ for w and a se-
quence of minima S of w such that H is induced by
≺ and S.

Property 12 of [13] established the equivalence between
A and C. We will then show the equivalence between B
and C. This proof is decomposed in Lemma 25 (C⇒ B)
and Lemma 26 (B⇒ C).

We now introduce some new lemmas needed to prove
Lemma 25.

Lemma 21. Let ≺ be an altitude ordering for w and let ε
be an extinction map for B≺. Let X and Y be two regions
of B≺. If X ⊆ Y, then ε(X) ≤ ε(Y).

Proof 5. Since B≺ is a hierarchy, we can affirm that, for
any two regions Y and Z of B≺, if Y ⊆ Z, then all minima
of w included in Y are also included in Z and, therefore,
ε(Y) ≤ ε(Z). 2

Lemma 22. Let ≺ be an altitude ordering for w and let ε
be an extinction map for ≺. The range of ε is {0, . . . , n}.

Proof 6. To prove that the range of ε is {0, . . . , n}, we
will prove that {0, . . . , n} ⊆ range(ε) and that range(ε) ⊆
{0, . . . , n}.

1. {0, . . . , n} ⊆ range(ε). First, we prove that 0 is in
range(ε). Let u be the lowest edge of E(B≺) for ≺.
We can say that u is in a minimum of w. More-
over, the children of Ru are necessarily singletons.
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Hence, the extinction value of both children of u is
zero. Now, we will prove for i in {1, . . . , n}. By [28]
(page 7), any minimum of w is a region of B. There-
fore, for any i in {1, . . . , n}, there is a region of B≺
whose extinction value is i.

2. range(ε) ⊆ {0, . . . , n}. For any region X of B≺, if X
contains at least one minimum of w, then its extinc-
tion value is in {1, . . . , n}. Otherwise, the extinction
value of X is zero. 2

Lemma 23. Let ≺ be an altitude ordering on the edges
of G for w, let S = (M1, . . . ,Mn) be a sequence of minima
of w and let ρ be the persistence map for ≺ and for S. The
range of ρ is {0, . . . , n − 1}.

Proof 7. Let ε denote the extinction map for ≺ and S. We
will prove that (1) for any building edge u of B≺, ρ(u) is
in {0, . . . , n − 1}, and that, (2) for any i in {0, . . . , n − 1},
there is a building edge of B≺ whose persistence value is
i.

1. {0, . . . , n − 1} ⊆ range(ρ). First, we prove that 0
is in range(ρ). By Lemma 22, there is a region X
of B≺ whose extinction value is zero. Therefore, the
persistence value of the parent of X is equal to zero.
Now, we will prove that any i in {1, . . . , n − 1} is in
range(ρ). Let i be a value in {1, . . . , n − 1}. By [28]
(page 7), the minimum Mi is a region of B≺. Then,
there is a region of B≺ whose extinction value is i.
Let X be the largest region of B≺ whose extinction
value is i. We can say that X , V because Mn is
included in V and, therefore, ε(V) = n. Let Z be the
parent of X. We can infer that the extinction value
ε(Z) of Z is strictly greater than i. Therefore, there is
a minimum M j with j > i included in the sibling of
X. Hence, the extinction value of sibling(X) is also
strictly greater than i. Then, the persistence value
of the building edge of Z, being the minimum of the
extinction value of its children, is i.

2. range(ρ) ⊆ {0, . . . , n−1}. Let u be an edge in E(B≺).
By Lemma 22, and as the persistence value of u is
equal to the extinction value of a child of Ru, we
have that ρ(u) is in {0, . . . , n}. Moreover, the per-
sistence value ρ(u) of u is lower than n because, if
the extinction value of one child X of Ru is n, then

the minimum Mn is included in X and Mn is not
included in sibling(X), which implies that the ex-
tinction value of sibling(X) is strictly lower than n.
Therefore, since ρ(u) = min{ε(X), ε(sibling(X))}, the
persistence value of u is strictly lower than n. Thus,
we have that range(ρ) ⊆ {0, . . . , n − 1}. 2

Lemma 24. Let ≺ be an altitude ordering for w, let S =

(M1, . . . ,Mn) be a sequence of minima of w and let ρ be
the persistence map for ≺ and for S. LetH be the hierar-
chy induced by ≺ and S. For any building edge u of B≺,
we have Φ(H)(u) = ρ(u).

Proof 8. By definition, H is the sequence
(CC(V, B0), . . . ,CC(V, Bn−1)) such that, for any i in
{0, . . . , n − 1}, Bi is the set of building edges of B≺
whose persistence values is lower than or equal to i.
Let u = {x, y} be a building edge of B≺ and let i be the
persistence value of u. We can say that x and y are in
the same region of CC(V, Bi) but in distinct regions of
CC(V, Bi−1) if i , 0. Therefore, since CC(V, Bi) is the
i-th partition ofH , by the definition of saliency maps, we
have Φ(H)(u) = i. 2

Lemma 25. Let ≺ be an altitude ordering for w, let S be
a sequence of minima of w and let H be the hierarchy
induced by ≺ and by S. The saliency map Φ(H) of H is
one-side increasing for B≺.

Proof 9. In order to prove that Φ(H) is one-side increas-
ing for B≺, by Definition 4, we need to prove that the fol-
lowing three statements hold true:

1. {Φ(H)(e) | e ∈ E(B≺)} = {0, . . . , n − 1};

2. for any edge u in E(B≺), Φ(H)(u) > 0 if and only
if u is a watershed-cut edge for B≺; and

3. for any edge u in E(B≺), there exists a child R of Ru

such that Φ(H)(u) ≥ ∨{Φ(H)(v) such that Rv is in-
cluded in R}, where ∨{} = 0.

In the sequel of this proof, let ρ and ε be respectively
the persistence map and the extinction map for ≺ and S.

