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Abstract

In recent years, a new generation of structured and de-
centralized P2P CDNs based on distributed hash tables
(DHTs) has emerged. Nowadays, DHT algorithms are a
powerful building block when designing distributed behav-
iors. However, sometimes DHTs are not flexible enough and
problems arise when an efficient lookup in the DHT struc-
ture itself -instead of in the stored data- is required.

Our motivation scenario is the resource discovery prob-
lem in a decentralized and distributed caching architecture,
deployed in a set of clusters built from cheap off-the-shelf
computers organized in a DHT overlay network. In this pa-
per we present the design of a resource discovery service
layered on the underlying DHT and based on the combi-
nation of (1) an spanning-tree built mapping DHT nodes to
their parents in a bottom-up fashion, and (2) a set of routing
indices which allow nodes to efficiently lookup other nodes
in the DHT overlay network, matching some resource con-
straints This service does not alter the underlying DHT be-
havior, it scales to large wide area systems and it tracks both
relatively static and frequently changing resources. Fur-
thermore, the results of the experiments conducted to evalu-
ate the good performance and scalability of the architecture
are also presented.

1. Introduction

Much recent work on building scalable peer-to-peer
(P2P) systems has focused on distributed hash tables
(DHTs). DHTs offer a number of advantages over previ-
ous P2P systems like Napster or Gnutella [3], however, its
lack of flexibility on efficient non key-based lookups is a
well-known problem. Some recent research has addressed
the problem [6, 13, 14, 23] suggesting new DHT algorithms
or improvements to previous ones in order to allow a wider
range of queries (e.g., keywords match, attribute ranges,
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etc.). Still, there is a functionality which can neither be ad-
dressed using a standard DHT, nor using a DHT extended
with a wider range of supported queries: the lookup in the
DHT structure itself, instead of the lookup in the data stored
in the DHT.

The main contribution of this paper is the design and
evaluation of a DHT resource discovery service based on
the combination of (1) a spanning-tree built mapping DHT
nodes to their parents in a bottom-up fashion, and (2) a set
of routing indices which allow nodes to efficiently lookup
other nodes in the DHT overlay network, matching some re-
source constraints. On the other hand, the main advantages
of our contribution are: (1) it does not alter the underlying
DHT behavior; (2) it does not rely on centralized indexes
nor on super-peers; (3) it scales to large wide area systems;
(4) it tracks both relatively static and frequently changing
node resources; (5) it supplies a complete query language
to express per-node resource constraints; and (6) it is flexi-
ble enough to adapt to a multi-level environment.

The rest of the paper is structured as follows. Section 2
states the problem, describing the system and its working
environment. Related work to tackle this problem is dis-
cussed in section 3. Then, our system data model, archi-
tecture and algorithms are presented in section 4. Section 5
shows some experimental results. Finally, in section 6, the
contributions of this paper are summarized.

2. System description

Consider a distributed architecture with n heterogeneous
nodes N = {n1, . . . , nn} organized in a DHT overlay net-
work. Suppose that R = {r1, . . . , rr} are the names of
different intra-node resources which combined define the
current state of node nj ∀nj ∈ N. So, ri ∈ R could denote,
for instance, the available node disk capacity, the available
node network transfer bandwidth, the total node workload
(CPU, size of pending work queue, etc.), the amount of free
memory space, the number of networking interfaces, etc.
The goal is to characterize the internal state of all DHT
nodes at any time in order to efficiently find a DHT node



matching some resource constraints. This can be a useful
infrastructure to, for example, schedule a given task in a
particular node.

Now, suppose that ri : nj −→ N ∀ri ∈ R, nj ∈ N

denotes a function which returns the current value of a re-
source ri on node nj . Note that, without loss of generality
and for the sake of simplicity, resource values are repre-
sented as (or can be transformed in) integers. Therefore, the
current state of node nj is modeled as a set of integer values
S(nj) = {r1(nj), r2(nj), . . . rr(nj)} ∀nj ∈ N.

