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Abstract. With the advancement of network and techniques of clusters, joining 

clusters to construct a wide parallel system becomes a trend.  Irregular array 

redistribution employs generalized blocks to help utilize the resource while 

executing scientific application on such platforms.  Research for irregular 

array redistribution is focused on scheduling heuristics because communication 

cost could be saved if this operation follows an efficient schedule.  In this 

paper, a two-step communication cost modification (T2CM) and a 

synchronization delay-aware scheduling heuristic (SDSH) are proposed to 

normalize the communication cost and reduce transmission delay in algorithm 

level.  The performance evaluations show the contributions of proposed 

method for irregular array redistribution. 

1   Introduction 

Scientific application executing on parallel systems with multiple phases requires 

appropriate data distribution schemes.  Each scheme describes the data quantity for 

every node in each phase.  Therefore, performing data redistribution operations 

among nodes help enhance the data locality. 

Generally, data redistribution is classified into regular and irregular 

redistributions.  BLOCK, CYCLIC and BLOCK-CYCLIC(c) are used to specify array 

decomposition for the former while user-defined function, such as GEN_BLOCK, is 

used to specify array decomposition for the latter.  High Performance Fortran 

version 2 provides GEN_BLOCK directive to facilitate the data redistribution for user-

defined function.  To perform array redistribution efficiently, it is important to 

follow a schedule with low communication cost. 

With the advancement of network and the popularizing of cluster computing 

research in campus, it is a trend to join clusters in different regions to construct a 

complex parallel system.  To performing array redistribution on this platform, new 

techniques are required instead of existing methods.   



Schedules illustrate time steps for data segments (messages) to be transmitted in 

appropriate time.  The cost of schedules given by scheduling heuristics is the 

summation of cost of every time steps while cost of each time step is dominated by 

the message with largest cost.  A phenomenon is observed that most local 

transmissions, which are happened in a node, do not dominate the cost of each step 

although they are in algorithm level for existing methods.  In other words, they are 

overestimated.  Since a node can send and receive only one message in the same 

time step [5], the arranged position of each message becomes important.  Therefore, 

a two-step communication cost modification (T2CM) and a synchronization delay-

aware scheduling heuristic (SDSH) are proposed to deal with the overestimate 

problems, reduce overall communication cost and avoid synchronization of schedules 

in algorithm level. 

The rest of this paper is organized as follows: Section 2 gives a survey of existing 

works related to array redistribution.  Section 3 gives notations, terminology and 

examples to explain each parts of scheduling heuristics.  The proposed techniques 

are described in section 4.  Section 5 presents the results of the comparative 

evaluation, while section 6 concludes the paper. 

2   Related Work 

Array redistribution techniques have been developed for regular array redistribution 

and GEN_BLOCK redistribution in many papers.  Both kinds of redistribution issues 

require at least two sorts of techniques.  One is communication sets identification 

which decomposes array for nodes; the other one is communication scheduling 

method which derives schedules to shorten the overall transmission cost for 

redistributions. 

ScaLAPACK [9] was proposed to identify  communication sets for regular array 

redistribution.  Guo et al. [2] proposed a symbolic analysis method to help generate 

messages for GEN_BLOCK redistribution.  Hsu et al. [3] proposed the Generalized 

Basic-Cycle Calculation method to shorten the communication for generalized cases.  

The research on prototype framework for distributed memory platforms is proposed 

by Sundarsan et al. [11] who developed a method to distribute multidimensional 

block-cyclic arrays on processor grids.  Karwande et al. [8] presented CC-MPI with 

the compiled communication technique to optimize collective communication 

routines.  Huang et al. [6] proposed a flexible processor mapping technique to 

reduce the number of data element exchanging among processors and enhance the 

data locality.  To reduce indexing cost, a processor replacement scheme was 

proposed [4].  With local matrix and compressed CRS vectors transposition schemes 

the communication cost can be reduced significantly.  Combining the advantages of 

relocation scheduling algorithm and divide-and-conquer scheduling algorithm, Wang 

et al. [12] proposed a method with two phases for GEN_BLOCK redistribution.  The 

first phase acts like relocation algorithm, but the contentions avoidance mechanism of 

second phase will not be proceeded immediately while contentions happened.  To 

minimize the total communication time, Cohen et al. [1] supposed that at most k 



communication can be performed at the same time and proposed two algorithms with 

low complexity and fast heuristics.  A study [7] focusing on the cases of local 

redistributions and inter-cluster redistribution was given by Jeannot and Wagner.  It 

compared existing scheduling methods and described the difference among them.  

