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ABSTRACT
Peer-to-peer (P2P) networks represent an effective way to share in-
formation, since there are no central points of failure or bottleneck.
However, the flip side to the distributive nature of P2P networks is
that it is not trivial to aggregate and broadcast global information
efficiently. We believe that this aggregation/broadcast functional-
ity is a fundamental service that should be layered over existing
Distributed Hash Tables (DHTs), and in this work, we design a
novel algorithm for this purpose. Specifically, we build an aggre-
gation/broadcast tree in a bottom-up fashion by mapping nodes to
their parents in the tree with a parent function. The particular par-
ent function family we propose allows the efficient construction of
multiple interior-node-disjoint trees, thus preventing single points
of failure in tree structures. In this way, we provide DHTs with an
ability to collect and disseminate information efficiently on a global
scale. Simulation results demonstrate that our algorithm is efficient
and robust.

Categories and Subject Descriptors
C.2.4 [Computer-Communication Networks]: Distributed Sys-
tems

General Terms
Algorithms, Performance

Keywords
Peer-to-peer, Distributed Hash Table, Aggregation, Broadcast, Tree

1. INTRODUCTION
In recent years, P2P systems have been widely deployed and used,
especially those for file-sharing, such as Napster [1], Gnutella [2],
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Grant CCR-0122419, ”The Center for Bits and Atoms”. It is also
funded in part by a gift from the Cisco University Research Pro-
gram.

KaZaA [3], and Freenet [4]. We believe that as P2P networks grow
in popularity, there is an emerging need to collect and propagate (or
even broadcast) aggregate information from such systems on the
parts of both administrators and users. For example, in a P2P stor-
age system ([5]) or a Grid-like environment ([6]) it is valuable to
learn about aggregate available storage or computation capabilities.
In particular, some recently proposed randomized DHT topologies,
like Viceroy [7] and Symphony [8], require network size estimates
to tune routing performance. Under other circumstances, lifetime
distribution and other characteristics may be valuable. Broadcast-
ing can also be used to search for arbitrary semi-structured queries
that are not supported by the current DHT lookup. Other applica-
tions, such as median distribution, need this functionality, too.

A DHT is a distributed resolution mechanism for P2P systems that
manages the distribution of data among a changing set of nodes by
mapping keys to nodes. DHTs allow member nodes to efficiently
locate stored resources by name without using centralized servers.
A large number of DHTs, such as CAN [9], Chord [10], Tapestry
[11] and Pastry [12], have been proposed. These systems are ex-
pected to eventually become the fundamental components of large
scale P2P distributed applications in the near future, and would
therefore require the aggregation/broadcast functionality.

In this work, our goal is to enable a P2P network to compute
an aggregation function (MIN, MAX, COUNT, SUM, AVG) over
data residing at nodes or over the network itself, and subsequently
broadcast information on DHTs. We believe that a good aggrega-
tion/broadcast scheme for DHTs must satisfy three criteria: accu-
racy, scalability, and robustness. In terms of accuracy, we want the
scheme to be able to provide aggregate information with a certain
accuracy in a dynamic P2P environment (where nodes frequently
join and leave). With respect to scalability, we want to minimize
message passing and avoid flooding schemes that generate exces-
sive redundant messages, to make the scheme scalable to a large
network. We also want to ensure that there is good load-balancing,
in the sense that no node in the network should be responsible for
forwarding a disproportionate amount of network traffic. In terms
of robustness, a scheme should be resilient to the dynamics of nodes
joining, leaving, and failing arbitrarily and independently in a P2P
network.

We build and maintain an efficient and robust tree structure in a dy-
namic P2P environment. We assume that we have at hand an effi-
cient DHT with a circular and continuous namespace, which is true
in most existing DHTs. With the underlying DHT infrastructure,
we propose a bottom-up approach that constructs and maintains the
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tree using soft-state, in which a node dynamically determines its
parent using a parent function. The particular parent function fam-
ily we provide allows the efficient construction of multiple interior-
node-disjoint trees, thus preventing single points of failure in tree
structures, and also distributes the aggregation and broadcast load
evenly among nodes. With such an aggregation/broadcast struc-
ture, our approach generates a minimal amount of network traffic,
and is robust to node failures.

1.1 Organization
The rest of the paper is organized as follows. In Section 2, we first
give an overview of DHTs and define parent functions to facilitate
our discussion. Then we present a bottom-up tree construction and
maintenance algorithm, and analyze aggregate accuracy under node
failures. Section 3 discusses desirable properties that a good parent
function should have, gives a sample parent function (family), and
examines its features. We also look at how parent functions pro-
vide a convenient way to construct multiple interior-node-disjoint
trees, thus preventing single points of failure. Section 4 discusses
implementation issues. Section 5 presents the simulation results on
the properties and performance of our scheme. In Section 6, we
discuss related work. Section 7 concludes the paper and highlights
current areas of ongoing work.

2. A BOTTOM-UP TREE BUILDING AL-
GORITHM

In this section, we first give an overview on DHTs, and define par-
ent functions. Then we describe bottom-up tree construction and
maintenance protocols in detail, and discuss the advantages of such
protocols. Finally, we analyze the aggregation/broadcast accuracy
in case of node failures.

2.1 Distributed Hash Table Overview
After the success of Napster at file-sharing, many other P2P sys-
tems have been proposed, especially DHTs, such as CAN [9], Chord
[10], Tapestry [11], or Pastry [12]. DHTs share several common
features. First, many DHTs use circular and continuous names-
paces, although some are one-dimensional, and some are multiple-
dimensional such as CAN. Second, they all provide efficient lookups.
Most DHTs can resolve a lookup in O(log n) or fewer steps, where
n is the network size. Finally, they are relatively resilient to node
failures in that they automatically repair the network when nodes
leave or fail.

In this work, we assume that we have an efficient and robust DHT
available as the underlying infrastructure. With these three features
(continuous namespace, efficient lookup, and robustness), our goal
is to build an efficient and robust aggregation/broadcast tree in a
dynamic P2P environment.