1. By Lemma 24, we have {Φ(H)(e) | e ∈ E(B≺)} =

{ρ(e) | e ∈ E(B≺)}. Then, as Lemma 23 states that
the range of ρ is {0, . . . , n − 1}, we can conclude that
{Φ(H)(e) | e ∈ E(B≺)} is the set {0, . . . , n − 1}.
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2. Let u be a building edge of B≺. Given the following
propositions:

(a) u is a watershed-cut edge for B≺
(b) Φ(H)(u) > 0

we will prove that (a) implies (b), and that not (b)
implies not (a).

If u is a watershed-cut edge for B≺, then both chil-
dren of Ru contain at least one minimum of w. There-
fore, the extinction value of both children of Ru is
non-zero and, consequently, the persistence value
ρ(u) of u is non-zero. Moreover, by Lemma 24, in
this case we have Φ(H)(e) = ρ(e) for any building
edge e of B≺. Thus, Φ(H)(u), being equal to ρ(u), is
non-zero.

On the other hand, if u is not a watershed-cut edge
for B≺, then there is a child X of Ru which does not
contain any minimum of w. Therefore, the extinc-
tion value of X is equal to 0: ε(X) = 0. Since, by
definition ρ(u) = min{ε(X), ε(sibling(X))} and the
minimal extinction value is zero, we can say that
ρ(u) = 0. Again, by Lemma 24, in this case we have
Φ(H)(e) = ρ(e) for any building edge e of B≺ and
thus, Φ(H)(u), being equal to ρ(u), is equal to 0.

3. Let u be a building edge ofB≺. The persistence value
of u is the extinction value of a child X of Ru. Let
X be a child of Ru such that ρ(u), the persistence
value of u, is equal to ε(X), the extinction value of
X. By Lemma 21, for any region Y of B≺ such that
Y ⊆ X , we have ε(Y) ≤ ε(X) and, as X ⊆ Ru,
ε(Y) ≤ ε(Ru). Let v be the building edge of a region
Z ⊆ X. Then, we can say that the extinction value
of both children of Z is less than or equal to the ex-
tinction value ε(X). Hence, ρ(v) ≤ ε(X) and, then,
ρ(v) ≤ ρ(u). By Lemma 24, we can conclude that
Φ(H)(v) ≤ Φ(H)(u). Hence, Φ(H)(u) ≥ ∨{Φ(H)(v)
such that Rv is included in X}. 2

Lemma 26. Let ≺ be an altitude ordering of (G,w) and
letH be a hierarchy on V such that Φ(H) is one-side in-
creasing forB≺. Then there exists a sequence of minimaS
such thatH is the hierarchy induced by ≺ and S.

In order to prove Lemma 26, we establish the following
lemma, which results from the generalization of Lemmas
6 and 7 of [20].

Lemma 27. Let ≺ be an altitude ordering for w and let f
be map from E into R such that f is one-side increasing
for B≺. Then, there exists an extinction map ε for ≺ such
that, for any building edge u of B≺:

f (u) = min{ε(R) such that R is a child of Ru}.

In [20], the authors established the result in Lemma 27
in the case where (G,w) is a tree with pairwise distinct
edge weights. They introduced estimated (approximated)
extinction maps such that, for any map f from E into R
and for any altitude ordering ≺ for w, the estimated ex-
tinction map for f and ≺ is an extinction map for ≺ if and
only if f is one-side increasing for B≺. Then, they proved
that, given a map f from E into R and given an altitude
ordering ≺ for w such that f is one-side increasing for
B≺, this implies that, for any building edge u for B≺, we
have f (u) = min{ε(R) such that R is a child of Ru} where
ε is the estimated extinction map for f and ≺. The gen-
eralization of this result to the case where (G,w) is not a
tree with pairwise distinct edge weights will be presented
in an extended version of [20]. The proof of Lemma
27 can be found in a preprint of the extended version of
[20] available in https://hal.archives-ouvertes.

fr/hal-02280023/file/characterization.pdf.
The following lemma, established in [12], links MSTs

and QFZ hierarchies.

Lemma 28 (Theorem 4 of [12]). A subgraph G′ of G is
a MST of (G,w) if and only if:

1. the QFZ hierarchy of G′ and G are the same; and

2. the graph G′ is minimal for statement 1, i.e., for any
subgraph G′′ of G′, if the quasi-flat zone hierarchy of
G′′ for w is the one of G for w, then we have G′′ = G′.

Lemma 29. Let B be a binary partition hierarchy of
(G,w) and let H be a hierarchy on V such that Φ(H)
is one-side increasing for B. Then (V, E(B)) is a MST of
(G,Φ(H)).

Proof 10. Let α denote the sum of the weight of the edges
in E(B) in the map Φ(H): α =

∑
e∈E(B) Φ(H)(e). As

Φ(H) is one-side increasing for B, by the condition 1 of
Definition 4, we can affirm that α = 0 + 1 + · · · + n − 1.
In order to prove that (V, E(B)) is a MST of (G,Φ(H)),
we will prove that, for any MST G′ of (G,Φ(H)), the sum
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of the weight of the edges in G′ is greater than or equal
to α. Let G′ be a MST of (G,Φ(H)). As G′ is a MST
of (G,Φ(H)), by the condition 1 of Lemma 28, we have
that G and G′ have the same quasi-flat zones hierarchy:
QFZ(G,Φ(H)) = QFZ(G′,Φ(H)). As Φ(H) is the
saliency map of H , we have that H = QFZ(G,Φ(H)).
Therefore, H = QFZ(G′,Φ(H)). Let i be a value in
{1, . . . , n − 1}. By the condition 1 of Definition 4, we can
say that {1, . . . , n − 1} is a subset of the range of Φ(H).
Therefore,H is composed of at least n distinct partitions.
Let H be the sequence (P0, . . . ,Pn−1, . . . ). Since the par-
titions Pi and Pi−1 are distinct, then there exists a region
in Pi which is not in Pi−1. Therefore, there is a region X
of Pi which is composed of several regions {R1,R2, . . . } of
Pi−1. Then, there are two adjacent vertices x and y such
that x and y are in distinct regions in {R1,R2, . . . }. Let x
and y be two adjacent vertices such that x and y are in dis-
tinct regions in {R1,R2, . . . }. Hence, the lowest j such that
x and y belong to the same region of P j is i. Thus, there
exists an edge u = {x, y} in E(B) such that Φ(H)(u) = i.
Hence, the sum of the weight of the edges of G′ is at least
1 + · · · + n − 1, which is equal to α. Therefore, the graph
(V, E(B)) is a MST of (G,Φ(H)). 2