Once the internal state of every DHT node is character-
ized as a set of resources, a scalable and simple resource
querying infrastructure is required. Three different types
of interesting queries have been identified: (1) aggregation
queries, where some node resources are aggregated. For ex-
ample, a query asking for the total free disk capacity of the
whole system; (2) filtering queries, where a node or set of
nodes verifying some filtering restriction over its resources
is looked for. Two interesting subtypes have been identi-
fied: (2.a) single-attribute range queries, where the restric-
tion is expressed as a single range condition. For example,
a query asking for a couple of nodes with at least one avail-
able unit of network transfer bandwidth, and (2.b) multi-
attribute range queries, which are a conjunction of the pre-
vious type of queries; and (3) selection queries, where a
node or set of nodes verifying some group property over its
resources is looked for. For example, a query asking for the
set of five nodes with the largest number of available units
of network transfer bandwidth. Note that selection and fil-
tering queries can be combined using logical operators.

This paper focuses on these types of queries, especially
on filtering queries, implementing disjunction of queries by
multiple distinct requests. Additionally, the proposed solu-
tion does not introduce special system constraints or modi-
fications to the underlying DHT behavior, and does not rely
on centralized indexes nor on super-peers.

Some important assumptions about the DHT environ-
ment have been made here. The nodes are connected in
a private wide area network, and their arrival, failure and
departure rates are under the normal limits in a controlled
environment (i.e., churn is not a realistic situation). In other
words, the system deals with a set of widely distributed re-
sources that are not volatile. These assumptions are accept-
able since the motivation and working environment where
the presented approach is applied is a decentralized, dis-
tributed and scalable caching architecture deployed in a set
of clusters built from cheap off-the-shelf components [12].

3. Related work

Resource discovery, reservation, scheduling and moni-
toring are key elements in Grid architectures. From the
predominant MDS Globus monitoring and discovery sys-

tem [1] to the variety of P2P models for resource discovery
on Grids reported by Trunfio et al [21], a full range of P2P
approaches have been identified.

Van Renesse et al propose Astrolabe [19], based on
an unstructured Grid gossip protocol with a high degree
of replication, especially adapted for read-dominated at-
tributes. Talia et al [20] present a framework for resource
discovery in Grids where each resource is mapped to a DHT,
which is used for exact match and range queries over static
resources. An additional DHT is used as the underlying
flooding infrastructure for arbitrary queries and queries over
dynamic resources. The combination of flooding and ran-
dom walks with a DHT structure is also proposed by Castro
et al in Structella [7] to support complex queries.

Not necessarily related to Grid environments,
SWORD [17] locates a set of machines matching
user-specified constraints on both static and dynamic node
attributes. A DHT is used like an inverted index where
each attribute is mapped to a specific DHT subzone. An
expressive XML-based query language, where both single-
node and inter-node characteristics can be constrained, is
provided, and penalty functions to fine-tune queries are
also introduced. SWORD, being completely different to
our approach to the problem, is an interesting option which
will demand a further and depther analysis.

Many systems like Cone [5], SOMO [25], Willow [22],
DASIS [2] and SDIMS [24] are based on some kind
of aggregation protocol. Cone augments a DHT with a
a lightweight tree -one per-attribute and per-aggregation
operation-. It supports aggregation and range queries over
those resources, even though it doesn’t specify how to deal
with multi-attribute queries. Rather than augmenting it,
SOMO layers over a DHT and defines the concept of data
overlay, which is a mechanism to implement arbitrary data
structures on top of a DHT. The data overlay is used by
SOMO to manage system resources, but it does not support
range queries. DASIS uses a Kademlia-like tree structure -
although it argues that it can be adapted to other topologies.
It aggregates information about DHT nodes which is used in
the join algorithm to balance the P2P topology better than is
typically achieved through random placement. Willow ag-
gregates information in a quite similar way to DASIS, and
last but not least, SDIMS extends the Pastry DHT, mapping
each attribute and aggregation operation to a tree and pro-
viding an API that lets applications control the propagation
of read and writes based on resource characteristics.

