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Abstract. The advent of widely interconnected computing resources introduces 
the technologies of grid computing.  A typical grid system, the cluster grid, 
consists of several clusters located in multiple campuses that distributed 
globally over the Internet.  Because of the Internet infrastructure of cluster 
grid, the communication overhead becomes as key factor to the performance of 
applications on cluster grid.  In this paper, we present a processor reordering 
technique for the communication optimizations of data parallel programs on 
cluster grid.  The alignment of data in parallel programs is considered as 
example to examine the proposed techniques.  Effectiveness of the processor 
reordering technique is to reduce the inter-cluster communication overheads 
and to speedup the execution of parallel applications in the underlying 
distributed clusters.  Our preliminary analysis and experimental results of the 
proposed method on mapping data to logical grid nodes show improvement of 
communication costs and conduce to better performance of parallel programs 
on different hierarchical grid of cluster systems. 

1. Introduction 
One of the virtues of high performance computing is to integrate massive 
computing resources for accomplishing large-scaled computation problems.  The 
common point of these problems has enormous data to be processed.  Due to 
cost-effective, clusters have been employed as a platform for high-performance 
and high-availability computing platform.  In recent years, as the growth of 
Internet technologies, the grid computing emerging as a widely accepted paradigm 
for next-generation applications, such as data parallel problems in supercomputing, 
web-serving, commercial applications and grand challenge problems. 

Differing from the traditional parallel computers, a grid system [7] integrates 
distributed computing resources to establish a virtual and high expandable parallel 
platform.  Figure 1 shows the typical architecture of cluster grid.  Each cluster 
is geographically located in different campuses and connected by software of 
computational grids through the Internet.  In cluster grid, communications 
occurred when grid nodes exchange data with others via network to run job 
completion.   These communications are usually classified into two types, local 
and remote.  If the two grid nodes belong to different clusters, the messaging 
should be accomplished through the Internet.  We refer this kind of data 
transmission as external communication.  If the two grid nodes in the same space 
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domain, the communications take place within a cluster; we refer this kind of data 
transmission as interior communication.  Intuitionally, the external 
communication is usually with higher communication latency than that of the 
interior communication since the data should be routed through numbers of layer-3 
routers or higher-level network devices over the Internet.  Therefore, to 
efficiently execute parallel applications on cluster grid, it is extremely critical to 
avoid large amount of external communications. 
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Figure 1: The paradigm of cluster grid. 

 
In this paper, we consider the issue of minimizing external communications of 

data parallel program on cluster grid.  We first employ the example of data 
alignments and realignments that provided in many data parallel-programming 
languages to examine the effective of the proposed data to logical processor 
mapping scheme.  As researches discovered that many parallel applications 
require different access patterns to meet parallelism and data locality during 
program execution.  This will involve a series of data transfers such as array 
redistribution.  For example, a 2D-FFT pipeline involves communicating images 
with the same distribution repeatedly from one task to another.  Consequently, 
the computing nodes might decompose local data set into sub-blocks uniformly 
and remapped these data blocks to designate processor group.  From this 
phenomenon, we propose a processor-reordering scheme to reduce the volume of 
external communications of data parallel programs in cluster grid.  The key idea 
is that of distributing data to grid/cluster nodes according to a mapping function at 
data distribution phase initially instead of in numerical-ascending order.  We also 
evaluate the impact of the proposed techniques.  The theoretical analysis and 
experimental results show improvement of volume of interior communications and 
conduce to better performance of data alignment in different hierarchical cluster 
grids. 

The rest of this paper is organized as follows.  Section 2 briefly surveys the 
related works.  In section 3, we formulate the communication model of parallel 
data partitioning and re-alignment on cluster grid.  Section 4 describes the 
processor-reordering scheme for communication localization.  Section 5 reports 
the performance analysis and experimental results.  Finally, we conclude our 
paper in section 6. 

2. Related Work 
Clusters have been widely used for solving grand challenge applications due to 
their good price-performance nature.  With the growth of Internet technologies, 



the computational grids [4] become newly accepted paradigm for solving these 
applications.  As the number of clusters increases within an enterprise and 
globally, there is the need for a software architecture that can integrate these 
resources into larger grid of clusters.  Therefore, the goal of effectively utilizing 
the power of geographically distributed computing resources has been the subject 
of many research projects like Globus [6, 8] and Condor [9].  Frey et al. [9] also 
presented an agent-based resource management system that allowed users to 
control global resources.  The system is combined with Condor and Globus, gave 
powerful job management capabilities is called Condor-G. 