Proof 11 (of Lemma 26). As Φ(H) is one-side increas-
ing for B≺, then, by Lemma 27, there is an extinction
map ε such that, for any building edge u ofB≺, Φ(H)(u) =

min{ε(R) such that R is a child of Ru}. Since ε is an extinc-
tion map, then there is a sequence S = (M1, . . . ,Mn) of
minima of w such that ε is the extinction map for ≺ and S,
and such that, for any region R of B≺, ε(R) = ∨{i | Mi ⊆

R}. Let G′ denote the graph (V, E(B≺)). By Lemma 29,
G′ is a MST of (G,Φ(H)) and, consequently, by Lemma
28, H = QFZ(G′,Φ(H)). Let ρ denote the persistence
map for ≺ and for S. Since Φ(H)(u) = min{ε(R) such
that R is a child of Ru}, we have that, for any build-
ing edge u, Φ(H)(u) is the persistence value ρ(u) of u.
Then, QFZ(G′,Φ(H)) = QFZ(G′, ρ). By definition,
QFZ(G′, ρ) is precisely the hierarchy induced by ≺ and
by S. 2

Appendix B.2. Proof of Property 7
To prove Property 7, we first provide in Property 30 a

sufficient condition for a hierarchy to be a flattened hier-
archical watershed of (G,w).

Property 30. Let H be a hierarchy on V and let B be a
binary partition hierarchy of (G,w) such that:

1. (V, E(B)) is a MST of (G,Φ(H)); and

2. for any edge u in E(B), if u is not a watershed-cut
edge for B, then Φ(H)(u) = 0; and

3. for any edge u in E(B), there exists a child R of Ru

such that Φ(H)(u) ≥ ∨{Φ(H)(v) such that Rv is in-
cluded in R}, where ∨{} = 0.

ThenH is a flattened hierarchical watershed of (G,w).

The reader can observe that the statement 3 of the above
property is precisely the statement 3 of the definition of
one-side increasing maps (Definition 4), and that the state-
ment 2 is an implication of the statement 2 of Definition
4. The statement 1 of the above property corresponds
to a property of one-side increasing maps established in
Lemma 29.

In order to prove Property 30, we first state two auxil-
iary lemmas. From Property 10 of [13], we can deduce
the following lemma linking binary partition hierarchies
and MSTs.

Lemma 31. Let B be a binary partition hierarchy of
(G,w). The graph (V, E(B)) is a MST of (G,w).

By Property 12 of [13] linking hierarchical watersheds
and hierarchies induced by an altitude ordering and a se-
quence of minima, and by Lemma 28, we infer the fol-
lowing lemma.

Lemma 32. Let G′ be a MST of (G,w) and let H be a
hierarchical watershed of (G′,w). Then H is also a hier-
archical watershed of (G,w).

Proof 12 (of Property 30). Let H be a hierarchy on V
such that there is a binary partition hierarchy B of (G,w)
such that:

1. (V, E(B)) is a MST of (G,Φ(H)); and

2. for edge u in E(B), if u is not a watershed-cut edge
for B, then Φ(H)(u) = 0; and

3. for edge u in E(B), there exists a child R of Ru such
that Φ(H)(u) ≥ ∨{Φ(H)(v) such that Rv is included
in R}, where ∨{} = 0.
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We will prove that H is a flattened hierarchical water-
shed of (G,w). To this end, we will prove that there is a
hierarchical watershed Hw of (G,w) such that any par-
tition of H is also a partition of Hw. Let G′ denote the
graph (V, E(B)). By Lemma 31, G′ is a MST of (G,w).
Moreover, by Lemma 32, given a hierarchical watershed
Hw of a MST of (G,w), we can say thatHw is also a hier-
archical watershed of (G,w). Hence, we can simply prove
that there is a hierarchical watershed Hw of (G′,w) such
that any partition ofH is also a partition ofHw.

To define the hierarchy Hw, we first define a map f
from E(B) into R such that f is one-side increasing for
B. Since G′ is a tree, by the definition of saliency maps,
we can say that f is the saliency map of the hierarchy
QFZ(G′, f ). By Theorem 5, as f is one-side increasing
for B, we may say that QFZ(G′, f ) is a hierarchical wa-
tershed of (G′,w).

In the map f , the edges which are not watershed-cut
edges for B are assigned to zero, and the watershed-cut
edges for B are ranked according to their weights in w
and in Φ(H). Let ≺ be an altitude ordering for w such
that B is the binary partition hierarchy for ≺. Let ≺2 be
a total ordering on the set {u is a watershed-cut edge for
B≺} such that, for any two watershed-cut edges u and v
for B≺, we have u ≺2 v if and only if Φ(H)(u) < Φ(H)(v)
or if Φ(H)(u) = Φ(H)(v) and u ≺ v. The map f is defined
as follows:

f (u) =


0 i f u is not a watershed − cut

edge f or B
rank o f u f or ≺2 otherwise

(B.1)
We first demonstrate that f is one-side increasing for

B.

