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Abstract. In this paper, we address some problems related to server
placement in Grid environments. Given a hierarchical network with re-
quests from clients and constraints on server capability, the minimum
server placement problem attempts to place the minimum number of
servers that satisfy clients requests. Instead of using a heuristic approach,
we propose an optimal algorithm based on dynamic programming to
solve the problem. We also consider the balanced server placement prob-
lem, which tries to place a given number of servers appropriately so that
their workloads are as balanced as possible. We prove that an optimal
server placement can be achieved by combining the above algorithm with
a binary search of workloads. We extend this approach to deal with con-
strains on network capability. The simulation results clearly show an
improvement in the number of servers and the maximum workload. Fur-
thermore, as the maximum workload is reduced, the waiting times are
reduced accordingly.

1 Introduction

Grid technologies, which enable scientific applications to utilize a wide vari-
ety of distributed computing and data resources, classified into two categories:
Computing Grids and Data Grids [1, 2]. A Data Grid is a distributed storage in-
frastructure that integrates distributed, independently managed data resources.
It addresses the problems of storage and data management, data transfers and
data access optimization, while maintaining high reliability and availability of
the data. In recent years, a number of Data Grid projects have emerged in various
disciplines, for instance, EU Data Grid [3], PPDG [4], iVDGL [5], GriPhyN [6]
and BIRN [7].

One way of solving the data access optimization problems is to distribute
multiple copies of a file across different server sites in the grid system. It has been



shown that file replication can improve the performance of the applications [8–
11]. The existing works focus on how to distribute the file replicas in a data grid
in order to optimize different criteria such as I/O operation costs [11], response
time and bandwidth consumption [9].

In this paper, we focus on some server placement problems in Data Grid
environments. Given a hierarchical network with requests from clients and con-
straints on server capability, the solution to minimum server placement problem
attempts to place the minimum number of servers that can satisfy clients re-
quests. Instead of using a heuristic approach, we propose an optimal algorithm
based on dynamic programming to solve this problem. We also consider the bal-
anced server placement problem, which tries to place a given number of servers
appropriately so that their workloads are as balanced as possible. We prove
that an optimal server placement can be achieved by combining the above algo-
rithm with a binary search on workloads. We extend this approach to deal with
constrains on network capability. The experiment results clearly show the im-
provement in the number of servers and the maximum workload. Furthermore,
as the maximum workload is reduced, waiting times are also reduced.

2 Background

In this paper, we use a hierarchical Grid model, one of the most common archi-
tectures in current use [8, 9, 12–14]. Consider Fig. 1 as an example. Leaf nodes
represent client sites that send out I/O requests. The root node is assumed to
be the I/O server that stores the master copies of all files. Without loss of gen-
erality, we assume that root node is the site 0. Intermediate nodes can be either
routers for network communications or I/O servers that store file replicas. Edges
represent communication channels between nodes. We further assume that, ini-
tially, only one copy (i.e., the master copy) of a file exists at the root site, as
in [9, 13].
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Fig. 1. The hierarchical Grid model

Associated with each client site i, there is a parameter ri that represents the
arrival rate of read requests for client site i. A data request travels upward from



a client site and passes through routers until it reach an I/O server on the path.
Upon receiving the request, the I/O server sends data back to the client site if it
owns a copy of the requested file. Otherwise, it forwards the request to its parent
server. This process continues up the hierarchy recursively until a node that has
the requested file is encountered or the root node is reached. The root server
might update the contents of the file. For each update, corresponding update
requests are sent to the other I/O servers to maintain file consistency. Let u be
the arrival rate of update requests from the root server.

Associated with each server site j, there is a parameter λj that represents
the arrival rate of I/O requests; λj can be written as: λj =

∑
i∈Cj

ri + u, where
Cj is the set of clients served by server site j. The first term represents the
read requests generated by clients in Cj . The second term denotes the update
requests that will be sent to server site j. We can further generalize this model
so that each edge has its own connectivity bandwidth constraints.

In the absence of file replicas, all I/O requests must be served by the roots
node. However, the request arrival rate is usually much higher than the service
rate of the root node so that clients have to wait indefinitely for service. By
placing I/O servers between client sites and the root node, some of I/O requests
can be served by these I/O servers thereby alleviating the workload on the
root node. According to Queueing Theory, the workload of I/O servers is the
dominant factor in the waiting time of I/O requests. Therefore, to benefit from
file replicas, it is important to place I/O servers at appropriate locations in a
hierarchical Grid system.