2.2 Parent Function Definition
The key idea in our bottom-up tree-building algorithm is to use a
many-to-one function, P (x), to map each node uniquely to a parent
node in the tree based on its id x. More specifically, the parent node
for a node x is the node which owns the id P (x). If node x owns
P

i
(x) for i = 1, · · · ,∞, then x is the root of the tree. If we

consider nodes in a DHT as nodes in a graph and the child-parent
relations determined by P (x) to be directed edges, the resulting
graph is a directed tree converging at the root.

Definition 1. A Parent Function, P (x), is a function that satis-

fies the following conditions:

P (α) = α (1)

P
∞

(x) = α, ∀ x (2)

Distance(P
i+1

(x), α) < Distance(P
i
(x), α),

∀ i > 0, P
i
(x) 6= α (3)

where α is an id owned by the root of the tree, x is any valid node
id, and Distance(x,α) is the logical distance between id x and
the root α, which is essentially the level of id x in the tree.

The above three conditions guarantee that all nodes using P (x) will
converge to the root in a finite number of steps, and we prove it in
the following theorems.

Theorem 1. If a function P (x) satisfies the above conditions,
there is a directed path from all nodes to the node that owns the id

α, which is the root.

PROOF. Theorem 1 is a direct consequence of Condition (2).
Given an arbitrary node x, we know that there is a path from x to
P

i
(x), ∀ i > 0. Since P

∞
(x) = α, there must be a path from x

to α.

Theorem 2. If a function P (x) satisfies the above conditions,
all nodes will converge to the root node in a finite number of steps
in a finite network.

PROOF. From Condition (3), we know that a node that owns
P

i
(x) (∀ i > 0) is closer to the root α than its child x in terms

of distance defined in the parent function. Since there are a finite
number of nodes, a node will converge to the root in a finite number
of steps, if there is no loop (either back to itself or to a node that is
even further away from the parent). We prove that it is impossible
to have a loop by contradiction. Without loss of generality, suppose
there is a loop in which P

k
(x) = x (k > 0, x 6= α). It implies

that Distance(P
k
(x), α) = Distance(x, α). This contradicts

Condition (3).

Note that the namespace of a DHT is much larger than the nor-
mal network size. For example, Chord [10] uses a 160-bit names-
pace, which can theoretically hold up to 2

160 nodes. In the widely-
deployed P2P network Gnutella, only about 40, 000 peers were ob-
served at a time and 1.2M nodes over an 8-day period [13]. There-
fore, a node in a DHT is usually responsible for a range of ids, in-
stead of its own id only. Like in Chord [10] and many other DHTs,
we assume a node is responsible for the ids or keys between its
predecessor (exclusively) and itself (inclusively), and the node is
called the id’s successor or owner. Accordingly, we do not re-
quire that a node with an exact id of P (x) exists. Instead, as long as
a node is currently responsible for id P (x) according to the under-
lying DHT, the node represents the id P (x). This rule also applies
to the root α such that any node that is currently responsible for id

α is the root, but usually the root of a tree is the node that initial-
izes this tree and should be alive through the aggregation/broadcast
process.
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2.3 Tree Construction Protocol
With a parent function P (x), we can construct an aggregation/broad-
cast tree by having each node determine its parent node. The tree
construction protocol describes how a node joins an existing tree as
follows, illustrated in Figure 1.

1. When a new node, say x, joins the P2P network, as most P2P
networks assume, node x should already know some node
in the network from which it can set up its state. It is also
from the introducing node that node x learns about the parent
function, P (x), usually parameterized by the root id α.

2. After node x joins the P2P network, it learns the id range that
it is responsible for. If α is within this range, node x knows
that it has become the new root of the tree. The former root
also knows this since node x is its immediate neighbor, and
neighbor set maintenance in all current DHTs guarantees that
the former root knows the joining of node x. The former root
will take actions according to the tree maintenance protocol
in Section 2.4.

3. If node x is not the new root, it must find its parent node using
P (x). If P (x) falls into its own id range, P

2
(x) is computed

and checked if it is still in its own id range. This continues
until P

i
(x) is found not in its range. This is guaranteed to

end and a P
i
(x)(i > 0) will be found in a finite number of

steps by Theorem 2.

4. Node x then performs a lookup for the P
i
(x). The lookup

resulting node, say node y, will become x’s parent in the tree.

5. After finding node y, node x sends a message containing
P

i
(x) to y to register itself as y’s child.

6. After receiving x’s register message, node y will add node x

to its list of child nodes together with the received P
i
(x). If

node y already has too many children to handle, it will use
some admission control to redirect node x to other nodes, as
described in the tree maintenance protocol in Section 2.4.

Note that in step 3, a node x can usually find its parent by com-
puting P (x), but due to the sparsity of the P2P network compared
with its namespace, it is possible that P (x) is covered in its own
id range. In such a case, node x needs to compute P

i
(x)(i > 0)

where i is the minimum number of times that P has to be applied
to x so that P

i
(x) maps to a node other than x itself. It can always

find its parent in this way unless it is the root. A node can easily
figure out whether it is the root by checking if the root id is covered
in its id range.

A remaining problem is how to set up the first tree in a DHT, be-
cause we need to inform all nodes of the parent function and its
parameters first. We choose to build and maintain a default tree
with a default parent function P (x) at a default root id α when
the P2P network is initialized. We can also depend on either appli-
cations or some out-of-band methods to flood the parent function
when we want to construct a tree.

2.4 Tree Maintenance Protocol
We need to maintain an aggregation/broadcast tree carefully in the
P2P environment where nodes join and leave dynamically, because
a single node failure may cause the subtree rooted at the failed node
to lose connection with the other parts of the tree. Therefore, it is
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Figure 1: The node joining procedure. The circle represents the
namespace, α is the root id, and the arrows show the directed
edges of the tree from a child to its parent. In this figure, node
y is node x’s parent in terms of P (x). Node z is y’s parent in
terms of P (y).

crucial to maintain a robust tree that can recover quickly from node
failures. The key idea is to let each node maintain its link to its
parent node independently based on the parent function. Although
the parent function gives rise to multiple interior-node-disjoint tree
(as will be described in Section 3), here we focus on the robustness
of a single tree, since this can be easily extended to a variety of
multiple-tree maintenance protocol. The tree maintenance protocol
is as follows.

