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Abstract. This paper discusses and compares several policies to place
replicas in tree networks, subject to server capacity and QoS constraints.
The client requests are known beforehand, while the number and location
of the servers are to be determined. We study three strategies. The first
two strategies assign each client to a unique server while the third allows
requests of a client to be processed by multiple servers. The main contri-
bution of this paper is to assess the impact of QoS constraints on the total
replication cost. In this paper, we establish the NP-completeness of the
problem on homogeneous networks when the requests of a given client
can be processed by multiple servers. We provide several efficient poly-
nomial heuristic algorithms for NP-complete instances of the problem.

Keywords: Replica placement, QoS constraints, access policies, hetero-
geneous platforms, complexity, placement heuristics.

1 Introduction

This paper deals with the problem of replica placement in tree networks with
Quality of Service (QoS) guarantees. Informally, there are clients issuing several
requests per time-unit, to be satisfied by servers with a given QoS. The clients
are known (both their position in the tree and their number of requests), while
the number and location of the servers are to be determined. A client is a leaf
node of the tree, and its requests can be served by one or several internal nodes.
Initially, there are no replicas; when a node is equipped with a replica, it can
process a number of requests, up to its capacity limit (number of requests served
by time-unit). Nodes equipped with a replica, also called servers, can only serve
clients located in their subtree (so that the root, if equipped with a replica, can
serve any client); this restriction is usually adopted to enforce the hierarchical
nature of the target application platforms, where a node has knowledge only of
its parent and children in the tree. Every client has some QoS constraints: its
requests must be served within a limited time, and thus the servers handling
these requests must not be too far from the client.

The rule of the game is to assign replicas to nodes so that some optimization
function is minimized and QoS constraints are respected. Typically, this opti-
mization function is the total utilization cost of the servers. In this paper we
study this optimization problem, called Replica Placement, and we restrict
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the QoS in terms of number of hops This means for instance that the requests
of a client who has a QoS range of qos = 5 must be treated by one of the first
five internal nodes on the path from the client up to the tree root.

We point out that the distribution tree (clients and nodes) is fixed in our
approach. This key assumption is quite natural for a broad spectrum of applica-
tions, such as electronic, ISP, or VOD service delivery. The root server has the
original copy of the database but cannot serve all clients directly, so a distribu-
tion tree is deployed to provide a hierarchical and distributed access to replicas
of the original data. On the contrary, in other, more decentralized, applications
(e.g. allocating Web mirrors in distributed networks), a two-step approach is
used: first determine a “good” distribution tree in an arbitrary interconnection
graph, and then determine a “good” placement of replicas among the tree nodes.
Both steps are interdependent, and the problem is much more complex, due to
the combinatorial solution space (the number of candidate distribution trees may
well be exponential).

Many authors deal with the Replica Placement optimization problem.
Most of the papers do not deal with QoS but instead consider average system
performance such as total communication cost or total accessing cost. Please
refer to [2] for a detailed description of related work with no QoS contraints.

Cidon et al [4] studied an instance of Replica Placement with multiple
objects, where all requests of a client are served by the closest replica (Closest
policy). In this work, the objective function integrates a communication cost,
which can be seen as a substitute for QoS. Thus, they minimize the average
communication cost for all the clients rather than ensuring a given QoS for
each client. They target fully homogeneous platforms since there are no server
capacity constraints in their approach. A similar instance of the problem has
been studied by Liu et al [7], adding a QoS in terms of a range limit, and
whose objective is to minimize the number of replicas. In this latter approach,
the servers are homogeneous, and their capacity is bounded. Both [4,7] use a
dynamic programming algorithm to find the optimal solution.

Some of the first authors to introduce actual QoS constraints in the prob-
lem were Tang and Xu [9]. In their approach, the QoS corresponds to the la-
tency requirements of each client. Different access policies are considered. First,
a replica-aware policy in a general graph with heterogeneous nodes is proven to
be NP-complete. When the clients do not know where the replicas are (replica-
blind policy), the graph is simplified to a tree (fixed routing scheme) with the
Closest policy, and in this case again it is possible to find an optimal dynamic
programming algorithm. In [10], Wang et al deal with the QoS aware replica
placement problem on grid systems. In their general graph model, QoS is a
parameter of communication cost. Their research includes heterogeneous nodes
and communication links. A heuristic algorithm is proposed and compared to
the results of Tang and Xu [9].