3 The minimum server placement problem

I/O requests generated by client sites and data transfer requests served by server
sites can be modeled as queueing systems. According to Queueing Theory, the
queue length and the waiting time of a queueing system will eventually reach
infinity if the arrival rate of data is greater than the service rate. Hence, there
is a hard constraint on the arrival rate of each I/O server in a Grid system. File
replicas present a natural solution to this problem. By placing the replicas with
more I/O servers, it is possible to share I/O requests along servers and balance
their workload. However, it is quite expensive to set up I/O servers in a Grid
system, as having more servers usually lead to lower utilization, which means a
waste of the systems resources and increased maintenance costs. Therefore, our
first problem is to place the minimum number of I/O servers that will balance
the workload of I/O requests.

Definition 1. Given the network topology, request arrival rates and I/O ser-
vice rates, the minimum server placement problem tries to place the minimum
number of I/O servers such that the arrival rate of requests that reach each I/O
server isless than its service rate

To solve this problem, we intuitively employ a greedy method, similar to that
in [12], by placing I/O servers one by one until all the servers including the root



server meet their constraints. Although this algorithm is rather fast and easy to
implement, we found that it did not always generate the minimum number of
servers in our experiments. Therefore, instead of employing a heuristic approach,
we try to find an optimal algorithm based on the dynamic programming approach
as shown in the remainder of this section.

Definition 2. Let L(i,m) be the minimum arrival rate of leakage requests that
pass through node i when at most m servers are placed in the sub-tree rooted
at node i, and the arrival rate of requests that reach each I/O server is less than
its service rate.

Leakage requests that pass through node i are requests generated by leaf
nodes in the sub-tree rooted at node i, but not served by the I/O servers in
that sub-tree. Such requests must be serviced by an I/O server above node i
in the hierarchy. Hence, it is desirable to minimize the arrival rate of these
leakage requests. Depending on the server placement, the arrival rate of the
leakage requests may change. L(i,m) represents the minimum arrival rate of
leakage requests among all possible placements of at most m servers. Let n be
the number of nodes in the Grid system. Based on the following theorems, such
a minimum arrival rate can be computed in a recursive manner.

Theorem 1. L(i, m + 1) ≤ L(i, m) for any node i and m ≥ 0.

Theorem 2. If node i is a leaf node, then L(i,m) = λj for 0 ≤ m ≤ n.

Proof. Since a leaf node cannot be an I/O server, all I/O requests generated
by a client site will travel up the tree to the leaf nodes parent. By Definition,
L(i,m) = λj for 0 ≤ m ≤ n. ut
Theorem 3. For an intermediate node i with two child nodes j and k, we can
derive:

L(i,m) = 0 if min0≤r≤m−1{L(j, r) + L(k,m− r − 1)} ≤ µi

L(i,m) = min0≤r≤m{L(j, r) + L(k, m− r)}, otherwise

Proof. Case 1: A server is placed on node i. Consequently, at most, m−1 servers
are placed on sub-trees rooted at node j and node k. This happen if and only
if min0≤r≤m−1{L(j, r) + L(k, m− r − 1)} ≤ µi. The “if” part can be proved as
follows. Suppose that the minimum can be obtained when there are p servers on
the sub-tree rooted at node j and q servers on the sub-tree rooted at node k as
shown in Fig. 2(a). By Definition, the minimum arrival rate of leakage requests
that pass through node j and node k will be L(j, p) and L(k, q) respectively.
Since node i has only two child nodes, j and k, the arrival rate of I/O requests
that reach node i must be the sum L(j, p) + L(k, q). Accordingly, we can derive:

L(j, p) + L(k, q) = min0≤r≤m−1{L(j, r) + L(k,m− r − 1)} ≤ µi

Hence, a server can be placed on node i. In this case, L(i,m) = 0 and must be
optimal. The “only if” part can be proved similarly. Suppose that, in an optimal



server placement, there are p servers on the sub-tree rooted at node j and q
servers on the sub-tree rooted at node k. Obviously, we have the inequalities
0 ≤ p, q ≤ m − 1 and p + q ≤ m − 1. Since node i has only two child nodes,
j and k, the arrival rate of I/O requests that reach node i must be the sum
L(j, p)+L(k, q) and must meet the constraint L(j, p)+L(k, q) ≤ µi . According
to Theorem 1, we can derive: µi ≥ L(j, p)+L(k, q) ≥ L(j, p)+L(k, m−1−p) ≥
min0≤r≤m−1{L(j, r) + L(k, m− r − 1)}. This completes the proof of case 1.