Recent work on computational grid has been broadly discussed on different 
aspects, such as security, fault tolerance, resource management [9, 2], job 
scheduling [16, 17, 18], and communication optimizations [19, 5, new, new].  
For communication optimizations, Dawson et al. [5] and Zhu et al. [19] addressed 
the problems of optimizations of user-level communication patterns in local space 
domain for cluster-based parallel computing.  Plaat et al. analyzed the behavior 
of different applications on wide-area multi-clusters [new, new].   Similar 
researches were studied in the past years over traditional supercomputing 
architectures [12, 13].  For example, Guo et al. [11] eliminated node contention 
in communication phases and reduced communication steps with schedule table.  
Y. W. Lim et al. [15] presented an efficient algorithm for block-cyclic data 
realignments.  Kalns and Ni [14] proposed the processor mapping technique to 
minimize the volume of communication data for runtime data re-alignments.  
Namely, the mapping technique minimizes the size of data that need to be 
transmitted between two algorithm phases.  Lee et al. [10] proposed similar 
algorithms, the processor reordering, to reduce data communication cost.  They 
also compared their effects upon various conditions of communication patterns. 

The above researches give significant improvement of parallel applications on 
distributed memory multi-computers.  However, most techniques only applicable 
for parallel programs running on local space domain, like single cluster or parallel 
machine.  For a global grid of clusters, these techniques become inapplicable due 
to various factors of Internet hierarchical and its communication latency.  In this 
paper, our emphasis is on dealing with the optimizations of communications for 
data parallel programs on cluster grid. 

3. Preliminaries 
3.1 Problem Formulation 

The data parallel programming model has become a widely accepted paradigm for 
parallel programming on distributed memory multi-computers.  To efficiently 
execute a parallel program, appropriate data distribution is critical for balancing 
the computational load.  A typical function to decompose the data equally can be 
accomplished via the BLOCK distribution directive. 

It has been shown that the data reference patterns of some parallel 
applications might be changed dynamically.  As they evolve, a good mapping of 
data to logical processors must change adaptively in order to ensure good data 
locality and reduce inter-processor communication.  For example, a global array 



could be equally allocated to a set of processors initially in BLOCK distribution 
manner.   As the algorithm goes into another phase that requires to access 
fine-grain data patterns, each processor might divide its local data into sub-blocks 
locally and then distribute these sub-blocks to corresponding destination 
processors.  Figure 2 shows an example of this scenario.  In the initial 
distribution, the global array is evenly decomposed into nine data sets and 
distributed over processors that are selected from three clusters.  In the target 
distribution, each node divides its local data into three sub-blocks evenly and 
distributes them to the same processor set in grid as in the initial distribution.  
Since these data blocks might be needed and located in different processors, 
consequently, efficient inter-processor communications become major subject to 
the performance of these applications. 
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Figure 2: Data distributions over cluster grid. 

To facilitate the presentation of the proposed approach, we assume that a 
global array is distributed over processors in BLOCK manner at the initiation.  
Each node is requested to partition its local block into K equally sub-blocks and 
distribute them over processors in the same way.  The second assumption is that 
each cluster provides the same number of computers involved in the computation. 

Definition 1: The above term K is defined as partition factor. 

For instance, the partition factor of the example in Figure 2 is K=3. (Block A 
is divided into a1, a2, a3, B is divided into b1, b2, b3, etc.) 

Definition 2: Given a cluster grid, C denotes the number of clusters in the grid; 
ni is the number of processors selected from cluster i, where 1 ≤ i ≤ C; P is the 
total number of processors in the cluster grid. 

According to definition 2, we have P = ∑
=

C

i
in

1
.  Figure 2 has three clusters, 

thus C = 3, where {P0, P1, P2} ∈ Cluster 1, {P3, P4, P5} ∈ Cluster 2 and {P6, P7, 
P8} ∈ Cluster 3, we also have n1 = n2 = n3 = 3 and P = 9. 