Another approach, this time for dynamic content distribution systems, is pro-
posed by Chen et al [3]. They present a replica placement protocol to build
a dissemination tree matching QoS and server capacity constraints. Their work
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focuses on Web content distribution built on top of peer-to-peer location services:
QoS is defined by a latency within which the client has to be served, whereas
server capacity is bounded by a fan-out-degree of direct children. Two placement
algorithms (a native and a smart one) are proposed to build the dissemination
tree over the physical structure.

In [2] we introduced two new access policies besides the Closest policy. In the
first one, the restriction that all requests from a given client are processed by
the same replica is kept, but client requests are allowed to “traverse” servers in
order to be processed by other replicas located higher in the path (closer to the
root). This approach is called the Upwards policy. In the second approach, access
constraints are further relaxed and the processing of a given client’s requests can
be split among several servers located in the tree path from the client to the root.
This policy with multiple servers is called Multiple.

In this paper we study the impact of QoS constraints on these three policies.
On the theoretical side we prove the NP-completeness of Multiple/Homogeneous
instance with QoS constraints, while the same problem was shown to be polyno-
mial without QoS [2]. This result shows the additional combinatorial difficulties
which we face when enforcing QoS constraints. On the practical side, we pro-
pose several heuristics for all policies. We compare them through simulations
conducted for problem instances with different ranges of QoS constraints. We
are also able to assess the absolute performance of the heuristics, by comparing
them to the optimal solution of the problem provided by a formulation of the
Replica Placement problem in terms of a mixed integer linear program. The
solution of this program allows us to build an optimal solution [1] for reasonably
large problem instances.

2 Framework and Access Policies

We consider a distribution tree T whose nodes are partitioned into a set of clients
C and a set of nodes N . The clients are leaf nodes of the tree, while N is the
set of internal nodes. A client i ∈ C is making ri requests per time unit to a
database, with a QoS qosi: the database must be placed not further than qosi
hops on the path from the client to the root.

A node j ∈ N may or may not have been provided with a replica of the
database. A node j equipped with a replica (i.e. j is a server) can process up to
Wj requests per time unit from clients in its subtree. In other words, there is a
unique path from a client i to the root of the tree, and each node in this path
is eligible to process some or all the requests issued by i when provided with a
replica. We denote by R ⊆ N the set of replicas, and Servers(i) ⊆ R is the set of
nodes which are processing requests from client i. The number of requests from
client i satisfied by server s is ri,s, and the number of hops between i and j ∈ N
is denoted by d(i, j). Two constraints must be satisfied:

– Server capacity: ∀s ∈ R,
∑

i∈C|s∈Servers(i) ri,s ≤ Ws

– QoS constraint: ∀i ∈ C, ∀s ∈ Servers(i), d(i, s) ≤ qosi
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The objective function for the Replica Placement problem is defined as:
Min

∑
s∈R Ws. When the servers are homogeneous, i.e. ∀s ∈ N , Ws = W, the

optimization problem reduces to finding a minimal number of replicas. This
problem is called Replica Counting.

We consider three access policies in this paper. The first two are single server
strategies, i.e. each client is assigned a single server responsible for processing all
its requests. The Closest policy is the most restricted one: the server for client i
is enforced to be the first server that can be found on the path from i upwards
to the root. Relaxing this constraint leads to the Upwards policy. Clients are
still assigned to a single server, but their requests are allowed to traverse one or
several servers on the way up to the root, in order to be processed by another
server closer to the root. The third policy is a multiple server strategy and
hence a further relaxation: a client i may be assigned a set of several servers.
Each server s ∈ Servers(i) will handle a fraction ri,s of requests. Of course∑

s∈Servers(i) ri,s = ri. This policy is referred to as the Multiple policy.

3 Complexity Results

Table 1 gives an overview of complexity results of the different instances of the
Replica Counting problem (homogeneous servers). Liu et al [7] provided a
polynomial algorithm for the Closest policy with QoS constraints. In [2] we
proved the NP-completeness of the Upwards policy without QoS. This was a
surprising result, to be contrasted with the fact that the Multiple policy is poly-
nomial under the same conditions [2].

Table 1. Complexity results for the different instances of Replica Counting

Homogeneous Homogeneous/QoS
Closest polynomial [4,7] polynomial [7]

Upwards NP-complete [2] NP-complete [2]
Multiple polynomial [2] NP-complete (this paper)

An important contribution of this paper is the NP-completeness of the Mul-
tiple policy with QoS constraints. As stated above, the same problem was poly-
nomial without QoS, which gives a clear insight on the additional complexity
introduced by QoS constraints. The proof uses a reduction to 2-PARTITION-
EQUAL [5]. Due to a lack of space we refer to the extended version of this
paper [1] for the complete proof.