1. After a node x joins the tree, i.e., registers at its parent node,
it is henceforth x’s responsibility to contact its parent node y

periodically to refresh its status reliably as a child node. The
frequency of the refreshment depends on many factors, such
as node failure rate and the requirement of applications. If y

fails to hear from x after a specified expiry duration, x will
be deleted from y’s children list.

2. If node y decides to leave the network, it can notify its chil-
dren and its parent. To do this, y notifies the children and tells
them about its successor which should be their new parent. y

will also inform its parent, and its parent will simply delete
y from its children list. If y leaves without notification, it is
considered as node failure.

3. If node y fails, its child x will detect node y’s failure when it
tries to refresh its status with y. Then x will perform another
joining procedure to find its new parent.

4. Node y will discover that it is no longer responsible for the
id P

i
(x) when a new node, say z, happens to join between

P
i
(x) and y, and takes over P

i
(x). In such a case, y will

inform x that it is no longer its parent in terms of P
i
(x) and

to its best knowledge, z should be its new parent. After re-
ceiving y’s message, x will contact z. Based on the received
P

i
(x), z may either add x to its children list, or tell x that to

its best knowledge, another node z
′ should be x’s new par-

ent, if it knows that z
′ is between P

i
(x) and z. This recur-

sive procedure continues until a proper new parent is found.
Figure 2 shows an example.

5. Node x may notice that it should change the parent. This
happens when x’s current parent is found in terms of P

i
(x)

(∀ i > 1), which implies that P
j
(x), j = 0, 1, ..., i − 1 are

covered in x’s id range. If x notices that a new node has
joined as its neighbor and is responsible for P

k
(x)(0 < k <
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i), x will switch to the new node and simply stop refreshing
its status with its former parent. Figure 3 shows an example.

6. If the current root node finds that a new node has joined as
its neighbor and it happens to cover the root id, the old root
knows that the new node will take over the root responsibil-
ity, so it will find its parent using the parent function.

7. If a parent node is overloaded because it has too many chil-
dren, or cannot handle all children due to capability changes,
it will ask some children to switch to other nodes. The way
for the children to find other parents can be based on the par-
ent function, and we will discuss it in detail in Section 3.2.
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Figure 2: The first case of parent change due to node joining.
Node y is node x’s current parent in terms of P (x). Node z

is a new node which joins and covers P (x). Thus z should be
x’s new parent. y can easily discover this by observing that z

becomes its neighbor.
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Figure 3: The second case of parent change due to node joining.
x’s current parent is y, in terms of P

2
(x), because there are no

nodes between x and P (x). Later, z joins and takes over P (x)

and thus should be x’s new parent. x can easily discover this
by observing that z becomes its neighbor.

2.5 Discussion
As mentioned before, we maintain a default tree on DHTs. We
treat it as a light-weight aggregation/broadcast infrastructure, and
as a base to construct other special trees, such as trees for media
streaming. To keep it simple, we do not consider factors such as
bandwidth or proximity in the default tree. Since the refreshing
message is small, we can use it to aggregate and broadcast some
general network information. For example, we can piggyback the
size of the subtree in refreshing messages, so that the root will ob-
tain the size of all its subtrees and learn the network size. Then the
root can piggyback the network size in the acknowledgments to its
children, so that eventually each node will learn the network size.
Other types of aggregate information can also be collected cheaply
in similar ways.

There are several advantages of our algorithm over previous tree
construction and maintenance schemes. First, our parent-function-
based tree is constructed and maintained in a distributed bottom-up
way. A parent only needs to passively maintain a list of children
without any active detection of their status. Each node is responsi-
ble for contacting only one node, i.e., its parent. Therefore, the tree
maintenance cost is evenly distributed to each node.

Second, a node’s parent is determined by the parent function and
node distribution in the namespace, so each node can find its par-
ent independently. Unlike some previous tree-based broadcast and
multicast systems where tree repair requires coordination of the
root or multiple nodes, our tree can be repaired simultaneously by
each node that detects the failure of its parent. Therefore our tree
can be repaired easily and efficiently in case of node failure.

Third, parent changes can be detected and completed easily. As
explained in Section 2.4, there are two cases when a node should
change its parent. Both cases can be detected by a child or a par-
ent by simply observing its neighbor change, as shown in Figure 2
and 3. The first case happens when a new node joins near the par-
ent node. Suppose that a child x registers at its parent y in terms of
P

i
(x). Later, a new node may join at y’s neighborhood and take

over P
i
(x). It is definitely inefficient to have each node keep de-

tecting whether its corresponding P
i
(x) is now covered by another

node. Instead, notice that in this case the parent change is triggered
by neighbor change near the parent node, and neighbor mainte-
nance already exists in most DHTs. Suppose that y is responsible
for an id range (y0, y]. If y observes that some nodes have joined
between its predecessor y0 and itself, it checks whether the new
nodes are between P

i
(x) and y. If so, it knows that its child x

should switch to a new node. This detection costs nothing since
in all DHTs each node actively maintains its successor and pre-
decessor. y then notifies x about this change. Note that there may
be multiple nodes joining the network simultaneously, so y may not
know which new node takes over P

i
(x) and the responsibility rests

on x itself to disambiguate and find out its new parent. The second
case happens when a new node joins near the child. Suppose x’s
current parent is found in terms of P

i
(x)(i > 1), which implies

that P
j
(x), (0 < j < i) are covered in x’s own range. Later, if

x notices that a new node joins at its neighborhood and takes over
P

k
(x)(0 < k < i), x knows that it should switch to the new node.

Therefore, tree maintenance cost on parent changes is very low.

2.6 Accuracy Analysis
A general aggregation operation consists of two steps. First, an ag-
gregation request is broadcast to all nodes from the root. Second,
all nodes aggregate data of their own subtrees and forward to their
parents. Although tree maintenance protocol tries to recover from
node failures and maintain a robust tree, in an extremely transient
environment where a significant fraction of the nodes can be down
within a short period of time, it is very likely that nodes fail dur-
ing the broadcast and aggregation procedure. Node failures affect
the accuracy in two ways– a node can either fail before forwarding
the aggregation request to its children or before forwarding the ag-
gregated result of its subtree to its parent. In both cases, without
any recovery mechanism, the final result received by the root will
be missing information from the lost subtree. Below we consider
the effect of one type of recovery mechanism, namely refreshing,
on the conditional probability that the aggregation result is correct,
given that aggregation did occur.