1. By the definition of f , as there are n−1 watershed-cut
edges for B, we can say that, for any i in {1, . . . , n −
1}, there is a watershed-cut edge u for B such that
the rank of u for ≺2 is i and, consequently, f (u) = i.
On the other hand, as w has at least one minimum,
there is at least one edge e in E(B) such that e is not
a watershed-cut edge for B and such that f (e) = 0.
Hence, we have { f (e) | u ∈ E(B)} = {0, . . . , n − 1}.
Therefore, the statement 1 of Definition 4 holds true
for f .

2. For any edge u, by the definition of f , f (u) is non-
zero if and only if u is not a watershed-cut edge for
B, so the statement 2 of Definition 4 holds true for f .

3. Let u be a building edge for B. If u is not a
watershed-cut edge for B, then there is a child X
of Ru such that there is no minimum of w included
in X. Hence, none of the building edges of the de-
scendants of X is a watershed-cut edge for B. By
the definition of f , we have f (u) = 0 and, for any
edge v such that Rv ⊆ X, we have f (v) = 0. Hence,
f (u) ≥ ∨{ f (v) such that Rv is included in X}. Oth-
erwise, let us assume that u is a watershed-cut edge
for B. Then there is at least one minimum of w in-
cluded in each child of Ru. By the hypothesis 3, there
is a child X of Ru such that Φ(H)(u) ≥ ∨{Φ(H)(v)
such that Rv is included in X}. Let X be the child of
Ru such that Φ(H)(u) ≥ ∨{Φ(H)(v) such that Rv is
included in X}. Let e be a building edge of B such
that Re ⊆ X. If e is not a watershed-cut edge for B,
then f (e) = 0 and, consequently, f (u) > f (e). Oth-
erwise, if e is a watershed-cut edge for B, then we
have Φ(H)(u) ≥ Φ(H)(e) and e ≺ u, which implies
that e ≺2 u. Consequently, by the definition of f , we
have f (u) > f (e). Therefore, f (u) ≥ ∨{ f (v) such
that Rv is included in X}. Then, the third condition of
Definition 4 holds true for f .

Hence, f is one-side increasing for B and, as stated
previously, QFZ(G′, f ) is a hierarchical watershed of
(G′,w) (resp. (G,w)). Now, we only need to prove that any
partition of H is a partition of QFZ(G′, f ). By the hy-
pothesis 1, G′ is a MST of (G,Φ(H)). Then, by Lemma 28,
we can say thatH is the QFZ hierarchy of (G′,Φ(H)). We
will prove that any partition of QFZ(G′,Φ(H)) is also a
partition of QFZ(G′, f ).

Let the range of Φ(H) be the set {0, . . . , `}: {Φ(H)(u) |
u ∈ E(B)} = {0, . . . , `}. Let λ be a value in {0, . . . , `}.
Let G′

λ,Φ(H) be the λ-level set of (G′,Φ(H)). Let α be the
greatest value in { f (u) | u ∈ E(G′

λ,Φ(H))}. We will prove
that the α-level set of (G′, f ) is equal to the λ-level set
of (G′,Φ(H)). Since α is the greatest value in the set
{ f (u) | u ∈ E(G′

λ,Φ(H))}, we can see that any edge v in the
λ-level set of (G′,Φ(H)) also belongs to the α-level set of
(G′, f ). Now, we also need to prove that there is no edge u
in the α-level set of (G′, f ) such that u is not in the λ-level
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set of (G′,Φ(H)).
Let u be an edge which is not in the λ-level set of

(G′,Φ(H)). Then, Φ(H)(u) > λ and, for any edge v in the
λ-level set of (G′,Φ(H)), we have Φ(H)(u) > Φ(H)(v).
Since the minimum value of λ is zero, we can say that
Φ(H)(u) > 0 and, by the hypothesis 2, u is a watershed-
cut edge for B. Let v be an edge in the λ-level set
of (G′,Φ(H)). Since Φ(H)(u) > Φ(H)(v), if v is a
watershed-cut edge for B, then v ≺2 u and f (u) > f (v).
Otherwise, if v is not a watershed-cut edge for B, by the
definition of f , we have f (v) = 0 and f (u) > f (v). Thus,
for any edge v in the λ-level set of (G′,Φ(H)), we have
f (u) > f (v) and, therefore, f (u) > α. Then, u is not in the
α-level set of (G′, f ).

Therefore, we can conclude that the α-level set of
(G′, f ) is equal to the λ-level set of (G′,Φ(H)). As
the partitions of H are given by the set of connected
components of the level sets of (G′,Φ(H)), we can af-
firm that any partition of H is also a partition of
QFZ(G′, f ). Therefore, there is a hierarchical watershed
Hw = QFZ(G′, f ) of (G′,w) (resp. (G,w)) such that any
partition of H is also a partition of Hw. Then, H is a
flattened hierarchical watershed of (G′,w) (resp. (G,w)).

2

LetH1 andH2 be two hierarchical watersheds of (G,w)
and let B be a binary partition hierarchy of (G,w) such
that both Φ(H1) and Φ(H2) are one-side increasing for B.
Let f3 denote the map f(Φ(H1),Φ(H2)). We will prove
that the hierarchy QFZ(G, f3) is a flattened hierarchical
watershed of (G,w). To this end, by Property 30, we will
prove that the following statements hold true:

1. (V, E(B)) is a MST of (G, f3); and

2. for any edge u in E(B), if u is not a watershed-cut
edge for B, then f3(u) = 0; and

3. for any edge u in E(B), there exists a child R of Ru

such that f3(u) ≥ ∨{ f3(v) such that Rv is included
in R}, where ∨{} = 0.