Theorem 1. The instance of the Replica Counting problem with QoS con-
straints and the Multiple strategy is NP-complete.

Finally, we point out that all three instances of the Replica Placement prob-
lem (heterogeneous servers with the Closest , Upwards and Multiple policies) are
already NP-complete without QoS constraints [2].
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4 Heuristics for the Replica Placement Problem

In this section several heuristics for the Closest , Upwards and Multiple policies
are presented. As already pointed out, the quality of service is the number of
hops that requests of a client are allowed to traverse until they have to reach
their server. The code and some more heuristics can be found on the web [8].
All heuristics described below have polynomial, and even worst-case quadratic,
complexity O(s2), where s = |C| + |N | is the problem size.

In the following, we denote by inreqQoSj the amount of requests that reach
an inner node j within their QoS constraints, and by inreqj the total amount of
requests that reach j (including requests whose QoS constraints are violated).

Closest Big Subtree First - CBS. Here we traverse the tree in top-down
manner. We place a replica on an inner node j if inreqQoSj ≤ Wj . When the
condition holds, we do not process any other subtree of j. If this condition does
not hold, we process the subtrees of j in non-increasing order of inreqj . Once no
further replica can be added, we repeat the procedure. We stop when no new
replica is added during a pass.

Upwards Small QoS Started Servers First - USQoSS. Clients are sorted
by non-decreasing order of qosi (and non-increasing order of ri in case of tie).
For each client i in the list we search for an appropriate server: we take the next
server on the way up to the root (i.e. an inner node that is already equipped with
a replica) which has enough remaining capacity to treat all the client’s requests.
Of course the QoS-constraints of the client have to be respected. If there is no
server, we take the first inner node j that satisfies Wj ≥ ri within the QoS-range
and we place a replica in j. If we still find no appropriate node, this heuristic
has no feasible solution.

Upwards Minimal Distance - UMD. This heuristic requires two steps. In the
first step, so-called indispensable servers are chosen, i.e. inner nodes which have
a client that must be treated by this very node. At the beginning, all servers that
have a child client with qos = 1 will be chosen. This step guarantees that in each
loop of the algorithm, we do not forget any client. The criterion for indispens-
able servers is the following: for each client check the number of nodes eligible as
servers; if there is only one, this node is indispensable and chosen. The second step
of UMD chooses the inner node with minimal (Wj − inreqQoSj)-value as server (if
inreqQoSj > 0). Note that this value can be negative. Then clients are associated
to this server in order of distance, i.e. clients that are close to the server are chosen
first, until the server capacity Wj is reached or no further client can be found.

Multiple Small QoS Close Servers First - MSQoSC. The main idea of
this heuristic is the same as for USQoSS, but with two differences. Searching
for an appropriate server, we take the first inner node on the way up to the
root which has some remaining capacity. Note that this makes the difference
between close and started servers. If this capacity Wi is not sufficient (client c
has more requests, Wi < rc), we choose other inner nodes going upwards to the
root until all requests of the client can be processed (this is possible owing to
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the multiple-server relaxation). If we cannot find enough inner nodes for a client,
this heuristic will not return a feasible solution.

Multiple Small QoS Minimal Requests - MSQoSM. In this heuristic
clients are treated in non-decreasing order of qosi, and the appropriate servers
j are chosen by minimal (Wj − inreqQoSj)-value until all requests of clients can
be processed.

Multiple Minimal Requests - MMR. This heuristic is the counterpart of
UMD for the Multiple policy and requires two steps. policy: servers Servers
are added in the “indispensable” step, either when they are the only possible
server for a client, or when the total capacity of all possible inner nodes for
a client i is exactly ri. The server chosen in the second step is also the inner
node with minimal (Wj − inreqQoSj)-value, but this time clients are associated
in non-decreasing order of min(qosi, d(i, r)), where d(i, r) is the number of hops
between i and the root of the tree. Note that the last client that is associated to
a server, might not be processed entirely by this server.

Mixed Best - MB. This heuristic unifies all previous ones, including those
presented in [1]. For each tree, we select the best cost returned by the other
heuristics. Since each solution for Closest is also a solution for Upwards , which
in turn is a valid solution for Multiple, this heuristic provides a solution for the
Multiple policy.