Rauber and Runger [10] presented a data-re-distribution library to deal with 

composed data structures which are distributed to one or more processor groups for  

executing multiprocessor task on distributed memory machines or cluster platforms.  

Hsu et al. [5] proposed a two-phase degree-reduction scheduling heuristic to 

minimize the overall communication cost.  The proposed method derives each time 

step of a complete schedule by performing degree reduction technique while the 

number of messages of each node representing the degree of each vertex in algorithm 

level. 

3   Preliminary 

Following are notations, terminology and examples to explain each parts of 

scheduling heuristics for GEN_BLOCK redistribution.  To improve data locality, 

multi-phase scientific problems require appropriate data distribution schemes for 

specific phases.  For example, to distribute array for two different phases on six 

nodes, which are indexed from 0 to 5, two strings, {13, 20, 17, 17, 12, 21} and {16, 

18, 13, 16, 29, 8}, are given, where the array size is 100 units.  These two strings 

provide necessary information for nodes to generate messages to be transmitted 

among them.  Fig. 1 shows these messages marked from m1 to m11 and are with 

information such as data size, source node and destination node in the relative rows. 

Scheduling heuristics are developed for providing solutions of time steps to reduce 

total communication cost for a GEN_BLOCK redistribution operation.  In each step, 

there are several messages which are suggested to be transmitted in the same time 

step.  To help perform an efficient redistribution, scheduling methods should avoid 

node contention, synchronization delay and redundant transmission cost.  It is also 

important to follow policies of messages arrangement, i.e. with the same source nodes, 

messages should not be in the same step; with the same destination nodes, messages 

should be in different step; a node can only deal with one message while playing 

whether source node or destination node.  These messages that cannot be scheduled 

together called conflict tuples, for example, a conflict tuple is formed with messages 

m1 and m2.  Note that if a node can only deal with a message while it is a 

source/destination node, the number of steps for a schedule must be the equal to or 

more than the number of messages from/to these nodes.  In other words, the minimal 

number of time steps is equal to the maximal number of messages in a conflict tuple, 

CTmax. 



 
Information of messages 

No. of 

message 

Data 

size 

Source 

node 

Destination 

node 

m1 13 0 0 

m2 3 1 0 

m3 17 1 1 

m4 1 2 1 

m5 13 2 2 

m6 3 2 3 

m7 13 3 3 

m8 4 3 4 

m9 12 4 4 

m10 13 5 4 

m11 8 5 5 
  

Fig. 1. Information of messages generated from given schemes to be transmitted on six 

nodes which are indexed from 0 to 5 

Fig. 2 gives a schedule with low communication cost and arranges messages in the 

number of minimal steps.  In this result, there are three time steps with messages 

sent/received to/from different nodes.  The values beside m1~11 are data size, the cost 

of each step is dominated by the largest one.  Thus, m3, m1 and m8 dominate step 1, 2 

and 3, and the estimated cost are 17, 13 and 4, respectively.  To avoid node 

contentions, messages m1 and m2 are in separate steps due to destination nodes of both 

messages are the same.  Based on same argument, m2 and m3 are in separate steps 

due to both messages are members of a conflict tuple.  The total cost which 

represents the performance of a schedule is the summation of all cost of steps.  In 

other words, a schedule with lower cost is better than another one with higher cost in 

terms of performance. 

 

A result of scheduling heuristics 

No. of step No. of message Cost of step 

Step 1 m3(17), m5(13), m7(13) , m10(13) 17 

Step 2 m1(13), m6(3), m9(12), m11(8) 13 

Step 3 m2(3), m4(1), m8(4) 4 

Total cost 34 
  

Fig. 2. A result of scheduling messages with low communication cost and minimal steps 



The result in Fig. 2 schedules messages in three steps, which is the number of 

minimal steps or CTmax.  The total cost is small which representing low 

communication cost due to messages with larger cost and messages with smaller cost 

are in separate steps.  However, the schedule can still be better by providing a cost 

normalization method and a new scheduling technique to avoid synchronization delay 

among nodes during message transmissions in next section. 

4   The Proposed Method 

In this paper, a two-step communication cost modification (T2CM) and a 

synchronization delay-aware scheduling heuristic (SDSH) are proposed to normalize 

the communication cost of messages and reduce transmission delay in algorithm level.  