Finally, Marzolla et al [16] propose a couple of P2P sys-
tems for resource discovery based on routing indeces [8].
Each Grid node maintains, for each attribute that character-
izes the managed resources, a bitmap index describing the
local presence/absence of those resources. Those bitmaps
are managed and aggregated using an ad-hoc tree-structured
overlay network where system nodes are organized. These
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Figure 1. DHT spanning-tree mapping

systems, to the best of our knowledge, are the closer ap-
proaches to our contribution. However, Marzolla et al ar-
gue that P2P networks, when less structured than DHTs, are
more suitable to deal with dynamic data. Therefore, their re-
source discovery approach is based in specific P2P topolo-
gies (a tree vector and a forest of trees). Our approach, on
the contrary, is deliberately based on a DHT whose nodes
are organized in a spanning-tree. Furthermore, routing in-
deces are also used at every tree level, but they aggregate a
more detailed and still compact description of the state of
the system resources.

4. System data model and architecture

Any DHT node can receive a query asking for a set of
DHT nodes matching some resource constraints. The node
receiving the query first evaluates it against its own internal
state, and, if itself matches the constraints, reports its iden-
tity to the client node which evaluates a stop condition and
returns the result to the reporting node. If the stop condition
has not been reached, the node selects a set of its neighbors
to forward the query to (along with some state information).
In turn, each of the neighbors evaluates the query in a simi-
lar fashion, returns the results to the client, and forwards the
query to other neighbors until the stop condition is reached.

As shown in figure 1, all DHT nodes are dynamically
configured in a bidirectional tree structure which is used to
define the neighborhood relationship. However, although
many systems exporting a simple and general DHT inter-
face are internally, directly or indirectly, based on tree struc-
tures where DHT nodes are aggregated and where lookup
requests are routed, since DHT independence is a key re-
quirement in this system, first of all, a decentralized, flexi-
ble and scalable DHT tree construction algorithm layered
over the DHT is required. This problem is closely con-
nected with the spanning-tree definition in application-level
broadcasting and multicasting systems over DHTs. There
is a large body of literature which addresses that problem.
In general, existing schemes can be categorized either in

top-down/bottom-up spanning-tree approaches [9, 15] or in
flooding-based approaches [18]. The major drawback of
the latter is the redundant traffic generated, while the ma-
jor drawback of the former is that operation under churn or
node failures on the middle of the hierarchy results in tem-
poral disconnections from some tree -DHT- zones.

In this case, since the DHT environment is assumed to be
a mainly-stabilized scenario, the main drawback of the top-
down/bottom-up approaches is negligible. Therefore, the
bottom-up approach proposed by Li et al [15], and summa-
rized in the next section, has been used here as the underly-
ing tree-building infrastructure because of its simplicity and
good experimental results.

4.1. Bottom-up tree construction

Li et al present in [15] a scalable and robust algorithm to
build efficient aggregation/broadcast trees over DHTs. The
key idea of the tree-building algorithm is to use a many-
to-one function, P (x), to map each ring-based DHT node
uniquely to a parent node based on its identifier. More
specifically, the parent node for node nj ∈ N is the node
responsible for key P (nj). The parent function P (x) satis-
fies the following conditions,

lClP (α) = α

P∞(nj) = α, ∀nj ∈ N

D(Pm+1(nj), α) ≤ D(Pm(nj), α), ∀m > 0;nj ∈ N

where α is the identifier of the root of the tree, nj is any
valid node identifier and D(x, y) is a distance metric de-
fined for two valid node identifiers x and y in the DHT
namespace. There are many functions that satisfy those
conditions. The following is a simple example,

P (x) =

{
bxk c mod m for 0 ≤ x < m

2

dm− m−x
k e mod m for m

2 ≤ x < m
(1)

where x is a node identifier, k is a parameter that determines
the branching factor of the tree, andm = 2address space bits.

Then, given P (x) and a node nj , the function P(nj) to
build the spanning-tree T over N is defined. Let Chord be
the underlying DHT algorithm and Succ(key) the operation
which returns the successor node -responsible node- for key
key. Therefore, P(nj) is defined as,

P(nj) =


nj if Succ(α) = nj

nk if

Succ(α) 6= nj ∧
Succ(Pm−1(nj)) = nj ∀ m > 1 ∧
Succ(Pm(nj)) = nk k 6= j
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4.2. Routing indices definition

The tree structure is used as the foundation to explore
the DHT node space. Since any node in the DHT can be
asked for a node or set of nodes matching some resource
constraint, a distributed heuristic function is defined in order
to direct the search process in the spanning-tree and mini-
mize the number of required hops.