The following Lemmas 33, 36 and 37 prove respec-
tively that the conditions 1, 2 and 3 for QFZ(G, f3) to
be a flattened hierarchical watershed of (G,w) hold true.

Lemma 33. Let f1 and f2 be two maps from E into R
and let G′ be a subgraph of G such that G′ is a MST

of both (G, f1) and (G, f2). Then G′ is also a MST
of (G,f( f1, f2)).

In order to prove Lemma 33, we define cycles in the
context of graphs and we state two well-known properties
of spanning trees in Lemmas 34 and 35.

Let x and y be two vertices in V and let π = (x0, . . . , xp)
be a path from x to y. For any edge u = {xi−1, xi} for i in
{1, . . . , p}, we say that u is in π or that π includes u. We
say that π is a cycle if x0 = xp and p > 1.

Lemma 34. Let G′ be a spanning tree of (G,w) and let u
be an edge in E \ E(G′). Then (V, E(G′) ∪ {u}) contains a
cycle π that includes u.

Lemma 35. Let G′ be a spanning tree of a weighted
graph (G, f ). Let u be an edge in E \ E(G′) and let π be
the cycle of (V, E(G′) ∪ {u}) which includes u. The graph
G′ is a MST of (G, f ) if and only if f (u) ≥ f (v) for any
edge v in π.

Proof 13 (of Lemma 33). Let f3 denote the
map f( f1, f2). Let u be an edge in E \ E(G′).
As G′ is a spanning tree, by Lemma 34, the
graph (V, E(G′) ∪ {u}) contains a cycle π which in-
cludes the edge u. Since G′ is a MST for (G, f1) and
for (G, f2), by the forward implication of Lemma 35,
for any edge v in the cycle π, we have f1(v) ≤ f1(u)
and f2(v) ≤ f2(u). Therefore, for any edge v in the
cycle π, we have min( f1(v), f2(v)) ≤ min( f1(u), f2(u)) and,
consequently, f3(v) ≤ f3(u). Hence, for any edge v in π,
we have f3(u) ≥ f3(v). Thus, by the backward implication
of Lemma 35, G′ is a MST of (G, f3). 2

The following lemma proves that the condition 2 for
QFZ(G, f3) to be a flattened hierarchical watershed hold
true.

Lemma 36. Let f1 and f2 be two maps from E into R and
let B be a binary partition hierarchy of (G,w) such that f1
and f2 are one-side increasing for B. Let f3 denote the
map f( f1, f2). Then for any edge u in E(B), if u is not a
watershed-cut edge for B, then f3(u) = 0.

Proof 14. Let u be an edge in E(B). If u is not a
watershed-cut edge for B, then, by the statement 2 of
Definition 4, we have f1(u) = 0 and f2(u) = 0. There-
fore, f3(u) = min(0, 0) = 0. 2
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The following lemma proves that the condition 3 for
QFZ(G, f3) to be a flattened hierarchical watershed holds
true.

Lemma 37. Let f1 and f2 be two maps from E into R
and let B be a binary partition hierarchy of (G,w) such
that f1 and f2 are one-side increasing for B. Let f3 de-
note f( f1, f2). Then, for any building edge u of B, there
exists a child R of Ru such that f3(u) ≥ ∨{ f3(v) such
that Rv ⊆ R}.

Proof 15. Since f1 (resp. f2) is one-side increasing for B,
by the statement 3 of Definition 4, we have that, for
any building edge u of B, f1(u) ≥ ∨{ f1(v) | Rv ⊆ X}
(resp. f2(u) ≥ ∨{ f2(v) | Rv ⊆ X}) for a child X of Ru. We
need to prove that, for any building edge u of B, f3(u) ≥
∨{ f3(v) | Rv ⊆ X} for a child X of Ru. Let u be a build-
ing edge of B. As f3(u) = min( f1(u), f2(u)), we should
consider the following cases: (1) f3(u) = f1(u); and
(2) f3(u) = f2(u).

1. Let us assume that f3(u) = f1(u). Let X and Y be
the children of Ru. If f1(u) ≥ ∨{ f1(v) | Rv ⊆ X}
(resp. f1(u) ≥ ∨{ f1(v) | Rv ⊆ Y}), we can affirm
that f3(u) ≥ ∨{ f1(v) | Rv ⊆ X} (resp. f3(u) ≥
∨{ f1(v) | Rv ⊆ Y}) as well. Since f3(e) =

min( f1(e), f2(e)) for any edge e in E, we can affirm
that f3(e) ≤ f1(e) for any edge e in E and, there-
fore, f3(u) ≥ ∨{ f3(v) | Rv ⊆ X} (resp. f3(u) ≥
∨{ f3(v) | Rv ⊆ Y}). Therefore, this condition holds
true for the child X (resp. Y) of Ru.

2. Let us assume that f3(u) = f2(u). The same reason-
ing of (1) can be applied in this case.

We can conclude that, for any building edge u of B, we
have f3(u) ≥ ∨{ f3(v) | Rv ⊆ R} for a child R of Ru. 2

Proof 16 (of Property 7). By Lemma 29, we can af-
firm that (V, E(B)) is a MST of both (G,Φ(H1))
and (G,Φ(H2)). Let f3 denote the mapf(Φ(H1),Φ(H2)).
By Lemma 33, (V, E(B)) is a MST of (G, f3) as well, which
proves the first condition for QFZ(G, f3) to be a flat-
tened hierarchical watershed of (G,w). By Lemmas 36
and 37, the second and third conditions for QFZ(G, f3)
to be a flattened hierarchical watershed of (G,w) hold
true. Therefore, QFZ(G, f3) is a flattened hierarchical
watershed of (G,w). 2

Appendix B.3. Proof of Property 8
LetH1 andH2 be two hierarchical watersheds of (G,w)

and let B be a binary partition hierarchy of (G,w) such
that both Φ(H1) and Φ(H2) are one-side increasing for B.
Let C be a positive function from R2 into R such that, for
any a, b, c and d in {0, . . . , n − 1}, we have:

1. C(0, 0) = 0; and

2. C(a, b) = C(b, a); and

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d)
then C(a, b) ≤ C(c, d); and

4. if min(a, b) < min(c, d) then C(a, b) < C(c, d).