The first step of T2CM is a local reduction operation, which deal with the message 

happened in local memory.  In other words, candidates are transmissions whose 

source node and destination node are the same node.  For example, m1, m3, m5, m7, 

m9 and m11 are such kind of transmissions which happened inside nodes.  The second 

step is a inter amplification method, which is responsible for transmissions happened 

across clusters.  Assumed there are two clusters, and node 0~2 are in cluster 1, other 

nodes are in cluster 2.  Then m6 is such message which is transmitted from cluster 1 

to cluster 2.  Both operations are responsible for different kind of transmissions due 

to the heterogeneity of network bandwidth.  The local reduction operation reduces 

simulated cost of messages to 1/8 which is evaluated from PC clusters that connected 

with 100Mbps layer-2 switch.  On same argument, inter amplification operation 

increases cost of messages five times.  The cost then becomes more practical for real 

machines when scheduling heuristics try to give a perfect schedule with low 

communication cost.  For previous research, the difference does not exist in 

algorithm level of scheduling heuristics in and could result in erroneous judgments 

and high communication cost. 

Fig. 3 gives the results of local reduction and inter amplification operations 

modifying data size for messages m1~11.  The given schedule in Fig. 2 becomes the 

results in Fig. 4.  Difference of Fig. 2 and Fig. 4 shows the schedule could be 

improved and explains the explain the erroneous judgments.  First, the dominators in 

step 1 and 2 are changed to others whose estimated cost is larger in Fig. 4.  For 

example, the m3 and m1 are replaced by m10 and m6 for both steps, respectively.  

Second, the cost of step 1 and step 2 are changed due to new dominators are chosen in 

both steps.  Furthermore, the synchronization delay is small in algorithm level but 

results in more node idle time in practical.  For instance, the cost of m3, m5, m7 and 

m10 are 17, 13, 13 and 13 are close to each other in step 1 in Fig. 2.  But it is quite 

different in practical in Fig. 4, they should be 2.125, 1.625, 1.625 and 13, respectively.  

Node 1, 2 and 3 must wait for node 4 and 5 to proceed next step because when the 

transmissions of m3, m5 and m7 are finished, the transmission of m10 is still on the way. 



 
Information of messages 

No. of 

message 

Data 

size 

Source 

node 

Destination 

node 

m1 1.625 0 0 

m2 3 1 0 

m3 2.125 1 1 

m4 1 2 1 

m5 1.625 2 2 

m6 15 2 3 

m7 1.625 3 3 

m8 4 3 4 

m9 1.5 4 4 

m10 13 5 4 

m11 1 5 5 
  

Fig. 3. The local reduction and inter amplification operations derive new data size for 

messages m1~11 

 

A result of scheduling heuristics 

No. of  

step 

No. of  

message 

Cost of  

step 

Step 1 m3(2.125), m5(1.625), m7(1.625), m10(13) 13 

Step 2 m1(1.625), m6(15), m9(1.5), m11(1) 15 

Step 3 m2(3), m4(1), m8(4) 4 

Total cost 32 
  

Fig. 4. The results with new dominators and cost 

The proposed synchronization delay-aware scheduling heuristic is a novel and 

efficient method to avoid delay among clusters and shorten communication cost while 

performing GEN_BLOCK redistribution.  To avoid synchronization delay, the 

transmissions happened in local memory are scheduled together in one single step 

instead of separating them among time steps like the results in Fig. 4.  Other 

messages are pre-proceeded by inter amplification and then scheduled by a low cost 

scheduling method which selects messages with smaller cost to shorten the cost of a 

step and avoid the node contentions.  Fig. 5 shows the results of SDSH which is with 

low synchronization delay and is contention free.  There are two reasons making the 

results in Fig. 5 better than the results in Fig. 4.  First, SDSH successfully avoids 



synchronization delay by congregating m1, m3, m5, m7, m9 and m11 in step 3.  It also 

helps reduce the cost of a step.  Second, messages m6 and m10 are the most important 

transmissions in the schedule due to their communication cost can dominate any steps.  

It is a pity that they are separated in two steps in Fig. 4 due to the node contentions.  

For example, it is impossible to move m6 to step 1 to shorten the cost of step 2 due to 

m5 and m7.  The message m5 owns node 2 as source node and so does m6.  Both 

messages cannot be scheduled in the same step.  Similarly, m6 and m7 cannot be 

scheduled together due to destination node.  On same argument, it is impossible to 

move m10 to step 2 due to m9 and m11.  If m5, m7, m9 and m11 can be placed in other 

step, it would be possible to place m6 and m10 together to minimize the 

communication cost of the results.  SDSH successfully places them in step 3 and 

then schedules m6 and m10 in step 1 to shorten the cost of other steps.  This operation 

also successfully avoids node contentions that happened in Fig. 4. 

