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Abstract: （9pt, bold , the first letter should be capitalized）In this paper, we present the compiler transformation of OpenMP code to an ordered collection of tasks, and the compile time as well as runtime mapping of the resulting task graph to threads for data reuse. The ordering of tasks is relaxed where possible so that the code may be executed in a more loosely synchronous fashion. Our current implementation uses a runtime system that permits tasks to begin execution as soon as their predecessors have completed. A comparison of the performance of two example programs in their original OpenMP form and in the code form resulting from our translation is encouraging. （9pt）
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1
Introduction（font: hElvetica, 9pt, capitalized,bold）
OpenMP (www.openmp.org.) succeeds as a popular parallel programming interface for medium scale high performance applications on shared memory systems due to its portability, ease-of-use, and support for incremental parallelisation. Writing OpenMP programs is relatively easy, in contrast to other parallel programming models such as MPI. Users may achieve reasonable performance by adding just a few OpenMP directives. However, it requires a non-trivial effort to obtain scalable OpenMP codes for ccNUMA systems. In order to make OpenMP a parallel programming model for a system consisting of a large number of processors, synchronisation in the code must be minimised. An additional potential cause of performance degradation on ccNUMA (cache coherent Non-Uniform Memory Access) systems is that a thread may need to access a remote memory location; despite substantial progress in interconnection systems, this still incurs significantly higher latency than accesses to local memory, and the cost may be exacerbated by network contention. 
If data and threads are unfavourably mapped, cache lines may ping-pong between locations. However, OpenMP provides few features for managing data locality. 
In particular, it does not enable the explicit binding of parallel loop iterations to a processor executing a given thread; such a binding might allow the distribution of work such that threads can reuse data.

An alternative approach that can provide high performance on ccNUMA platforms is for the user to rewrite the OpenMP code, decomposing the data structures into portions that will be private to each thread, creating buffers to hold shared data, and arranging for the appropriate synchronisation. Yet, this so-called Single Program Multiple Data (SPMD) OpenMP style requires considerable reprogramming. We attempt to relieve users from the extra burden of creating SPMD code and to help them achieve good performance for their original programs by transforming standard OpenMP codes to tasks, relaxing synchronisation between tasks where possible, and mapping them to processors for data reuse.
（These are instructions for authors typesetting for the First International Conference of Management Innovation (ICMI2007) to be held in Shanghai, China. This document has been prepared using the required format (Microsoft Word version 6.0 or later). Using this document as a template is highly recommended as it gives the best input for the final publications. (Papers prepared using applications other than Microsoft Word must conform to the format and criteria detailed in this document). ）
2
Our approach（font: hElvetica, 9pt, capitalized,bold）
（Headings are numbered and capitalized. All major headings are centered in bold in 9 fonts. Do not put a period after the text of the heading. There should be no more than three levels of heading.）
We target OpenMP to a data flow execution model realised using the SMARTS runtime system (Vajracharya et al., 1999a; 1999b) developed at the Los Alamos National Laboratory. At runtime, SMARTS employs a master thread to orchestrate the work of slave threads that execute the tasks. The tasks, a graph that represents the ordering of their execution, and the data read and written by each task are passed to the runtime system. Before a task can run, it must make read/write requests for the data it needs. As soon as the data are available, the master thread schedules the task to a slave queue to be executed. The slave thread may be chosen by the compiler or by the runtime system. SMARTS also supports work stealing, where a slave thread takes one or more tasks from other queues. 

（body of the paper: The whole paper should be written in “Times New Roman” font. Except the title of the paper that is in 22-font size and authors’ names in 13-font size, with their affiliations in 10-fontsize, the whole paper should be written in 10 fonts. 
Please use 2 columns. The line spacing should be 12 pounds. Every paper should be less than or equal to 5 pages. Set the page to A4 with margin of 2.54cm all around.  Do not use headers and footers, do not use end notes and do not put page numbers. Microsoft Word file is strongly preferred. ）
3
Creation and mapping of the task graph