Let f3 denote the map C(Φ(H1),Φ(H2)). We want to
prove that the hierarchy QFZ(G, f3) is a flattened hierar-
chical watershed of (G,w). By Property 30, we need to
prove that there exists a binary partition hierarchy B′ of
(G,w) such that the following statements hold true:

1. (V, E(B′)) is a MST of (G, f3); and

2. for any edge u in E(B′), if u is not a watershed-cut
edge for B′, then f3(u) = 0; and

3. for any edge u in E(B′), there exists a child R of Ru

such that f3(u) ≥ ∨{ f3(v) such that Rv is included
in R}, where ∨{} = 0.

The proof of this property follows the same idea of the
proof of Property 7. To prove Property 8, we establish the
following auxiliary lemma.

Lemma 38. Let C be a function from R2 into R such that,
for any two real values x and y, we have C(x, y) = C(y, x).
Let a, b, c and d be four real values. If min(a, b) =

min(c, d) and max(a, b) = max(c, d), then C(a, b) =

C(c, d).

Proof 17. As min(a, b) = min(c, d) and max(a, b) =

max(c, d), then either we have (i) a = c and b = d
which implies that C(a, b) = C(c, d); or (ii) c = b and
d = a which implies that C(c, d) = C(b, a), which, by
our hypothesis on C, is equal to C(a, b). Hence, we
have C(a, b) = C(c, d). 2
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The following three lemmas prove that the conditions
1, 2 and 3 for QFZ(G, f3) to be a flattened hierarchical
watershed of (G,w) hold true.

Lemma 39. Let C be a positive function such that, for
any a, b, c and d in {0, . . . , n − 1}, we have:

1. C(0, 0) = 0; and

2. C(a, b) = C(b, a); and

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d)
then C(a, b) ≤ C(c, d); and

4. if min(a, b) < min(c, d) then C(a, b) < C(c, d).

Let f1 and f2 be the saliency maps of two hierarchies
on V and let G′ be a subgraph of G such that G′ is a
MST of both (G, f1) and (G, f2). Then G′ is also a MST
of (G,C( f1, f2)).

Proof 18. Let u be an edge in E \ E(G′). Let f3 de-
note the map C( f1, f2). Since G′ is a spanning tree,
by Lemma 34, the graph (V, E(G′) ∪ {u}) contains a cy-
cle π which includes the edge u. Let π be the cycle
of (V, E(G′) ∪ {u}) which includes the edge u. As G′

is a MST of (G, f1) and of (G, f2), by Lemma 35, for
any edge v in the cycle π, we have f1(v) ≤ f1(u)
and f2(v) ≤ f2(u). Therefore, for any edge v in the
cycle π, we have min( f1(v), f2(v)) ≤ min( f1(u), f2(u))
and max( f1(v), f2(v)) ≤ max( f1(u), f2(u)). Then, we
should consider the three following cases:

1. If min( f1(v), f2(v)) < min( f1(u), f2(u)), then, by
the hypothesis 4 on C, we have C( f1(v), f2(v)) <
C( f1(u), f2(u)).

2. If min( f1(v), f2(v)) = min( f1(u), f2(u))
and max( f1(v), f2(v)) < max( f1(u), f2(u)),
then, by the hypothesis 3 on C, we have
C( f1(v), f2(v)) ≤ C( f1(u), f2(u)).

3. If min( f1(v), f2(v)) = min( f1(u), f2(u))
and max( f1(v), f2(v)) = max( f1(u), f2(u)), then, by
Lemma 38, we have C( f1(v), f2(v)) = C( f1(u), f2(u)).

Consequently, C( f1(v), f2(v)) = f3(v) ≤ C( f1(u), f2(u)) =

f3(u). Hence, for any edge v in the cycle π, we
have f3(v) ≤ f3(u). Thus, by Lemma 35, G′ is a MST
of (G, f3). 2

Lemma 40. Let C be a positive function such that, for
any a, b, c and d in {0, . . . , n − 1}, we have:

1. C(0, 0) = 0; and

2. C(a, b) = C(b, a); and

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d)
then C(a, b) ≤ C(c, d); and

4. if min(a, b) < min(c, d) then C(a, b) < C(c, d).

Let f1 and f2 be the saliency maps of two hierarchies on
V and let B be a binary partition hierarchy of (G,w) such
that both f1 and f2 are one-side increasing for B. Then
for any u in E(B), if u is not a watershed-cut edge for B,
then C( f1, f2)(u) = 0.

Proof 19. Let u be an edge in E(B). If u is not an
watershed-cut edge for B, then, by the second condition
of Definition 4, we have f1(u) = 0 and f2(u) = 0. There-
fore, C( f1, f2)(u) = C(0, 0) = 0. 2

Lemma 41. Let C be a positive function such that, for
any a, b, c and d in {0, . . . , n − 1}, we have:

1. C(0, 0) = 0; and

2. C(a, b) = C(b, a); and

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d)
then C(a, b) ≤ C(c, d); and

4. if min(a, b) < min(c, d) then C(a, b) < C(c, d).

Let f1 and f2 be the saliency maps of two hierarchies on
V and let B be a binary partition hierarchy of (G,w) such
that both f1 and f2 are one-side increasing for B. Let f3
denote the map C( f1, f2). Then, for any building edge u
of B, there exists a child R of Ru such that f3(u) ≥ ∨{ f3(v)
such that Rv is included in R}.