 

A result of the proposed method 

No. of  

step 

No. of  

message 

Cost of  

step 

Step 1 m2(3), m6(15), m10(13) 15 

Step 2 m4(1), m8(4) 4 

Step 3 m1(1.625), m3(2.125), m5(1.625), 

m7(1.625), m9(1.5), m11(1) 

2.125 

Total cost 21.125 
 

Fig. 5. A result of proposed method with low synchronization delay and contention free 

5   Performance Evaluation 

To evaluate the proposed method, it is compared with a scheduling method, TPDR [5].  

The simulator generates schemes (strings) for 8, 16, 32, 64 and 128 nodes, and there 

are three nodes in a cluster.  To constrain the data size of each node, the lower bound 

and upper bound of each value in the strings are 1 and the value that array size 

divided by the number of nodes, where the array size is 10,000.  If the array is 

distributed on eight nodes, the lower bound and the upper bound of data size are 1 and 

1250 for each node, respectively. 

Fig. 6 shows the results of comparisons between SDSH and TPDR.  For each set 

of node, the number on the right side represents the cases that SDSH performs better, 

TPDR performs better or tie cases.  In the simulation results for 8 nodes, the 

proposed method wins 813 cases which is less than 90% because it is easy for both 

methods to find the same results when performing GEN_BLOCK redistribution on few 

number of nodes.  Therefore, the number of tie cases is over than 10%, and is much 



more than the results of other sets.  When performing GEN_BLOCK redistribution 

with more nodes, SDSH outperforms TPDR, and TPDR loses over 92% cases in the 

rest of the comparisons.  Note that the proposed method always find the best results 

in over 93% cases including the tie cases in all comparisons.  It also shows the 

contribution of SDSH for shortening transmission cost and avoiding synchronization 

delay. 

 

Results of evaluations 

Num. of nodes SDSH TPDR Same 

8 813 76 111 

16 946 43 11 

32 950 48 2 

64 914 79 7 

128 903 96 1 

Percentage 90.52% 6.84% 2.64% 

Total 4526 342 132 
 

Fig. 6. The results of both methods on five sets of nodes with 5,000 cases in total 

The attributes of generated cases dependents on the number of nodes, for example, 

higher CTmax and lower communication cost are with higher number of nodes.  It is 

hard to find the same schedules for two scheduling heuristics with larger number of 

nodes.  Fig. 7 shows the information of cases which are used to evaluate the SDSH 

and TPDR. 

 

Attributes of given cases 

Num. of 

nodes 

 

CTmax 
Average 

CTmax 

Cost of 1,000 cases 

SDSH TPDR 

8 6 3.271 6733580 7953932 

16 8 3.762 5733523 6983753 

32 10 4.246 3564076 4354899 

64 10 4.661 2412444 2781670 

128 11 5.009 1282008 1520884 
 

Fig. 7. Attributes of given cases for five set of nodes 

CTmax of results with 128 nodes is 11 which is almost two times larger than the 

CTmax of results with 8 nodes.  The average CTmax also grows with higher number of 



nodes.  The total cost of schedules given by both methods for 1000 cases with 

different number of nodes explains the contribution of SDSH in Fig. 6.  The 

proposed method provides better schedules and the improves the communication cost 

about 15% while comparing to TPDR.  It also explains how SDSH outperforms its 

competitor.  Overall speaking, SDSH is a novel, efficient and simple method to 

provide solutions for scheduling communications of GEN_BLOCK redistribution. 

6   Conclusions 

To perform GEN_BLOCK redistribution efficiently, research focused on developing 

scheduling heuristic to shorten communication cost in algorithm level.  In this paper, 

a two-step communication cost modification (T2CM) and a synchronization delay-

aware scheduling heuristic (SDSH) are proposed to normalize the transmission cost 

and reduce synchronization delay.  The two-step communication cost modification 

provides local reduction and inter amplification operations to enhance the importance 

of messages.  The SDHC deal with messages separately to avoid synchronization 

delay and reduce the cost.  The performance evaluation shows that the proposed 

methods outperforms its competitor in 92% cases and improves about 15% on overall 

communication cost. 
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