We assume that the refreshing/probing is done with respect to a uni-
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form distribution with parameter Cr, so the probability distribution
function (PDF) is constant at 1/Cr from time 0 to time Cr; the life-
time of any node follows an exponential distribution with parameter
λl; the aggregation time follows a Poisson distribution with param-
eter λa. Let R, L, and A denote the random variables (r.v.) that
describe the refreshing time, the lifetime and the aggregation time,
respectively. For simplicity, we assume that the aggregation occurs
at the expected time, λa, and that all the different characteristics of
different nodes are independent, unless stated otherwise.

We consider the conditional probability that the aggregation result
is correct from a single node’s perspective, i.e. its parent has re-
ceived its aggregation result.

All the probabilities we talk about below are conditioned by the
fact that the aggregation occurred at exactly time λa. By the total
probability theorem, we can split this into different (sub)cases.

1. Case 1: Parent does not fail within time 0 to time λa. Condi-
tioned further on this, the probability of aggregating correctly
for a node is 1. The probability of this case is
P[L > A|A = λa] = 1 −

R

λa

0
λle

−λlldl = e
−λlλa .

2. Case 2: Parent does fail sometime in between time 0 to time
λa. The probability that the parent fails sometime in between
time 0 to time λa is P[L ≤ A|A = λa] = 1−e

−λlλa . There
are two subcases to consider, whether the sequence of events
is: failure, refresh, aggregation (Case 2-1), or refresh, failure,
aggregation (Case 2-2). In the latter case the result would be
incorrect, so we do not need to calculate it. In the former
case, we make another simplification: the refresh always has
enough time to complete before the aggregation (so refresh is
instantaneous). This can be further divided into two worlds.

(a) Case A: λa ≤ Cr.

In essence the probability we are dealing with now is
P[Aggregation correct for a node|A = λa, L ≤ A]

= P[L ≤ R|L, R ≤ λa ≤ Cr]

= P[L − R ≤ 0|L, R ≤ λa ≤ Cr]

(again, L, R denotes the lifetime and the refreshing-
time r.v.s respectively). Let W denote the random vari-
able L−R. We get the following as the PDF of W after
doing the convolution fW =

R

l
dlfL(l)fR(l − w):

fW =

8

>

>

<

>

>

:

0 if w ≥ λa
R

λa−w

l=0

1

λa
λle

−λlldl if 0 ≤ w ≤ λa
R

λa

l=−w

1

λa
λle

−λlldl if −λa ≤ w ≤ 0

0 if w ≤ −λa

This evaluates to

fW =

8

>

>

<

>

>

:

0 if w ≥ λa

1

λa
[1 − e

−λl(λa−w)
] if 0 ≤ w ≤ λa

1

λa
[e

λlw
− e

−λlλa ] if −λa ≤ w ≤ 0

0 if w ≤ −λa

Therefore,

P[L − R ≤ 0|L, R ≤ λa ≤ Cr]

=

Z

0

w=−λa

1

λa

[e
λlw

− e
−λlλa

]

=
1

λa

[1/λl − (1/λl + λa)e
−λlλa

].

(b) Case B: λa > Cr.
Here, we are after the same probability
P[Aggregation correct for a node|A = λa, L ≤ A],
which in this case simplifies to
P[L − R ≤ 0|L, R ≤ λa, λa ≥ Cr]. Again, we carry
out the convolution, and get:

P[L − R ≤ 0|L, R ≤ λa, λa ≥ Cr]

=
1

Cr

[1/λl − (1/λl)e
−λlCr

− Cre
−λlλa

].

We can now calculate the probability of the aggregation be-
ing correct from a single node’s perspective, applying inde-
pendence:

P[Aggregation. is correct for a node|Aggregation. occurred at λa]

:= P[correct|A = λa]

= P[correct|A = λa, L > A] · P[L > A|A = λa]

+ P[correct|A = λa, L ≤ A] · P[L ≤ A|A = λa]

= 1 · e
−λlλa

+ P[correct|A = λa, L ≤ A] · (1 − e
−λlλa

)

At this point, depending on whether we are in case A (λa ≤

Cr) or case B (λa > Cr), the result is going to be different.
Recall that we are fixing A = λa, so we are either in case A
or case B, and there is no probability distribution over it.

In case A (λa ≤ Cr) we have:

PA := P[correct|A = λa]

= 1 · e
−λlλa

+ 1 ·

1

λa

[1/λl − (1/λl + λa)e
−λlλa

]

=
1

λaλl

[1 − e
−λaλl ],

and in case B (λa > Cr) we have:

PB := P[correct|A = λa] =
1

Crλl

[1 − e
−Crλl ].

For instance, when Cr = 10, λa = 20, and λl = 0.1, then according
to PB , the probability of aggregation being correct from a single
node’s perspective is 63.2%. More examples are summarized in
Table 1.

3. PARENT FUNCTION
Protocols in Section 2 help to construct and maintain a tree in a P2P
network, but they do not determine the shape of a tree and other
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Setting Probability

Cr λa λl PA PB

20 10 0.001 99.5% N/A

20 10 0.005 97.5% N/A

20 10 0.01 95.2% N/A

20 10 0.02 90.6% N/A

20 10 0.03 86.4% N/A

20 10 0.04 82.4% N/A

10 20 0.05 N/A 78.7%

10 20 0.06 N/A 75.2%

10 20 0.07 N/A 71.9%

10 20 0.08 N/A 68.8%

10 20 0.09 N/A 65.9%

10 20 0.1 N/A 63.2%

Table 1: The probability of aggregation being correct from a
single node’s perspective under different settings. Note that λl

is the inverse of the average node life time.

properties: those properties are determined by the parent function.
Parent functions play a central role in the properties of an aggre-
gation/broadcast tree. In this section, we discuss the desirable fea-
tures that a parent function should have. Then we present a sample
parent function family, show that it satisfies our definition (i.e. sat-
isfies the three required conditions mentioned in Section 2.2), and
analyze its properties.