Proof 20. Since f1 (resp. f2) is one-side increasing for B,
by the third condition of Definition 4, we have that, for
any building edge u of B, f1(u) ≥ ∨{ f1(v) | Rv ⊆ X}
(resp. f2(u) ≥ ∨{ f2(v) | Rv ⊆ X}) for a child X of Ru. We
need to prove that, for any building edge u of B, there is
a child X of Ru such that f3(u) ≥ ∨{ f3(v) | Rv ⊆ X}. Let u
be a building edge of B and let X and Y be the children
of Ru. We should consider the following four cases:
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1. If f1(u) ≥ ∨{ f1(v) | Rv ⊆ X} and f2(u) ≥
∨{ f2(v) | Rv ⊆ X}, then, for any building edge e such
that Re ⊆ X, we have f1(u) ≥ f1(e) and f2(u) ≥ f2(e).
Let e be an edge edge such that Re ⊆ X.
Therefore, min( f1(e), f2(e)) ≤ min( f1(u), f2(u)).
If min( f1(e), f2(e)) < min( f1(u), f2(u)) then, by the
hypothesis 4 on C, C( f1(e), f2(e)) < C( f1(u), f2(u)).
Otherwise, we have min( f1(e), f2(e)) =

min( f1(u), f2(u)). As f1(u) ≥ f1(v) and f2(u) ≥ f2(e),
we have max( f1(u), f2(u)) ≥ max( f1(e), f2(e)).
If max( f1(u), f2(u)) = max( f1(e), f2(e)) then, by
Lemma 38, C( f1(u), f2(u)) = C( f1(e), f2(e)). Other-
wise, we have max( f1(u), f2(u)) > max( f1(e), f2(e))
and then by hypothesis 3 on C, we have
C( f1(u), f2(u)) ≥ C( f1(e), f2(e)). Thus in all
cases we have C( f1(u), f2(u)) ≥ C( f1(v), f2(v))
, and by definition of f3: f3(u) ≥ f3(e). There-
fore, f3(u) ≥ ∨{ f3(v) | Rv ⊆ X}.

2. If f1(u) ≥ ∨{ f1(v) | Rv ⊆ X} and f2(u) ≥ ∨{ f2(v) |
Rv ⊆ Y}, then we have to consider two cases:
(i) f1(u) ≤ f2(u) and (ii) f1(u) > f2(u).

(i) Assume that f1(u) ≤ f2(u).
Then min( f1(u), f2(u)) = f1(u). Let v be
an edge such that Rv ⊆ X. By our assumption,
we have f1(u) ≥ f1(v). Indeed, since f is
a one-side increasing map, we can say that
either f1(u) = f1(v) = 0 or f1(u) > f1(v)
because only the watershed-cut edges for B
have non-zero and pairwise distinct weights.
If f1(u) = f1(v) = 0, this implies that nei-
ther u nor v are watershed-cut edges for B
and therefore f2(u) = f2(v) = 0, which
implies that f3(u) = 0 ≥ f3(v) = 0. Oth-
erwise, let us assume that f1(u) > f1(v). In
this case, and as min( f1(u), f2(u)) = f1(u),
we have min( f1(u), f2(u)) > f1(v), and
thus min( f1(u), f2(u)) > min( f1(v), f2(v)).
Then by hypothesis 4 on C, we have
C( f1(u), f2(u)) > C( f1(v), f2(v) which is
equivalent to f3(u) > f3(v). Therefore, we
have f3(u) ≥ ∨{ f3(v) | Rv ⊆ X}.

(ii) If f1(u) > f2(u) then we can apply the same
reasoning as in the case where f1(u) ≤ f2(u).

3. f1(u) ≥ ∨{ f1(v) | Rv ⊆ Y} and f2(u) ≥ ∨{ f2(v) | Rv ⊆

X}. This case is symmetric to 2.

4. f1(u) ≥ ∨{ f1(v) | Rv ⊆ Y} and f2(u) ≥ ∨{ f2(v) | Rv ⊆

Y}. This case is symmetric to 1.

Thus, we can conclude that, for any building edge u
of B, there exists a child R of Ru such that f3(u) ≥ ∨{ f3(v)
such that Rv is included in R}. 2

Proof 21 (of Property 8). By Lemma 29, we can af-
firm that (V, E(B)) is a MST of both (G,Φ(H1))
and (G,Φ(H2)). Therefore, by Lemma 39, (V, E(B)) is
a MST of (G, f3) as well, which proves that the first con-
dition for QFZ(G, f3) to be a flattened hierarchical wa-
tershed of (G,w) holds true. The second and third con-
ditions are the result of Lemmas 40 and 41, respectively.
Therefore, QFZ(G, f3) is a flattened hierarchical water-
shed of (G,w). 2

Appendix B.4. Proof of Property 9
Let C be the function:

C(x, y) =

0 i f x=0 and y=0
xmym

xm+ym

(B.2)

where m is equal or greater than the number of minima
n of (G,w). We want to prove that, for any a, b, c and d in
{0, . . . , n − 1}:

1. C(0, 0) = 0; and

2. C(a, b) = C(b, a); and

3. if min(a, b) = min(c, d) and max(a, b) < max(c, d)
then C(a, b) ≤ C(c, d); and

4. if min(a, b) < min(c, d) then C(a, b) < C(c, d).

Since m ≥ n, we can prove that those fours statements
hold true for any a, b, c and d in {0, . . . ,m − 1}.

The proof of the first and second statements are trivial.
In order to prove the third and fourth statements, we state
Lemmas 42 and 43.