3.2 Communication Cost Model 

Because the interface of interconnect switching networks in each cluster system 
might be different; to obtain accurate evaluation, the interior communication 
costs in clusters should be identified individually.  We let Ti represents the time 
of two processors both reside in Cluster-i to transmit per unit data; mi is the sum 
of volume of all interior messages in Cluster-i; for an external communication 
between cluster i and cluster j, Tij is used to represent the time of processor p in 
cluster i and processor q in cluster j to transmit per unit data; similarly, mij is the 



sum of volume of all external messages between cluster i and cluster j.   
According to these declarations, we can have the following cost function, 
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Due to various factors over Internet might cause communication delay; it is 
difficult to get accurate costs from the above function.  As the need of a criterion 
for performance modeling, integrating the interior and external communications 
among all clusters into points is an alternative mechanism to get legitimate 
evaluation.  Thus, we totted up the number of these two terms to represent the 
communication costs through the whole running phase for the following 
discussions.  The volume of interior communications, denoted as |I| and external 
communications, denoted as |E| are defined as follows, 
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Where Ii is the total number of interior communications within cluster i; Eij is the 
total number of external communications between cluster i and cluster j. 

4. Communication Localization 

4.1 Motivating Example 

Let us consider the example in Figure 2.  In the target distribution, processor P0 
divides data block A into a1, a2, and a3.  Then, it distributes these three 
sub-blocks to processors P0, P1 and P2, respectively.  Since processors P0, P1 and 
P2 belong to the same cluster with P0; therefore, these are three interior 
communications.  Similar situation on processor P1 will generate three external 
communications; P1 divides its local data block B into b1, b2, and b3.  It 
distributes these three sub-blocks to P3, P4 and P5, respectively.  However, as 
processor P1 belongs to Cluster 1 while processors P3, P4 and P5, belong to 
Cluster 2.  Thus, this results three external communications.  Figure 3 
summarizes all messaging patterns of the example into a communication table.  
The messages {a1, a2, a3}, {e1, e2, e3} and {i1, i2, i3} are interior communications 
(the shadow blocks).  All the others are external communications.  Therefore, 
we have | I | = 9 and | E | = 18. 
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Figure 3: Communication table of data distribution over cluster grid. 



Figure 4 illustrates a bipartite representation to show the communications that 
given in the above table.  In this graph, the dashed arrows and solid arrows 
indicate interior and external communications, respectively.  Each arrow contains 
three communication links.   
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Figure 4: Interior and external communications using bipartite representation. 

4.2 Processor Reordering Data Partitioning 

The processor mapping techniques were used in several previous researches 
to minimize data transmission time of runtime array redistribution.  In a cluster 
grid system, the similar concept can be applied.  According to assumptions in 
section 3.1, we proposed the processor reordering technique and its mapping 
function that is applicable to data realignment on cluster grid.  In order to 
localize the communication, the mapping function produces a reordered sequence 
of processors for grouping communications into local cluster.  A reordering agent 
is used to accomplish this process.  Figure 5 shows the concept of processor 
reordering technique for parallel data to logical processor mapping.  The source 
data is partitioned and distributed to processors into initial distributions (ID(PX)) 
according to the processor sequence derived from reordering agent, where X is the 
processor id and 0 ≤ X ≤ P-1.  To accomplish the target distribution (TD(PX’)), 
the initial data is divided into K sub-blocks and realign with processors according 
to the new processors id X’ that is also derived from the reordering agent.  Given 
distribution factor K and processor grid (with variables C and ni), for the case of 
K=ni, the mapping function used in reordering agent is formulated as follows, 

F(X) = X’ = ⎣ ⎦CX / +(X mod C) * K                (4) 

We use the same example to demonstrate the above reordering scheme.  
Figure 6 shows the communication table of messages using new logical processor 
sequence.  The initial distribution of source data is allocated by the sequence of 
processors’ id, <P0, P3, P6, P1, P4, P7, P2, P5, P8> which is derived from equation 
4.  To accomplish the target distribution, P0 divides data block A into a1, a2, a3 
and distributes them to P0, P1 and P2, respectively.  These communications are 
interior.  For P3, the division of initial data also generates three interior 
communications; because P3 divides its local data B into b1, b2, b3 and distributes 
these three sub-blocks to P3, P4 and P5, respectively; which are in the same cluster 



with P3.  Similarly, P6 sends e1, e2 and e3 to processors P6, P7 and P8 and causes 
three interior communications.  Eventually, there is no external communication 
incurred in this example in Figure 6. 
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Figure 5: The flow of data to logical processor mapping. 
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Figure 6: Communication table with processor reordering. 