3.1 Desirable Features
Parent function determines the properties of the constructed tree.
Therefore, we believe that, due to the scale and dynamics of DHTs,
a good parent function should have the following features to be effi-
cient and flexible, besides the three required conditions mentioned
in Section 2.2.

First, for the purpose of load balancing, it should guarantee that
each parent node has approximately the same number of children,
given that nodes are uniformly distributed in the namespace. This
helps to build a balanced tree.

Second, it should guarantee that node joining and leaving will not
greatly affect the structure of an established tree. We can identify
that two features of a P2P network make it hard to stabilize a tree.
One is that, it may sound appealing to have nodes at each level
of a tree be evenly distributed in the namespace. However, a DHT
network size is much smaller than its namespace, so it is very likely
that an id of P (x) will map to the node that follows P (x). A
well-intended parent function that makes nodes at each level of a
tree evenly distributed will inevitably lead to chaos in a real tree
due to the sparsity of the namespace. Therefore, a good parent
function should guarantee an approximately balanced tree structure
under this circumstance. The other feature that makes maintaining
a stable tree difficult is that a node may change its parent node due
to nodes joining and leaving. For example, suppose a node x with
a large subtree attaches to a parent node at a high level y. Then a
new node z joins and x should switch from y to z according to the
parent function. If z is a leaf node in a low level, then the resulting
tree is very unbalanced.

Third, a parent function should have good support for branch bal-
ancing in a dynamic environment. Although statistically a good
parent function can balance the number of children each node has,
it is unavoidable that some nodes may be assigned too many chil-
dren to handle due to the dynamics of P2P networks and variance
in node distribution. There are two aspects of branch balancing:
admission control and dynamic adaptation. In admission control,
a parent decides whether to accept a child when the child tries to
register. Admission control is not enough since a parent’s condition
may change such that it can no longer handle all children, and in
such a case, a dynamic adaptation is needed. In both cases, the key
problem is how the refused or abandoned children find their new
parents. If a node’s current parent is overloaded and it has multiple
parent candidates, it can switch to another parent.

3.2 A Sample Parent Function
There are many functions that satisfy Conditions (1) to (3) in Sec-
tion 2.2. The following is an example adopted in this work1:

Ps(x) =

8

>

>

>

>

<

>

>

>

>

:

α +

j

(x−α) (mod m)

k

k

(mod m),

for 0 ≤ (x − α) (mod m) <
m

2

α −

j

m−(x−α) (mod m)

k

k

(mod m),

for m

2
≤ (x − α) (mod m) < m

where x is the id of the present node, α is the root id, k is a pa-
rameter that determines the branching factor of a tree, and m = 2

s,
where s is the number of bits for the address space.

As shown in Figure 4, a tree resulting from this function is rooted
at a node that owns the id α. The expected branching factor of a
spanning tree constructed with this function is approximately k if
the nodes are uniformly distributed in the namespace (except for
the root). The expected height is O(log

k
n), where n is the size of

the network. Before proving these properties in theorems 4 and 5
respectively, we first show that Ps(x) is indeed a parent function,
as per definition 1.

PSfrag replacements

0

α

α +
m

2

m

2

increasing

id

Figure 4: Aggregation pattern of the sample parent function.
The circle represents the namespace, α is the root id, m is the
size of the namespace, and the arrows show the directed edges
of the tree from a child to its parent.

Theorem 3. Ps(x) is a parent function.

PROOF. This follows from lemmas 1, 2, and 3.

1Note that the modulo operation on negative numbers in Ps(x) is
defined as follows: a mod b = b − (−a) mod b, if − b < a < 0.
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Lemma 1. Ps(x) satisfies the first condition of definition 1, i.e.
Ps(α) = α.

PROOF. Direct substitution yields the desired result.

Lemma 2. Ps(x) satisfies the second condition of definition 1,
i.e. P

∞
s (x) = α, ∀ x.

PROOF. The essence of this parent function is that after each
iteration, the distance between the root and the current id Ps(x) is
reduced by branching factor k. To make it simple, we make the
following substitution.

Let di be the distance between the current id and the root α after i

iterations. We can convert the parent function as follows.

1. When 0 ≤ (x − α) (mod m) <
m

2
, we have:

d0 = (x − α) (mod m);

di+1 =
di

k
;

⇒ P
i

s(x) = (α + di) (mod m);

It is easy to see that di =
d0

ki . When i → ∞, di → 0, and
thus P

i

s(x) → α.

2. Similarly, when m

2
≤ (x − α) (mod m) < m, we have:

d0 = (m − (x − α)) (mod m);

di+1 =
di

k
;

⇒ P
i

s (x) = (α − di) (mod m);

It is easy to see that di =
d0

ki . When i → ∞, di → 0, and
thus P

i

s(x) → α.

Thus P
i

s(x) → α in both cases.

Lemma 3. Ps(x) satisfies the third condition of definition 1,
i.e. Distance(P

i+1

s (x), α) < Distance(P
i

s(x), α), ∀ i > 0,

where Distance(x, α) =



(x − α) (mod m), for 0 ≤ (x − α) (mod m) <
m

2

m − (x − α) (mod m), for m

2
≤ (x − α) (mod m) < m

PROOF. In the proof of property 2, it is easy to see that di+1 <

di in both cases, and therefore we have

Distance(P
i+1

s (x), α) < Distance(P
i

s(x), α), ∀ i > 0.

Therefore Ps(x) is indeed a parent function. We now move on to
discuss the expected branching factor and the expected height of a
tree constructed using Ps(x).

Theorem 4. If the node distribution in the namespace is uni-
form, then k is the expected branching factor of the tree constructed
with Ps(x) (with the exception being the root who has 2k − 2 chil-
dren).