Case 2: No server is placed on node i. Consequently, at most m servers are
placed on sub-trees rooted at nodes, j and k. Suppose that, in an optimal server
placement, there are p servers on the sub-tree rooted at node j and q servers
on the sub-tree rooted at node k, as shown in Fig. 2(b). Obviously, we have
the inequalities 0 ≤ p, q ≤ m and p + q ≤ m. Since node i has only two child
nodes, j and k, the arrival rate of I/O requests that reach and pass through
node i can be computed as: L(i,m) = L(j, p)+L(k, q) ≥ L(j, p)+L(k,m− p) ≥
min0≤r≤m{L(j, r)+L(k,m− r)}. According to above the assumption, this is an
optimal server placement. Hence, all the equalities must hold. This completes
the proof of case 2. ut
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Fig. 2. (a). (b) Illustrate two possible server placements on node i. (c). (d) Illustrate
the basic concept of Theorem 4.



Theorem 4. For an intermediate node i with k child nodes j0, j1, . . . , jk−1,
the minimum arrival rate of leakage requests that pass through node i can be
computed iteratively as follows:

L0(i,m) = L(j0, m),

Lq(i,m) = min0≤r≤m{Lq−1(i, r) + L(jq,m− r)}, 1 ≤ q ≤ k − 1,

L(i,m) = 0 if Lk−1(i,m− 1) ≤ µi; and

L(i,m) = Lk−1(i,m), otherwise.

Proof. Fig. 2(c), 2(d) illustrate the basic concept of this theorem. To find an
optimal server placement, we can view an intermediate node with k child nodes
in Fig. 2(c) as the sub-tree in Fig. 2(d). Then, the minimum arrival rate of leakage
requests, L(i,m), can be computed recursively along the sub-tree. As the detailed
proof of this theorem is similar to that of Theorem 3, it is omitted here. ut
Theorem 5. The minimum number of I/O servers that meet their constraints
can be obtained by finding the minimum m such that L(0,m) = 0.

Based on Theorems 2 to 4, we can compute the minimum arrival rate of
leakage requests that start from leaf nodes and work toward the root node.
After the minimum arrival rate of leakage requests that reach the root node has
been computed, the minimum number of I/O servers that meet their constraints
can be computed according to Theorem 5. The proposed algorithm is presented
in Fig. 3.

Algorithm Minimum Leakage
Input: 1. the arrival rate λi for all leaf nodes.

2. the service rate µi for all intermediate nodes.
Output: the minimum arrival rate L(i, m) for 0 ≤ i, m ≤ n.
Procedure:

1. sort all nodes according to their distance to the root node in decreasing order.
2. for each node i do
3. if node i is a leaf node then
4. compute L(i, m) = λi for 0 ≤ m ≤ n
5. else
6. Let the child nodes of node i be nodes j0, . . . , jk−1
7. compute L0(i, m) = L(j0, m) for 0 ≤ m ≤ n
8. for q from 1 to k − 1 do
9. compute Lq(i, m) = min0≤r≤m{Lq−1(i, r) + L(jq, m− r)} for 0 ≤ m ≤ n
10. endfor
11. for m from 0 to n do
12. if Lk−1(i, m− 1) ≤ µi then L(i, m) = 0 else L(i, m) = Lk−1(i, m) endif
13. endfor
14. endif
15. endfor

Fig. 3. An optimal algorithm for the minimum server placement problem

In the first line of the algorithm, we sort all nodes according to their distances
to the root node in decreasing order. This ensures that child nodes will be com-
puted before their parents so that Theorems 2 to 4 can be correctly applied. The



execution time of this step is O(n log n). The loop in line 2 iterates over every
node in the system. For each leaf node, it takes O(n) execution time in line 4.
For an intermediate node that has k child nodes, it takes O(n2) execution time
in line 9, and iterates k−1 times in line 8. This results in O(kn2) execution time
for lines 8 to 10. Lines 11 to 13 also take O(n) execution time. Consequently, the
complexity of lines 3 to 13 is O(kn2); and the complexity of the whole algorithm
is O(n3), where n is the number of nodes in the Grid system.