For that, the routing indices (RIs) and compound rout-
ing indices (CRIs) proposed by Crespo et al [8] have been
reinterpreted and adapted to this problem. As well as the
different use of RIs and CRIs (containers lookup, instead of
contents lookup), all the complexity related with the man-
agement of cycles in the P2P network is avoided (RIs are
devised in the context of an unstructured P2P network).

In order to achieve the goal, let RI(ri, nj) be the routing
index of resource ri at node nj . Moreover, let T(nj) be the
subspanning-tree of T where nj ∈ T is the root node. Thus,
RI(ri, nj) is the aggregated representation of the current
state of the resource ri for all nodes in T(nj). For every
child node nx of nj (P(nx) = nj), RI(ri, nj) aggregates
the state of the subtree T(nx), allowing the definition of a
heuristic function to direct the lookup process,

RI(ri, nj) = {(nx,CRI(ri, nx))} ∀nx/P(nx) = nj

where CRI(ri, nx) is the CRI of T(nx),

CRI(ri, nx) ={CRI(ri, ny) ∀ny/P(ny) = nx} ⊗ S(ri, nx)

S(ri, nj) ={(1, ri(nj), ri(nj))}

where ⊗ is the compound operator whose behavior de-
pends on ri (see section 4.5). Regardless of the compound
operator used, RI(ri, nj) is composed by a set of tuples
(path, {(hits, lbound, ubound)}), where hits ∈ N is the
number of DHT nodes nk ∈ T(path) (P(path) = nj)
where ri(nk) ∈ [lbound, ubound].

4.3. RIs creation and maintenance

Once a node nj joins the DHT and is mapped to the
spanning-tree by the bottom-up spanning-tree construction
algorithm, it initializes its local RI (RI array) and CRI
(CRI array) as shown in algorithm 1. In the algorithm com-
ments are written to the right of // to ease reading and the
notation nj .foo() stands for the function foo() being in-
voked and executed at node nj .

Since nj owns a new set of resources, it also starts a
stabilization cycle in order to make them available to the
whole system. The stabilization pseudocode is shown in
algorithm 2. The CRI is calculated aggregating the local
resources and the local RI using the compound operator. If
nj notices a relevant change between the previous notified

Algorithm 1 nj .init()
for all ri ∈ R do
RI[ri] = ∅ // RI(ri, nj)
CRI[ri] = ∅ // CRI(ri, nj)

end for
stabilize()

Algorithm 2 nj .stabilize()
CRIold = CRI
for all ri ∈ R do
S = {(1, ri(), ri())} // S(ri, nj)
CRI[ri] =

⊗
(S,RI[ri][nx1 ], . . . RI[ri][nxk ])

end for
if P(nj) 6= nj ∧ CRI 6= CRIold then
P(nj).update(nj , CRI)

end if

CRI and the current one, the parent node in the spanning-
tree is notified invoking its update procedure.

Algorithm 3 describes the actions taken by a node nj
when an update request from a child node nx is received.
It updates its local RI with the new information and starts a
new stabilization cycle in order to spread the modifications
in the spanning-tree hierarchy. Note that outgoing notifi-
cations could be batched together for efficiency and could
also be delayed based on distance measurements between
the last notified and current CRIs.

Algorithm 3 nj .update(nx, CRIx)
for all ri ∈ R do
RI[ri][nx] = CRIx[ri]

end for
stabilize()

The stabilization cycles are run by every DHT node pe-
riodically in order to keep all the routing indices up-to-
date, and therefore to guarantee the correctness of resource
lookups. Besides those regular stabilizations, additional sta-
bilization cycles must be triggered on events like changes on
the spanning-tree hierarchy (i.e., parent change), changes
on local resources availability and so on.

In contrast to the flooding strategy proposed in [16] to
publish changes, our system is based on a bottom-up ap-
proach. This approach allows updates to be propagated in
O(h) steps, where h (h � n = |N|) is the average height
of T, which is a value dependent on P (x).