PROOF. Suppose there are a total of n nodes in the namespace
with namespace size m. Since nodes are evenly distributed in the
namespace, on average each node takes charge of m

n
fraction of

the id space, i.e. node x will take charge of (x −
m

n
, x], and

together with its following k − 1 successors, they cover an id

range of (x −
m

n
, x + (k − 1)

m

n
]. Without loss of generality, sup-

pose that for any id, y, in this range it satisfies the property that
0 ≤ (y − α)(mod m) <

m

2
. Then, based on the parent function,

the parent(s) of this combined id range will be (α +
x− m

n
−α

k
, α +

x+(k+1)
m

n
−α

k
], which covers exactly m

n
fraction of the id space,

the same as the average id range of a node. Therefore, the k nodes
within (x −

m

n
, x + (k − 1)

m

n
] will map to a single parent. In the

case of the root node, since nodes converge both in the clockwise
and counterclockwise directions (recall we assume that namespaces
are circular), it has 2k − 2 children. Therefore, we conclude that
given a uniform node distribution in the namespace, each non-leaf
node will have k children whereas the root will have 2k−2 children
with high probability.

Theorem 5. If the node distribution in the namespace is uni-
form, then O(log

k
n) is the expected height of a tree constructed

with Ps(x), where n is the size of the network.

PROOF. With the previous property, we know that each non-leaf
node has about k children except that the root has 2k − 2 children.
Suppose that there are a total of n nodes. For a tree with height h,
it must satisfy the following two inequalities:

n ≤ 1 + 2k − 2 + 2(k − 1)k + · · · + 2(k − 1)k
h−1

= 1 + 2(k
h
− 1)

⇒ h ≥ log
k

n + 1

2

n > 1 + 2k − 2 + 2(k − 1)k + · · · + 2(k − 1)k
h−2

= 1 + 2(k
h−1

− 1)

⇒ h < log
k

n + 1

2
+ 1

Combining the two inequalities, we get h = dlog
k

n+1

2
e. There-

fore, given that nodes are uniformly distributed in the namespace,
the height of a tree with size n is O(log

k
n).

With the above theorems, we now briefly discuss how our sample
parent function Ps(x) satisfies the three desirable features we dis-
cussed in Section 3.1.

First, our parent function builds a balanced tree. According to
Theorem 4, each non-leaf node has on average k children except
the root. The root has 2k − 2 children because children from
both sides converge to it, as shown in Figure 4 (Node x for which
(x − α) (mod m) ∈ [0,

m

2
) converges counterclockwise to the

root, while node x for which (x − α) (mod m) ∈ [
m

2
, m) con-

verges clockwise.).

ACM SIGCOMM Computer Communications Review Volume 35, Number 1: January 200587



Second, the tree constructed from our parent function is resilient to
node joining and leaving, because, according to the proof of Theo-
rem 4, neighboring nodes are at the same level or the adjacent lev-
els in the tree, and such parent changes will usually move children
from a node to another node at the same or an adjacent level of the
tree. On the other hand, if a parent function maps nodes’ parents
evenly in the namespace, its tree will tend to be unbalanced.

Third, our parent function does not provide natural support for
branch balancing, but can be easily enhanced as follows. In case of
overloading, the parent will ask some of the farthest children in the
namespace to move. An alternative parent candidate will be found
by moving stepwise one neighbor of the parent away from the root,
repeatedly until an underloaded node is found. This is guaranteed
to terminate because a leaf node will eventually be found in the
worst case. After a certain time, the moved children will recom-
pute the parent function, and move back to their normal parents. A
nice property of our parent function for branch balancing is that this
has little impact on the height of the tree, because nodes near each
other are in the same level or adjacent levels of the tree and thus
those temporary parents are probably in the same level as the orig-
inal parent. As a result, the convergence time will not be affected
significantly, and the root will not receive redundant information
from different aggregation paths.

3.3 Overcoming Single Points of Failure
A common problem of using trees aggregation and broadcast is
that trees inherently present single points of failure. The bottom-
up approach will experience periodic glitches in a highly dynamic
network.

To address this problem and improve the robustness, we can build
multiple trees, and compute the same aggregation/broadcast over
them. By distributing the ids of these trees over the namespace
uniformly and adopting some quorum system or by averaging over
the estimates obtained from several trees, we can further improve
the robustness of the aggregation/broadcast.

Parent functions provide a convenient way to build multiple interior-
node-disjoint trees. The key is to adjust parameters in a parent
function, so that we can get a family of similar parent functions.
Trees constructed using that family of parent functions do not over-
lap in their interior nodes. Here we show that our sample par-
ent function can easily be used to construct disjoint trees as fol-
lows. If a tree is rooted at id 0, then according to the parent func-
tion, its non-leaf nodes will be mostly in [0, m

2·k
] and [m −

m

2·k
,

m − 1], which is a range of length m

k
in the namespace. Nodes

in the other areas are all leaf nodes. Generally, under this par-
ent function, non-leaf nodes in a tree rooted at α are mostly in
[α −

m

2·k
(mod m), α +

m

2·k
(mod m)], and all other nodes are leaf

nodes. Therefore, if we choose k similar parent functions and the
distance between two neighboring roots is m

k
, we can construct k

interior-node-disjoint trees, because paths from any two roots to a
node in the two trees are disjoint. In this way, we can greatly in-
crease the tolerance of node failures and guarantee that with high
probability every node will receive the message at least once.

4. PRACTICAL IMPLEMENTATION
The construction and maintenance protocols and the parent func-
tion help us build a robust tree as a default aggregation/broadcast
mechanism. In practice there are several other issues, which are
addressed in this section.

4.1 Two Operation Modes
As we mentioned before, the tree maintenance messages, i.e., the
refreshment and acknowledgment messages, can be used for some
light-weighted information aggregation and broadcast. For exam-
ple, we can compute network size in this way, since it adds little
to bandwidth consumption. This is an aggregation/broadcast in the
background, which we call the default mode.

However, a node may need to perform a special aggregation and/or
broadcast that is useful only for the node itself, for example, search-
ing for files whose names contain certain key words. We call this
the on-demand mode. The on-demand mode of aggregation con-
sists of the following:

1. When a node wants to perform an aggregation using the tree,
it sends a request to the root.

2. Upon receiving a request, the root broadcasts it to its imme-
diate children in the tree, which in turn forward the request
to their children.

3. When a leaf node receives the request, it performs the corre-
sponding aggregate operation, and sends back the result with
a timestamp to its parent. If the child does not receive an ac-
knowledgment from its parent within a certain time interval,
it determines its new parent and sends the results. Note that
it takes some time to find the new parent.

