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Abstract

Software optimizations are good ways to reduce cache misses without changes or additions to the hardware. Instruction misses and data misses are two issues to be studied on cache performance. This paper presents a simulation based study of evaluating the performance improvements on data cache misses achieved by C programming language with software optimizations. Several basic software optimization techniques, such as merging arrays, loop interchange, loop fusion and blocking were applied to selected programs on various array sizes. Experimental results are analyzed.
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1. Introduction

The increasing performance gap between processors and main memory has inspired compiler writers to scrutinize the memory hierarchy to see if compile time optimizations can improve performance [1]. Most optimizations for uniprocessors reduce the number of instruction executed by the program using transformations based on the analysis of scalar quantities and data-flow techniques. In contrast, optimizations for high-performance superscalar, vector, and parallel processors maximize parallelism and memory locality with transformations that rely on tracking the properties of arrays using loop dependence analysis [2][3]. Among all kinds of transformations available, merging arrays, loop interchange, loop fusion and blocking are the most popular ones. 
In his paper, we present a simulation based study of evaluating the performance improvements on data cache misses achieved by C programming language with software optimizations, such as merging arrays, loop interchange, loop fusion and blocking. To evaluate the performance change, several programs have been chosen and stimulated before and after the transformations. 
The rest of this paper is organized as follows. Section 2 analyzes configurations used in this experiment and theories of transformation techniques. Section 3 presents the experimental results. Future work is included in section 4.
2. Analysis and techniques

2.1 Configuration analysis
Cache performance could be affected by many factors. To pursue and compare potential performance gain from software transformations, we need to setup an experimental environment.  In this paper, we setup a set of array operation programs. Through changing array sizes for each program, we get a serial of cache performance for different array sizes and transformations. 

These factors are analyzed and set for the experiment. 
Block Size

Larger block size could make more relative data sequentially stored in the same block. But it also needs more time to find information and increases miss penalty and time for writing the whole block back.
Associativity

Higher associativity could decrease miss rate, but needs slower clock rate. In addition, it may cause more capacity misses. 
Cache size

Bigger cache size could contain more data in cache. But for evaluating software optimization gain on transformations on various array sizes, we need to choose a cache size in the middle. 
According to the analysis above, we choose a cache size 8K for this experiment and use level one cache only. Cache parameter is -cache:dl1 dl1:64:32:4:l. 
2.2 Transformation techniques

Merging arrays, loop interchange, loop fusion and blocking transformation methods are performed and evaluated in this paper.
Loop interchange

Change nesting of loops to access data in order stored in memory. 
Loop Fusion
Combine 2 independent loops that have same looping and some variables overlap. 
Merging Arrays

Improve spatial locality by single array of compound elements versus 2 arrays. 
Blocking

Improve temporal locality by accessing “blocks” of data repeatedly versus going down whole columns or rows. 

Figure 1 below shows the performance improvement on these transformation techniques for SPEC92 done by Lebeck and Wood on 1994 [1]. 
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Figure 1 Lebeck and Wood[1994] performed the four optimizations by hand on three SPEC92 programs and five separate portions of the nasa7 benchmark. 
3. Experimental results
Our experiment is done on several selected programs created for each or several transformation techniques. Programs are compiled without other optimization. 
3.1 Performance on loop interchange
After loop interchange optimization by hand, data miss rate decreased constantly, 0.0044 on average. The miss rate decrease percentage increases along with the increase of the array size. Especially when the array size is bigger than cache size, performance improves more than smaller array size.
Program execution time slightly increases when array size is smaller than cache size, but decreases when array size is bigger than cache size. 
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Figure 2 Performance on loop interchange
3.2 Performance on loop fusion

Miss rate changes on programs before and after loop fusion optimization include two parts: when array sizes are smaller than cache size, miss rate increases 0.0034 on average; when array sizes are bigger then cache size, miss rate decrease 0.0045 on average. 
Program execution time yields the same trend as loop interchange. 
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Figure 3 Performance on loop fusion

3.3 Performance on merging arrays

Performance on merging arrays optimization gets decreased on both miss rate and execution time. Miss rate increases less when array size increasing. Program execution time increases more when array size increasing. 
From this experimental result, we know that the performance gain from merging array may not improve due to program characteristic and cache settings. The proper coding practice of using a array of records would achieve the same benefits as this optimization [1]. 
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Figure 4 Performance on merging arrays

3.4 Performance on loop interchange, loop fusion and merging arrays

Combining these three optimizations on selected program, the result shows missing rate increases small amount when array sizes less than cache size, decreases when array sizes bigger than cache size; execution times of programs changes without certain rules. 
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Figure 4 Performance on loop interchange, loop fusion and merging arrays

3.5 Performance on blocking

The blocking optimization reduces misses by improving temporal locality. The performance depends on the submatrix size, the array size and cache size. In this paper, we use submatrix size as ARRAY SIZE/10. 
The performance before and after the optimization shown on figure 5 presents when the submatrix size chosen is relatively small, there is no performance improvement. When the array size increases and submatrix size increases, miss rate would drop and execution time reduces.  
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Figure 5 Performance on blocking

4. Future work

Software optimization techniques are correlated with both software and hardware settings. It’s a complex and sometimes controversial process. One optimization may have trade-offs on another. In this paper, we selected some ideal programs to perform certain optimization technique. In real programs, situations could be much more complex. In the future, we would like to process programs with complexities to optimize, such as benchmarks, and would do quantitative studies on other useful techniques, such as faked write allocation and program mapping. 
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