For the purposes of this paper, we call a unit of sequential code that will be executed by a single thread a task. 
Such a task is an arbitrary code sequence, such as a set of iterations of a loop nest, or one or more procedures, 
without synchronisation constructs. An OpenMP program will be decomposed into an ordered collection of tasks according to the semantics of the language. The ordering will be represented by the task graph. A task graph for an OpenMP program, denoted by G(N, E) consists of a set of nodes N = {t1, t2, ··· , tm}, where each node represents a task in the decomposed program, and a set of edges E between nodes, where ei,j is an edge from node ti to node tj. 
Each edge represents synchronisation in the sense that the source node must be executed before the sink node at run time. As part of our translation strategy, we will eliminate as many edges as possible from this graph in order to reduce the amount of synchronisation imposed on the executing code. We will also use this graph and our analysis to map the tasks in the program to threads. Note that we bind exactly one thread to each target processor so that we may refer to threads and processors interchangeably. We assume that processors (and threads) are numbered consecutively, beginning with one.
3.1
Generation of tasks and task graph 
（font: helvetica, 9pt, The first letter of first word should be capitalized, bold））
OpenMP does not restrict work-sharing constructs to be within the lexical scope of the parallel region; 
they can occur within a subroutine or a procedure that is invoked, either directly or indirectly from inside a parallel region. Parallel regions may contain long call chains. 
 For each task, we collect the following information: 

· read/write access to array sections

· the code segment 

· information on (possible) loop iterations

· synchronisation constraints. 

When the number of threads is known in advance, task generation is straightforward. Otherwise, more work is needed at runtime. In the former case, each task is created, ordering relationships are determined based upon OpenMP semantics, and the data read and written by each task are computed. Task sequences and its read/write accesses to regular sections of arrays are also obtained. For example, we present the algorithm for translating the DO construct in Figure 1.

Let NT be the number of threads and

tk be the last task before this loop

DO I = 1, NT
k = k + 1

Compute bounds of tk according to loop schedule

Compute array accesses by tasks tk
Add tk to N
ENDDO

Figure 1   The generation of tasks from an OpenMP parallel loop
（Figures and tables should be placed as close as possible to where they are cited. Captions should be Times New Roman 9-point, bold. Figures and Tables should be numbered separately and consecutively. Avoid color diagrams. Figure’s captions should be flush center below the figures, and Table captions should be in center above the table body. Initially capitalize only the first word of each caption. Table contents should be Times New Roman 9-point, italic. ）

(All equations should be placed on separate lines and numbered consecutively, with the equation numbers placed within parentheses and aligned against the right margin.

To illustrate the above algorithm, we use the code in 
Figure 2 and assume that NT is 2. Tasks will be created by subdividing the work in the outer loop according to the default schedule. If eight tasks have already been created when this loop is encountered, then it will generate two new tasks, t9 and t10, to perform the work in the loop. The first of these tasks will perform the first 50 iterations and the second will perform the remaining 50. Accordingly, task t9 has the bounds I = 1,50 and J = 1,100 and will write the array section A[1:100, 1:50]. Task t10 has the bounds I = 51,100 and J = 1,100 and writes to A[1:100, 51:100]. Both these tasks must wait until all tasks involved in the previous construct have been completed, unless the NOWAIT clause was specified there.

!$OMP PARALLEL

!$OMP DO

DO I = 1,100

DO J = 1,100

A(J, I) = 

ENDDO

ENDO

!$OMP SINGLE

A(1, 1) =

!$OMP END SINGLE

!$OMP END PARALLEL

Figure 2   Example of DO
3.2
Mapping algorithm for data locality reuse
We use a heuristic algorithm to map tasks in the task graph to processors (Figure 4). It is based upon a list scheduling approach (Yang and Gerasoulis, 1993). The goal of the algorithm is to map tasks that use the same data to the same processor. However, at each step of the way, it must decide which one is the next task to map: it maps ‘more important’ tasks first when possible, where this is determined by the weight of a node.

Input: Task Graph G(N,E) and m processors of distributed shared memory system.
Output: procs(ti) = pk for each task ti, the assignment of tasks to processors

The visited edges only affects list_max_isucs() and max_ipred(). 

We next compare the priority (weight) of the successor task chosen with the highest priority task in the ready queue. Whichever one has highest priority will be mapped next; we call it tnext. Before continuing, we now add any tasks to RQ if all their successors have already either been assigned to processors or placed in RQ. In step 4, we remove the next task from RQ, if necessary, and fix its mapping. If it is an immediate successor of tcurrent, then it will be mapped to the same processor. Otherwise, we call function Locate_Processor to check if it has been temporarily mapped to a processor; if it has, this function will map it to that processor. Otherwise, the function will find a processor that is idle for mapping. Finally, we set tnext to be the new tcurrent before beginning the next iteration.

4
Code generation 

4.1
Static case

In the static case, the compiler collects as much information as possible to avoid runtime overheads and to 
generate code that passes complete information to the runtime system. Such information includes task identification, possibly loop iterations, task mapping information, read/write access information (pass task graph information if other runtime system is used). 
This is necessary so that the task can be executed on the processors for data reuse and can be out-of-order execution for those independent tasks. 