This approach is efficient, allows the management of
both static and dynamic node resources, and is compatible
with all the identified types of queries. A bottom-up-down
strategy would improve the system behavior dealing with
selection queries. However, it would also complicate the al-
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gorithms and, depending on the update implementation, it
would require up to O(n) steps. In any case, our approach
is compatible with the SDIMS [24] approach, where each
resource can be parameterized with a different spreading
behavior.

4.4. RIs usage

Based on RIs, any DHT node nj ∈ T must select a subset
of its most suitable children to forward a query to, or, if the
resulting set is empty, forward the query to the parent node.
Therefore, given a query, the goodness (i.e., the value of the
heuristic function) of each child for that query needs to be
computed by nj . To do that, the number of nodes in T(nj)
matching the query must be estimated for every possible
exploration route (i.e., every child of nj). In [10, 11] some
discussion about the different types of possible estimators
is presented. Since these estimators are not the goal of this
work, a simplified model where all ri ∈ R are independent
from each other and where every query is expressed as a
conjunction of restrictions is used. Note that disjunction of
queries is implemented by multiple distinct queries.

Therefore, if nj is the node receiving a query Q like
α ∧ β ∧ γ, restrictions over whichever resources rα, rβ and
rγ respectively, the value of the heuristic functionH is com-
puted for every child nx. That value will be the estimation
of the number of nodes in T(nx) matching Q,

H(Q,nj ; nx) =|T(nx)| × RI(rα,nj;nx)
|T(nx)| ×

RI(rβ ,nj;nx)
|T(nx)| × RI(rγ ,nj;nx)

|T(nx)|

where nx is one of the possible exploration paths (i.e., one
of the children of nj), |T(nx)| is the number of nodes in
T(nx), and RI(rα, nj ; nx) is, according to the CRI
CRI(rα, nx), the number of nodes matching α. Definitely,
node nj estimates the success probabilities pα, pβ , etc. fol-
lowing path nx, and then combines them according to the
conjunction operator which connects all the filtering restric-
tions as

∏
i=α,β,... pi. Obviously, a drawback of this ap-

proach is that it does not take into account the cost asso-
ciated with the number of hops required to find a node in
T matching Q, even though some improvements proposed
in [8] could be applied to our approach.

Algorithm 4 shows the lookup procedure. A client ∈ N

starts the process asking for a set of nodes matching a query
Q. This event starts a directed depth-first search where the
heuristic function H optimizes the process in order to min-
imize the number or hops. The client is notified with partial
results until it decides that it has enough elements in the re-
sult set. If the result set required by clients is of size one,
our approach allows locating results in O(h) steps.

Algorithm 4 nj .lookup(client,Q)
done = false
if nj matches Q then
done = client.report(nj)

end if
if done = false then
rank = ∅
for all nx ∈ RI[�] do

if H(Q,nj ; nx) ≥ 1 then
rank.append((H(Q,nj ; nx), nx))

end if
end for
rank.sort() // sort by first attribute
for all (H,nx) ∈ rank do
done = nx.lookup(client,Q) // if nx is not caller
if done then

return true
end if

end for
done = P(nj).lookup(client,Q) // if P(nj) is not
caller

end if
return done

4.5. The compound operator

Every resource type ri ∈ R has an associated compound
operator ⊗ri : {(h, lb, ub)} −→ {(h, lb, ub)} and a granu-
larity |ri| ∈ N. Operator ⊗ri (from now on ⊗) gets a set
of tuples like (h, lb, ub) (meaning “h ∈ N hits in interval
[lb, ub]”) and aggregates them in another set whose cardi-
nality is not greater than |ri|. As shown in section 5, the
precision of the lookup algorithm is directly affected by the
set up granularities, which, at the same time, have a direct
influence in the behavior of the ⊗ operator. Granularities
must be fine-tuned in order to establish a commitment be-
tween the lookup precision (greater granularities, better pre-
cision) and the storage and management costs of the RIs and
CRIs (greater granularities, larger RIs and CRIs).

Regarding the behavior of the ⊗ operator, a generic im-
plementation suitable for the most general cases has been
used in this work. Note that, depending on the type of
resource, it could be better to use user-defined compound
operators. They could aggregate intervals following proba-
bility distributions, appropriately manage atypical values or
even dynamically adjust the value of the granularity |ri|.