Lemma 42. Let C(x, y) =
xmym

xm+ym and let a, b and d be nat-
ural numbers such that a ≤ b, a ≤ d and b < d. Then
C(a, b) ≤ C(a, d).
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Proof 22 (of Lemma 42). If a = 0, then C(a, b) = 0
which is less than or equal to C(a, d) = 0. Otherwise, let
us assume that a > 0. We will prove that C(a, b) ≤ C(a, d)
by proving that C(a, d) −C(a, b) is positive.

C(a, d) −C(a, b) (B.3)

=
amdm

am + dm −
ambm

am + bm (B.4)

=
a2mdm +���

�ambmdm − a2mbm −���
�ambmdm

(am + dm)(am + bm)
(B.5)

=
a2mdm − a2mbm

(am + dm)(am + bm)
(B.6)

=
a2m(dm − bm)

(am + dm)(am + bm)
(B.7)

The denominator of the fraction (A.6) is clearly posi-
tive and, since d > b, we can say that dm − bm is positive
as well. Therefore, C(a, b) − C(c, d) is positive and, con-
sequently, C(a, b) ≤ C(c, d). 2

Lemma 43. Let C(x, y) =
xmym

xm+ym and let a, b, c and d be
natural numbers in {0, . . . ,m − 1} such that a ≤ b and
c ≤ d. If a < c then C(a, b) < C(c, d).

Proof 23. Let us define the function fa(y) =
amym

am+ym where
y is a natural number. We will compute the limit of fa(y)
for y tending to infinity in order to find the greatest value
C(a, y) for any y.

lim
y→∞

amym

am + ym (B.8)

= lim
y→∞

am�ym

�ym

am+ym

ym

(B.9)

= lim
y→∞

am

am

ym +
ym

ym

(B.10)

=
am

0 + 1
(B.11)

= am (B.12)

Let c be a value in {0, . . . ,m−1} such that a < c. We will
prove that C(c, d) is greater than lim

y→∞

amym

am+ym = am. Since

a < c, we have c ≥ a+1. If we prove that this lemma holds

for the case where c = a + 1, we can infer by recurrence
that it holds for any c greater than a. Therefore, we can
simply prove that C(a + 1, d) is greater than am for any
d > a (because d ≥ c by hypothesis). By Lemma 42,
given any value d′ such that a + 1 ≤ d′, we have that
C(a + 1, a + 1) ≤ C(a + 1, d′). Since a < d, the minimal
value of d is a + 1. Given that d = a + 1, we have C(a +

1, d) = C(a + 1, a + 1) =
(a+1)2m

2(a+1)m =
(a+1)m

2 . Then we only

need to prove that am < (a+1)m

2 or that am −
(a+1)m

2 < 0.

am −
(a + 1)m

2
(B.13)

= am −

(
a + 1

m
√

2

)m

(B.14)

=

(
a −

a + 1
m
√

2

) (
am−1 + am−2

(
a + 1

m
√

2

)
+

· · · + a
(

a + 1
m
√

2

)m−2

+

(
a + 1

m
√

2

)m−1 )
(B.15)

The equation (A.15) is obtained by the factorization of
the equation (A.14). The sign of equation (A.15) is deter-

mined by the first term
(
a − a+1

m√2

)
because the other terms

are positive since a and m are natural numbers. Thus,
in order to prove that (A.13) is negative, we only need to

show that
(
a − a+1

m√2

)
< 0.

(
a −

a + 1
m
√

2

)
< 0 (B.16)

m
√

2a − a − 1 < 0 (B.17)

a( m
√

2 − 1) < 1 (B.18)

a <
1

m
√

2 − 1
(B.19)

Hence, we need to demonstrate that a < 1
m√2−1

. Since a
is in {0, . . . ,m−1}, we know that a < m and we can simply
prove that m ≤ 1

m√2−1
or that m

√
2m −m ≤ 1 or m − m

√
2m ≥

−1. Let us define the real function h as follows:

h(x) = x − x
√

2x (B.20)

= x(1 − x
√

2) (B.21)

= x(1 − e
ln 2

x ) (B.22)
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We will show that h(x) ≥ −1 for any x in [1,+∞[. If this
holds true in the continuous case, we can infer that it also
holds true in the discrete case. Given that h(1) = −1, we
can prove that h(x) ≥ −1 for any x in [1,+∞[ by showing
that h(x) is increasing in the interval [1,+∞[. To that end,
we will verify that the derivative of h(x) is positive for any
x in [1,+∞[.

h′(x) = 1 − e
ln 2

x − x
(
e

ln 2
x

(
−

ln 2
x2

))
(B.23)

= 1 − e
ln 2

x + e
ln 2

x
ln 2

x
(B.24)

To verify that h′(x) is positive in the interval [1,+∞[,
we compute the limite of h′(x) when x goes to +∞ and its
derivative h′′(x) of h′(x).

lim
x→+∞

h′(x) = 1 − e
ln 2
+∞ + e

ln 2
+∞

ln 2
+∞

(B.25)

= 1 − e0 + e0 × 0 (B.26)
= 0 (B.27)

h′′(x) = −

(
��

�
��e

ln 2
x

(
−

ln 2
x2

))
+

(
−

ln 2
x2

)
e

ln 2
x

ln 2
x

+
��

�
��

(
−

ln 2
x2

)
e

ln 2
x

(B.28)

= −
(ln 2)2

x3 e
ln 2

x

(B.29)

Therefore, we can affirm that h′′(x) is negative for any
x in [1,+∞[, which implies that h′(x) is decreasing in the
interval [1,+∞[. Since h′(x) is decreasing and the limit
of h′(x) going to infinity is zero, we can say that h′(x) is
positive for any x in [1,+∞[. In addition, as h(1) = −1,
this implies that h(x) is increasing in the interval [1,+∞[.
This implies that h(x) ≥ −1 and, therefore, m− m

√
2m ≥ −1.

This completes the proof that C(a, b) < C(c, d). 2
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