5 Experimental Plan

In this section we evaluate the performance of our heuristics on tree platforms
with varying parameters. Through these experiments we want to assess the dif-
ferent access policies, and the impact of QoS constraints on the performance of the
heuristics. We obtain an optimal solution for each tree platform with the help of a
mixed integer linear program, see [1] for further details. We can compute the latter
optimal solution for problem sizes up to 400 nodes and clients, using GLPK [6].

An important parameter in our tree networks is the load, i.e. the total number
of requests compared to the total processing power: λ =

�
i∈C ri�

j∈N Wj
, where C is

the set of clients in the tree and N the set of inner nodes. We tested our heuristics
for λ = 0.1, 0.2, ..., 0.9, each on 30 randomly generated trees of two heights: in
a first series, trees have a height between 4 and 7 (small trees). In the second
series, tree heights vary between 16 and 21 (big trees). All trees have s nodes,
where 15 ≤ s ≤ 400. To assess the impact of QoS on the performance, we study
the behavior (i) when QoS constraints are very tight (qos ∈ {1, 2}); (ii) when
QoS constraints are more relaxed (the average value is set to half of the tree
height height); and (iii) without any QoS constraint (qos = height + 1).

We have computed the number of solutions for each λ and each heuristic. The
number of solutions obtained by the linear program indicates which problems are
solvable. Of course we cannot expect a result with our heuristics for intractable
problems. To assess the performance of our heuristics, we have studied the rela-
tive performance of each heuristic compared to the optimal solution. For each λ,
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Fig. 1. Relative performance of small trees with (a) tight, (b) medium, (c) no QoS
constraints. (d) Big trees with medium QoS constraints.

the cost is computed on those trees for which the linear program has a solution.
Let Tλ be the subset of trees with a LP solution. Then, the relative performance
for the heuristic h is obtained by 1

|Tλ|
∑

t∈Tλ

costLP (t)
costh(t) , where costLP (t) is the op-

timal solution cost returned by the linear program on tree t, and costh(t) is the
cost involved by the solution proposed by heuristic h. In order to be fair versus
heuristics that have a higher success rate, we set costh(t) = +∞, if the heuristic
did not find any solution.

Figure 1 gives an overview of our performance tests (see [1] for the complete
set of results). The comparison between Fig. 1a and 1c shows the impact of
QoS on the performance. The impact of the tree sizes can be seen by comparing
Fig. 1b and 1d. Globally, all the results show that QoS constraints do not modify
the relative performance of the three policies: with or without QoS, Multiple is
better than Upwards , which in turn is better than Closest , and their difference in
performance is not sensitive to QoS tightness or to tree sizes. This is an enjoyable
result, that could not be predicted a priori. The MB heuristic returns very good
results, being relatively close to the optimal in most cases. The best heuristic to
use depends on the tightness of QoS constraints. Thus, for Multiple, MSQoSM
is the best choice for tight QoS constraints and small λ (Fig. 1a). When QoS
is less constrained, MMR is the best for λ up to 0.4. For big λ, MSQoSC is
to prefer, since it never performs poorly in this case. Concerning the Upwards
policy, USQoSS behaves the best for tight QoS, in the other cases UMD achieves
better results. We kept only our best Closest heuristic on these curves, which
outperforms the others [1].
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6 Conclusion

In this paper we have dealt with the Replica Placement optimization prob-
lem with QoS constraints. We have proven the NP-completeness of Multiple with
QoS constraints on homogeneous platforms, and we have proposed a set of effi-
cient heuristics for the Closest , Upwards and Multiple access policies. To evaluate
the absolute performance of our algorithms, we have compared the experimental
results to the optimal solution of an integer linear program, and these results
turned out quite satisfactory. In our experiments we have assessed the impact
of QoS constraints on the different policies, and we have discussed which heuris-
tic performed best depending upon problem instances, platform parameters and
QoS tightness. We have also showed the impact of platform size on the perfor-
mances. Although we studied the problem with a restricted QoS model, but we
expect experimental results to be similar for more general QoS constraints.

As for future work, bandwidth and communication costs could be included in
the experimental plan. Also the structure of the tree networks has to be studied
more precisely. In this paper we have investigated different tree heights, but it
would be interesting to study the impact of the average degree of the nodes onto
the performance. In a longer term, the extension of the Replica Placement

optimization problem to various object types should be considered, which would
call for the design and evaluation of new efficient heuristics.
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