5. Experimental results

A process-oriented simulation was developed using the
concurrent functional language Erlang/OTP [4] and picking
Chord as the algorithm for the DHT tier. First of all, the av-
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erage number of hops of the lookup algorithm 4 when rout-
ing a single-attribute exact-match query Q = 1 ≤ r1 ≤ 1
was measured. In the experiment, we considered a stabi-
lized Chord DHT N with a variable number of peers, rang-
ing from 100 to 1600, a single resource r1 which state could
be 0 or 1, and a generic ⊗ operator with |r1| = 2. Fig-
ure 2 shows the results for three different scenarios. The
data points were calculated by performing 20 iterations.
For each iteration, a new uniformly randomized state of re-
source r1 was built according to a global availability profile,
ranging from 0% (r1 exhausted) to 100% (r1 = 1 ∀ node ∈
N). Then, every node in the DHT was instructed to routeQ,
measuring the average number of required steps.

Figure 2a shows the behavior of the system when P (x)
is defined according to equation 1 with a branching factor
k = 2. As we can see, the average number of routing hops is
not significantly affected by the network size, with an upper
limit constrained by the average height of the spanning-tree
T -O(h)-. On the other hand, figure 2a also shows how
the number of routing hops is affected by global resource
availability (more availability, less routing hops).

Figures 2b and 2c show the behavior of the system in
two different scenarios. The former, when r1 is nearly ex-
hausted, and the latter, when r1 is available in half of the
DHT nodes. Again, as we can see, the average number of
routing steps is independent from the network size and is
constrained by h. The number of hops is only affected by
the parent function P (x) used to build T, especially when
there are only a few candidate peers in the network (i.e., low
resource availability). As we can see, a greater branching
factor k reduces the number of hops. However, as shown in
figure 3, increasing k too much turns the system in a mainly-
centralized approach (or fully centralized if P (x) = 0, with
a O(2) lookup steps) where a few internal nodes must route
every lookup. Therefore, a careful design of the system
must be performed in order to avoid this situation and to
select an optimal parent function.

Secondly, an experiment to measure the impact of the
compound operator granularity in the lookup process was
conducted. We used the parent function shown in equa-
tion 1 with k = 2. We considered the same network N and
resource r1 as in the previous experiment. However, in each
iteration of this experiment r1 could take any random and
uniform value between 0 and 10000, and Q was defined as
a single-attribute exact-match query looking for an existing
value of r1.

Figure 4 shows the impact of |r1|, ranging from 2 to
256, in the lookup precision. As noted in section 4.5, a
careful design of the resource granularity based on the do-
main of each resource and on the most common type of
queries, must be done in order not to affect the precision of
the lookup.

Finally, although a controlled environment is asumed,
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Figure 4. Lookup precision routing a single
exact-match query (Q = V ≤ r1 ≤ V ; r1(nj) ∈
[0, 10000] ∀nj ∈ N; P (x) in equation 1; k = 2)

some minimal amount of churn will be present in the real
system. Due to space limitations, simulations under these
conditions are not presented, however, since the main rout-
ing structures (DHT and spanning-tree) are dynamic and
based on soft-state information, the impact on the system
behaviour is minimal.

6. Conclusions and future work

In this paper, we have presented a decentralized resource
discovery service layered on the top of a DHT overlay net-
work. Its design is especially oriented to a DHT-based
caching architecture whose components are deployed in a
private wide area network where churn is not a realistic
scenario. Our service does not alter the underlying DHT
behavior, does not rely on centralized indexes, scales to
large wide area systems, tracks both relatively static and fre-
quently changing node resources, supplies a complete query
language to express per-node resource constraints, and is
flexible enough to adapt to a multi-level environment.

The conducted simulations have shown the good perfor-
mance and scalability of the architecture, and the impor-
tance of doing a careful analysis of the environment to set
up the service with an optimal parent function, stabilization
rates, compound operators and resource granularity values.

As future work, our next steps involve (1) studying the
behavior of the system with more complex parent functions
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and routing indices aproaches, and (2) carrying on with the
design of the distributed caching architecture based on this
resource discovery service.
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