/*to create n-1 slave threads to execute tasks*/

call SM_concurrency(n) 

/* SMARTS Initialisation */

call SM_define_array(info) 

schedtype = hardaffinity

call SM_startgen()

do i = 1, iter

k = k + 1

call SM_def_readwrite(task_loop0, k)

call SM_getinfo(task_loop0, affin, datinfo)

call SM_handoff(task_loop0, schedtype, 

procs(task_loop0,k), datinfo)

end do

k = k + 1

call SM_def_readwrite(task_single,k)

call SM_handoff(task_single, schedtype, 

procs(task_single,k), datinfo)

call SM_run() 

call SM_end()
Figure 5   Main program using SMARTS

subroutine task_loop0(datinfo)

use shared_DATA

call SM_compute_bound(datinfo,lb1,ub1,lb2,ub2)

do j = 1b1, ub1

do i = lb2, ub2

A(i,j) = 
enddo

enddo

end subroutine task_loop0

subroutine task_single(datinfo)

use shared_DATA

A(1,1) = 

end subroutine task_single
Figure 6   Parallel loops using SMARTS
After compile-time task mapping has been performed, we can generate source code such as that in Figure 5 as an example from Figure 2. The main program is first executed by the master thread, which creates additional threads that each bounds to processor and pass information stated above. In Figure 6, task_loop0 and task_single are routines for tasks corresponding to the DO construct and SINGLE construct of Figure 2, respectively. 

4.2
Dynamic case

Most application programs have a significant number of input-data dependent unknowns, and the number of processors may also be unknown at compile time. 
Compile-time analyses can consequently produce symbolic expressions, despite the application of interprocedural constant propagation and other techniques for maximising available information about variables. Therefore, symbolic analysis is required to support compile-time analyses as well as to reduce the cost of runtime analysis. Several techniques have been proposed for evaluating symbolic expressions and for expressing information about program variables at arbitrary program points, as well as for aggressive simplification of a system of constraints of symbolic expressions, determining the relationships between symbolic expressions, and computing their lower and 
upper bounds.

Blume and Eigenmann (1994) use abstract interpretation to extract information about variable ranges. Haghighat and Polychronopoulos (1996) present a variety of symbolic analysis techniques based on abstract interpretation. Fahringer and Scholz (1997) present a unified symbolic evaluation framework that statically determines the values of variables and symbolic expressions. They use the Omega library (Pugh, 1992) for simplifying first order logic expressions and constraints. 

We are working on the generation of a routine that computes the array sections of those symbolic bounds and symbolic array sections that have not been resolved at compile time. (At compile time, the symbolic analysis consists of an aggressive simplification of a system of constraints of symbolic expression, determining the relationship between symbolic expressions, computing lower and upper bound of symbolic expression.) In this case, we may need to (partially) construct the task graph and perform the task mapping algorithm at runtime.

5
Evaluation and experimental results
……
arrays into smaller block size for this code, there is no substantial overhead, for even with a few processors. With an increasing number of processors, translated code also gave a better performance and scale well up to 32 processors.
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Figure 18   ADI kernel code
7
Conclusion （font: hElvetica, 9pt, capitalized,bold）
Our goal is to search for compiler techniques that improve the performance of OpenMP codes without the necessity of manual program modification, especially on large ccNUMA systems. Difficulties include the cost of non-local data accesses, which remain significantly higher than local references, the high amount of global synchronisation in most OpenMP codes, and false sharing of data in cache. 
To achieve our aims, we translate OpenMP codes to a form that may be executed in a dataflow fashion that enables large-scale out-of-order execution, and explore the ability of the compiler to reduce synchronisation overheads, as well as to improve data reuse in the resulting ordered collection of tasks (Weng and Chapman, 2002). In this paper, we present a practical algorithm for the generation and improvement 
of a task graph that represents the necessary synchronisation in an OpenMP code. We propose an algorithm for mapping the resulting tasks to processors for data reuse. From this, we can generate code scheduling tasks for reuse at runtime. We also demonstrate that this scheme can enable 
macro-wave front pipelined computation. Our approach relies on compiler technology and a suitable runtime system; thus there is no need for user intervention. 

Despite using a relatively inefficient runtime system in our experiments, the results with LU and ADI kernels show that our strategy has improved performance. However, there is more to be learned. Our mapping algorithm is sensitive to the method for weighting of nodes and edges, which must represent data transfer and cache effects; we intend to continue to experiment with these parameters. 
Our current effort does not take the problem of false sharing of cache data into account and this needs to be considered. 
Our future work also includes exploiting symbolic analysis to improve our ability to handle more difficult cases and to lower the overheads of dynamic task scheduling. 
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