4 The Balanced Server Placement Problem

As mentioned in section 2 (the last paragraph), a major factor in the performance
of a queuing system is the workload of the servers. Since each server may have
a different capability, a servers workload is defined as the ratio of the arrival
rate over the service rate. The minimum server problem sets a lower bound on
the number of I/O servers. However, usually we would like to set up more I/O
servers to reduce the workload. In this case, we are concerned with the maximum
workloads of the I/O servers. In other words, we try to place a given number
of servers appropriately so that the workload of the servers is as balanced as
possible. We call this the balanced server placement problem.

Definition 3. The workload of a server i, denoted by ρi, is defined as the ratio
of its arrival rate over its service rate: ρi = λi/µi

Definition 4. The maximum workload of a system is defined as the maximum
workload among all servers in the system.

Definition 5. Given the network topology, request arrival rates and I/O service
rates, the balanced server placement problem is: How to place a given number of
I/O servers such that the maximum workload of the grid system is minimized?

Let m0 represent the lower bound on the number of I/O servers, assume
there are m ≥ m0 servers to be placed. Our goal is to place at most m servers
such that the maximum workload is minimized. First, we present an algorithm
to find a server placement when the maximum workload is known. Instead of
solving this problem directly, we transform it into a minimum server placement
problem discussed in section 3.

Theorem 6. There exists a placement of at most m servers such that max{λi

µi
}

≤ ρ if and only if the minimum number of servers needed for arrival rates λi and
service rates µ′i = ρ · µi is less than or equal to m.

Proof. First, suppose that the minimum number of servers needed for arrival
rates λi and service rates µ′i = ρ · µi is less than or equal to m. By Definition,
there must exist a placement of at most m servers such that λi ≤ µ′i = ρ · µi for
all server nodes i. Thus, λi/µi ≤ ρ for all server nodes i. Accordingly, we can
derive max{λi/µi} ≤ ρ. This completes the proof of the “if” part.



Next, suppose there exists a placement of at most m servers such that
max{λi/µi} ≤ ρ. We can derive λi/µi ≤ ρi and λi ≤ ρ · µi for all server
nodes i. Therefore, the minimum number of servers needed for arrival rates λi

and service rates µ′i = ρ ·µi must be less than or equal to m. This completes the
proof of the only if part. ut

Theorem 7. If there is no placement of at most m servers such that max{λi/µi}
≤ ρ and ρ′ ≤ ρ, then there cannot be a placement of at most m servers such
that max{λi/µi} ≤ ρ′.

Proof. We prove this theorem by contradiction. Assume that there is no place-
ment of at most m servers such that max{λi/µi} ≤ ρ and ρ′ ≤ ρ, there exists
a placement of at most m servers such that max{λi/µi} ≤ ρ′. Accordingly, we
can derive that there must exist a placement of at most m servers such that
max{λi/µi} ≤ ρ′ ≤ ρ. However, this contradicts the assumption. Therefore,
there cannot be a placement of at most m servers such that max{λi/µi} ≤ ρ′.

ut

According to Theorem 6, we can determine if there exists a placement of
at most m servers such that max{λi/µi} ≤ ρ by using the algorithm for the
minimum server placement problem in section 3. The main difficulty with this
approach is that we do not know the optimal value of the maximum workload
yet. Fortunately, Theorem 7 provides a foundation for searching the optimal
value of the maximum workload. It implies that if there is no server placement
for a maximum workload ρ, then the optimal value must be greater than ρ. On
the other hand, if there is a server placement for a maximum workload ρ, then it
is possible to further minimize the value of the maximum workload. Combining
Theorem 6 and 7 allows us to find the optimal value through a binary search of
the maximum workload.

Before applying a binary search, however, we have to determine an upper
bound and a lower bound. It is rather easy to get an upper bound and a lower
bound on the maximum workload. So long as m ≥ m0, there always exists an
upper bound of 1 on the maximum workload. A lower bound can be computed
by assuming that the fastest m servers are chosen and I/O requests are dis-
tributed to these servers evenly. Next, we can combine a binary search of the
maximum workload and the algorithm for the minimum server placement prob-
lem to find the optimal value of the maximum workload. Because the upper
bound of the binary search is a constant and the lower bound is a function of
the input parameters, the workload-balance algorithm is strongly polynomial.