4. A parent node waits for results from all its children. If it does
not hear from a child after an expiry time, it will delete this
child and not wait for its data. After receiving data from all
children, the parent node performs the aggregate operation,
attaches a timestamp, and forwards the aggregate result to its
parent.

5. If a node receives data from a new child after having sent its
aggregate result, it will compute and forward the new result
to its parent.

6. If a node receives data from a child several times, but with
different timestamps, it will compute the latest result and for-
ward it to its parent.

7. After the root receives results from all children, it will wait
for an additional amount of time that is long enough to allow
information delayed by parent failures to reach the root. In
our implementation, the time equals the height of the tree
times the average round trip time. Then the root processes
all collected data and computes the final aggregation result.
Finally, it sends the result to the request node.

4.2 Constructing Additional Trees
In a practical system, we may want the capability to set up trees
rooted at arbitrary node ids to distribute the load of a root and to
provide robustness. Depending on specific applications, we can ei-
ther rely on the application to disseminate or embed the root iden-
tifier, or have one permanent tree rooted at a pre-determined well-
known id α0, as described in Section 2.3. We focus on the second
case. In this case, if a node, say x, wants to construct a new tree
rooted at itself, it will send a message to the root of the default tree,
specifying the parent function with the root id as its own id. The
message will then be broadcast down the default tree. All nodes
will eventually receive this message, and participate in the new tree
rooted at x.
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When a new node joins the network, it will get a list of all existing
trees from its parent node. Nodes also periodically exchange infor-
mation on the existing trees. In this way, all nodes will eventually
discover and participate in all existing trees.

When the root node of a tree wishes to tear down its tree, it will
simply broadcast a message to tell all nodes that the tree should
be torn down. If a node does not receive the tear-down message
due to its parent failure, it will still get it when it detects the parent
failure and switches to a new parent which has already received the
message. Therefore, the message is guaranteed to reach all nodes
eventually. If a root fails without notification, subsequent messages
will end up at a succeeding node which discovers that it has become
the root of a tree that it did not set up. It can decide either to keep
the tree or to broadcast a message to tear it down.

5. PERFORMANCE EVALUATION
In this section, we evaluate the performance of our bottom-up tree-
building algorithm using the parent function in Section 3.2. As an
example of usage, we evaluate the estimation of available network
storage under the default mode, and the estimation of network size
under the on-demand mode.

5.1 Simulation Setup
Our experiments are divided into discrete time periods. In each pe-
riod, a number of nodes join the network according to a Poisson
distribution with parameter λj . At the point when a node joins, its
departure time is set according to an exponential distribution with
parameter λl, and nodes are removed from the network when their
lifespans expire. In the default mode, each node sends a refresh-
ment message that contains the aggregate information to its parent
in each period. In the on-demand mode, a node refreshes its status
under a uniform distribution with parameter Cr , and the aggrega-
tion time follows a Poisson distribution with parameter λa. In all
experiments, we use the parent function in Section 3.2. The root id

α is set to 0, and k is 4.

Our simulations were written in Java. The experiments were run
on single-processor Intel P4-2.2GHz machine with 1GByte RAM
running Linux with Java TM 2 Runtime Environment version 1.4.2.

5.2 Tree Properties
In the first experiment, we evaluated the overhead of our tree con-
struction and maintenance algorithm in terms of network traffic by
counting the number of messages sent in the tree construction pro-
cess. In this experiment, the node failure rate is approximately λl

= 10% per time period, and about 10% new nodes join the network
too. This keeps the network size roughly stable. During each pe-
riod, each node refreshes its status with its parent once. The com-
munication cost in terms of messages sent as a function of network
size is shown in Figure 5.

The total number of messages in each period is at least twice the
network size, because each node sends a refreshment message to
its parent and receives an acknowledgment (except for the root).
Note that refreshment messages can also be used to aggregate and
broadcast information in the default mode. Additional messages
are needed for new nodes to join, to repair the tree in case of
nodes failures, and for overloaded nodes to do branch-balancing.
Figure 5 shows that the number of additional overhead messages
(including tree-repair messages, branch-balancing messages, and
node-joining messages) is small, compared with the total number
of messages.
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Figure 5: Communication overhead for tree construction.

An important property is the number of branches or children at non-
leaf nodes, as it reflects the overhead of a parent node. Ideally, we
would like all the intermediate nodes to have approximately the
same number of children.

In the simulation, we define an overloaded node as having more
than 2k, i.e. 8 children. We use the branch balancing algorithm
discussed in Section 3.2, which moves additional children to its
neighbor towards the leaf side. We find that, without branch bal-
ancing, there are 3% of overloaded nodes in each period, and the
overloading lasts about 3 periods on average. Overloading is auto-
matically resolved when children leave or new nodes join to take
over some children from the current parent. The branch balancing
procedure usually propagates within 2 neighbors. Figures 6 shows
the relationship between network size and branch. We can see that
without branch balancing, an overloaded node can take as many as
48 children in a network with about 12800 nodes, and with branch
balancing, the maximum branch is only 8, which is the upbound of
the number of children a node can have.

The height of the resulting tree affects the performance since it de-
termines the time it takes for the information to propagate from leaf
nodes to the root. Figure 7 shows the average tree heights with or
without branch balancing under different network sizes. We can
see that our branch balancing scheme does not increase the height
of the tree, even though the branch balancing affects the tree struc-
ture since it does not obey the parent function.

5.3 Network Storage Estimation
As an example of usage, we use our bottom-up tree to estimate the
evolution of available network storage in the default mode, which
aggregates continuously. We estimate network size in a similar
way.

Figure 8 shows the evolution of the network storage estimate and
the network size estimate at the root of the tree with a node failure
rate of λl = 5% per time period. The storage on each node keeps
changing according to an approximately Gaussian distribution with
a mean of 50MB and a standard deviation of 20MB. The simulation
consists of three stages: increasing, stable, and decreasing. From
Figure 8, we can see that the average estimation is very close to the
true value. Specifically, in the increasing stage, the estimates tend
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to be smaller than the actual network storage because there is a lag
between the estimate and the actual value. Similarly, during the de-
creasing stage, the estimates are usually higher than the actual stor-
age size. The spikes are caused by the failure of intermediate nodes
high up in the tree, leading to temporary losses or duplicates in the
storage information. The results demonstrate that our algorithm is
responsive to network storage changes, and recovers rapidly from
such failures.