The bipartite representation of Figure 6’s communication table is shown in 
Figure 7.  All the communication arrows are in dashed lines.  We totted up the 
communications, then have | I | = 27 and | E | = 0.  The external communications 
are mostly eliminated. 

5. Performance Analysis and Experimental Results 
5.1 Performance Analysis 
The effectiveness of processor reordering technique in different hierarchy of 
cluster grid can be evaluated in theoretical.  This section presents the 
improvements of volume of interior communications for different number of 
clusters (C) and partition factors (K). 

For the case consists of three clusters (C=3), Figure 8(a) shows that the 
processor reordering technique provides more interior communications than the 
method without processor reordering.  For the case consists of four clusters 
(C=4), the values of K vary from 4 to 10.  The processor reordering technique 
also provides more interior communications as shown in Figure 8(b).  Note that 
Figures 8 and 9 report the theoretical results which will not be affected by the 
Internet traffic.  In other words, Figure 8 is our theoretical predictions. 
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Figure 8: The number of interior communications (a) C=3 (b) C=4. 

5.2 Simulation settings and Experimental Results 

To evaluate the performance of the proposed technique, we have implemented the 
processor reordering method and tested on Taiwan UniGrid in which 8 campus 
clusters ware interconnected via Internet.  Each cluster owns different number of 
computing nodes.  The programs were written in the single program multiple data 
(SPMD) programming paradigm with C+MPI codes. 

Figure 9 shows the execution time of the methods with and without processor 
reordering to perform data realignment when C=3 and K=3.  Figure 9(a) gives 
the result of 1MB test data that without file system access (I/O).  The result for 
10MB test data that accessed via file system (I/O) is given in Figure 9(b).  
Different combinations of clusters denoted as NTI, NTC, NTD, etc. were tested.  
The composition of these labels is summarized in Table 1. 

Table 1: Labels of different cluster grid 
 

Label Cluster-1 Cluster-2 Cluster-3 Label Cluster-1 Cluster-2 Cluster-3 

NTI NCHC NTHU IIS NCI NCHC CHU IIS 

NTC NCHC NTHU CHU NCD NCHC CHU NDHU 

NTH NCHC NTHU THU NHD NCHC THU NDHU 
  

In Figure 9(a), we observe that processor reordering technique outperforms 
the traditional method.  In this experiment, our attention is on the presented 
efficiency of the processor reordering technique instead of on the execution time 
in different clusters.  Compare to the results given in Figure 8, this experiment 
matches the theoretical predictions.  It also satisfying reflects the efficiency of 



the processor reordering technique.  Figure 9(b) presents the results with larger 
test data (10 MB) under the same cluster grid.  Each node is requested to perform 
the data realignments through access file system (I/O).  The improvement rates 
are lower than that in Figure 9(a).  This is because both methods spend part of 
time to perform I/O; the ratio of communication cost becomes lower.  
Nonetheless, the reordering technique still presents considerable improvement. 
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Figure 9: Execution time of data realignments on cluster grid when C = K = 3. 

6. Conclusions and Future Works 
In this paper, we have presented a processor reordering technique for localizing 
the communications of data parallel programs on cluster grid.  Our preliminary 
analysis and experimental results of re-mapping data to logical grid nodes show 
improvement of volume of interior communications.  The proposed techniques 
conduce to better performance of data parallel programs on different hierarchical 
grid of clusters systems.  There are numbers of research issues remained in this 
paper.  The current work of our study restricts conditions in solving the 
realignment problem.  In the future, we intend to devote generalized mapping 
mechanisms for parallel data partitioning.  We will also study realistic 
applications and analyze their performance on the UniGrid.  Besides, the issues 
of larger grid system and analysis of network communication latency are also 
interesting and will be investigated. 
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