Our algorithm can be further generalized to consider network bandwidth.
Take Fig. 2(a) and 2(b) as examples. The arrival rate of I/O requests that pass
through the communication channel between node j and node i is denoted as
L(j, p). Let µji be the service rate of this communication channel. To meet the
constraint of the communication channel, it is desirable that L(j, p) ≤ µji in the
minimum server placement problem and L(j, p) ≤ ρ · µji in the balanced server
placement problem.



5 Experimental Results

To evaluate the performance of the proposed algorithms, we conducted several
experiments in which 1000 test cases based on the proposed Grid model are
randomly generated. The number of nodes in each case is approximately 1000.
The arrival rates for the leaf nodes and the service rates for intermediate nodes
are generated from a negative exponential distribution. We also implemented a
heuristic-based greedy method similar to that proposed in [12] as a reference.

The experimental results for the minimum server placement problem, shown
in Fig. 4, compare the performance of the proposed optimal algorithm with the
heuristic-based greedy method. The performance metric is the difference in the
number of servers by the proposed optimal algorithm and the greedy method.
The vertical axis shows the number of test cases, while the horizontal axis shows
the difference in the number of servers used by the two methods.
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Fig. 4. Performance comparison for the minimum server problem

According to the experimental results, the greedy method can only generate
an optimal solution for 22.1% of the test cases. The optimal solution generated
by our algorithm uses one less server than the greedy method in 38% of the test
cases and two or less servers than the greedy method in 39.9% of test cases.
Based on the results in Fig. 4, we classified the 1000 test cases into seven sets
for use in the following experiments. Thus, test set Si contains those test cases
in which our algorithm uses i less servers than the greedy method.

Fig. 5(a) shows the workloads of the greedy method and the optimal algo-
rithm. For each test set, the optimal algorithm and the greedy method use the
same number of servers, and we take the average of maximum workloads of the
optimal algorithm and the greedy method as the performace metric in this ex-
periment. It is obvious that the the difference of the workloads becomes larger
when the difference of the minimum numbers of servers required by the two algo-
rithms increases. This means that, when using the same number of I/O servers,
the optimal algorithm can actually reduce the maximum workload of the I/O
servers and therefore balance their workload better than the greedy method.
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Fig. 5. (a) The workloads of the optimal algorithm and the greedy method (b) The
average waiting times of different test sets

Next, we compare the average waiting times of the two algorithms. The
results are shown in the Fig. 5(b). This experiment demonstrates the major ben-
efit of our optimal algorithm. The results show that, using the same number of
servers as the greedy method, our algorithm reduces the average waiting time of
the grid system dramatically compared to the greedy method.

Fig. 6(a) shows the maximum workload of the optimal algorithm as the num-
ber of I/O servers increases, where m0 is the lower bound on the number of I/O
servers for test cases in S0. It is clear that the maximum workload decreases as
the number of I/O servers increases. This data can help us determine an ap-
propriate number of servers in a grid system. Fig. 6(b) also shows the average
waiting time of the optimal algorithm as the number of I/O servers increases. It
can also help us to determine an appropriate number of servers in a grid system
when the average waiting time is the major concern.
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6 Conclusions

In this paper, we focus on some server placement problems in Data Grid environ-
ments. Given a hierarchical network with requests from clients and constraints
on server capability, the minimum server placement problem attempts to place
the minimum number of servers that can deal with clients requests. As our model
allows servers have different I/O capabilities, it is more general than similar work
in the literatures. Instead of using a heuristic approach, we propose an optimal
algorithm based on dynamic programming as a solution to this problem.

Next, we consider the balanced server placement problem, which tries to place
a given number of servers appropriately so that the workload of the servers is as
balanced as possible. We show that optimal server placement can be achieved by
combining the above algorithm with a binary search of workloads. Finally, we
extend the above approach so that constraints on network capability can also be
dealt with. The experiment results clearly show an improvement on the number
of servers and the maximum workload. As the maximum workload is reduced,
the waiting time is also reduced.
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