5.4 On Demand Estimation
We also evaluate the accuracy of on-demand estimation in the sim-
ulation. In this setting, λl = 0.05, λa = 50, Cr = 10. Based on
the analysis in Section 2.6, we know that with 78.7% probability, a
node can send the aggregate result successfully and timely even in
case of parent node failure. The average estimation over 20 trials
is plotted. We set up an initial network of 10000 nodes. During
the aggregation, a certain fraction of nodes fail. Figure 9 shows the
simulation results under various node failure rates. Before Aggre-
gation refers to the actual network size before aggregation, and Af-
ter Aggregation refers to the actual network size after aggregation.
Since it takes some time for an aggregation procedure to complete,
we consider that an estimated value is correct if it is between the
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Figure 8: Network storage and network size estimation. The
solid curve at the top shows the evolution of the actual network
storage, and the dashed curve with spikes at the top shows the
estimation of network storage. The dashed line at the bottom
shows the evolution of network size, and the dotted line with
spikes at the bottom shows the estimation of network size.

original network size and the network size at the end of aggrega-
tion. From Figure 9 we can see that in most cases the estimation
is within the correct range. When node failure rate reaches 15%,
some estimates start falling out of the range.
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6. RELATED WORK
There is a large body of literature in the area of broadcast. In
general, existing schemes can be categorized as flooding-based ap-
proaches ([14, 15]) and top-down spanning-tree approaches ([16,
17]). A major drawback of the former is to generate redundant
traffic, while a major drawback of the latter is that when nodes fail
in the middle of the hierarchy, large sections of the original span-
ning tree will lose contact with the root, and reconstruction of the
subtrees requires significant efforts. In contrast, we try to solve
the problem under a more dynamic environment, and our bottom-
up approach not only enables fast recovery from such failures, but
also provides an easy way to build multiple trees with disjoint paths
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so that all nodes can be reached with high probability.

Most of previous P2P multicast systems ([18, 19, 20, 16, 21]) are
tightly coupled with underlying P2P networks. For example, in
[16], El-Ansary et al. discussed how to use routing tables to con-
struct a broadcast tree, which can be viewed as a special case of
our scheme. The advantage of using routing table information is
that the child maintenance cost is saved by retrieving children from
the routing table, which is always kept updated by the underly-
ing P2P network. The disadvantage is that the tree structures are
constrained by the underlying P2P topologies and thus not flexible.
Compared with these systems in which it is hard for a node to adjust
the number of its children based on its capability, our bottom-up
tree scheme is independent of underlying overlay and its structure
is determined by the parent function, which is flexible in building
trees according to different requirements.

In [22], Bawa et al. proposed top-down flooding-based aggregation
schemes over unstructured P2P networks, which require a known
universal maximum delay and a known upper bound to the network
diameter. With the progress in structured P2P networks, we believe
that it is feasible to build and maintain a robust DHT infrastructure
at relatively low cost without those assumptions, and it is useful to
attempt to solve the aggregation problem over DHTs using a more
efficient and scalable approach.

Our bottom-up approach of using a function to map nodes onto par-
ent nodes is similar in spirit to the generalized scheme for build-
ing DHTs proposed by Naor and Wieder [23]. In their scheme,
functional mapping is used to build the general DHT infrastruc-
ture, while in our scheme we seek to build a specific tree structure
over underlying DHT infrastructure for aggregation and broadcast.
In [24], Zhang et al. built a data overlay using a top-down method,
while again, our scheme focuses on the aggregation/broadcast prob-
lem and is bottom-up.

In CoopNet ([25]), the root node coordinates all tree management
functions, including construction and maintenance. This central-
ized management makes tree maintenance easy. Trees are con-
structed incrementally, so the position of a node in the tree depends
on when it joins the tree. In our approach, each node can find its
position in the tree without asking any central point, and its posi-
tion is fixed by the parent function. We do not consider bandwidth,
since our intention is not for stream media, but for a general light-
weight aggregation infrastructure, whose bandwidth requirement is
very low.

With respect to dealing with single points of failure, our approach
is similar to Splitstream ([26]) in building multiple interior-node-
disjoint trees. Splitstream builds multiple interior-node-disjoint trees
over Pastry. Like most previous work on multicast over P2P net-
works, trees are built using the routing table entries, and thus the
properties and the robustness of the multicast tree relies on the un-
derlying DHT. In our approach, the tree is constructed based on
parent functions. Therefore, different applications can build trees
based on their requirements using different parent functions. An-
other advantage of our tree construction is that each node maintains
its own parent link and the tree can be repaired simultaneously. In
Splitstream, multiple disjoint trees are built based on the base of
the id space, while our approach is independent of any underlying
routing topology, and thus makes it easier to construct and control
the number of trees by simply changing the root id and the branch
factor.

7. CONCLUSIONS AND FUTURE WORK
The aggregation/broadcast problem for P2P networks is compli-
cated by the scale and dynamics of such networks. We propose
to construct a robust tree over the P2P network. The reason for
separating the solution to aggregation/broadcast from the under-
lying network is that we concentrate on a general-purposed capa-
bility independent of, but needed in, different P2P systems. We
have presented a bottom-up approach by mapping from a continu-
ous function into the discrete id space. The major advantage is that
it has a relatively low overhead and is resilient to node failures. Our
scheme is also flexible in that parameters in the parent function can
be used to control the tree structure and characteristics such as the
height and the branch factor. We also presented the notion of parent
function families to aid in building multiple interior-node-disjoint
trees, which helps to solve the problem of single points of failure.

Parent functions play an important role in our bottom-up approach.
We have only thus far discussed several properties of a parent func-
tion that help to improve the tree performance. By adopting a dif-
ferent parent function, we may be able to improve some aspects
of the system, or at least tradeoff between various costs and ben-
efits, which makes our results more widely applicable since one
could conceivably define the cost and benefit function for a partic-
ular application and then find a parent function that maximizes the
benefit/cost ratio.
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