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ABSTRACT:
As more and more query processing work can be done in main memory, memory access is becoming a significant cost component of database operations. Recent database research has demonstrated that most of the memory stalls are due to the data cache misses on the second-level cache and the instruction cache misses on the first-level instruction cache. A lot of research has focused on reducing the data-cache misses, but relatively little research has been done on improving the instruction cache performance of database systems.
This presentation report is about, buffering techniques for database operations during query execution where the techniques can reduce the number of instruction cache misses by up to 80% and improve query performance by up to 15%.
1. INTRODUCTION
With random access memory (RAM) getting cheaper and new 64-bit CPUs join the PC family, it becomes affordable and feasible to build computers with large main memories. By this way, more and more query processing work can be done in main memory. On the other hand, recent advances in CPU speeds have far outpaced the advances in memory latency. As a result, main memory access is becoming a significant cost component of database operations.

Recent database research has demonstrated that most of the memory stalls are due to the data cache misses on the second-level cache and the instruction cache misses on the first-level instruction cache.

Most of recent research has focused on reducing data-cache misses in database systems, such as designing new cache-conscious algorithms, new cache-conscious index structures and new data storage models. However, relatively little research has been done on improving the instruction cache performance of database systems.
In this report, the focus is on:

· Improving the instruction cache performance for conventional demand-pull database query engines,
· Achieving fast query execution throughput,
· Not making substantial modifications to existing database implementations
2. RELATED WORK
There are many techniques proposed to improve instruction cache performance at compiler level:

· A code layout algorithm that uses profile guided feedback information to contiguously layout the sequence of basic blocks that lie on the most commonly occuring flow path (which is extended to consider the temporal relationship between procedures in addition to the target cache information and the size of each procedure)

· A cache line coloring algorithm inspired by the register coloring technique to rduce the number of conflict misses in the instruction cache

· A scheme that analyzes the call graph of a database system and prefetches instructions from the function that is deemed likely to be called next (prefetch instructions are inserted by the compiler to prefetch branch targets non-sequentially)
For database systems, these techniques do not solve the fundamental problem: large instruction footprints during database query execution, leading to a large number of instruction cache misses. The challange is to reduce the effective size of the query execution footprints without sacrificing performance.
Since the programming-language compiler is not invoked for each new query, this issue should be resolved at the “query compiler” level (for example, during query optimization)

A block oriented processing technique for aggregation, expression evaluation and sorting operation is proposed by Padmanabhan, Malkemus, Agarwal and Jhingran. Each operation is performed on a block of records using a vector style processing strategy to achieve better instruction pipelining and to minimize instruction count and function calls. But in this work:

· Impact of instruction cache performance is not studied
· The technique requires a complete redesign of database operations (all operations return block of tuples)
· The technique do not consider the operator footprint size when deciding whether to process data in blocks, as a result, it is possible that too much block oriented processing takes place.
Zhou and Ross use a similar buffer strategy to batch access to a tree-based index (“Buffering accesses to memory-resident  index structures”, In Proceedings of VLDB Conference, 2003). The performance benefits of such buffering are due to improved data cache hit rates. However, the impact of buffering on instruction-cache behaviour is not described in this work.
3. MEMORY HIERARCHY
Modern computer architectures have a hierarchical memory system, where access by the CPU to main memory is accelerated by various levels of cache memories.

Cache memories based on the principles of spatial and temporal locality.
· A cache hit happens when the requested data (or instructions) are found in the cache
· A cache miss incurs when the CPU loads data (or instructions) from a lower cache or memory

There are typically two or three cache levels. Most of the CPU’s now have Level 1 and Level 2 caches integrated on die. Instruction and data caches are usually seperated in the first level and are shared in the second level

Caches are characterized by three major parameters:

· Capacity

· Cache-line size

· Associativity

Latency is the time span that passes after issuing a data access until the requested data is available in the CPU. In hierarchical memory systems, latency increases with distance from the CPU. The following figure shows cache memory systems for Pentium 4.
[image: image1.emf]
Figure 1: Pentium 4 Cache Memories
As L2 cache sizes are expected to increase(2MB for Pentium M), L1 cache sizes will not increase at the same rate. Larger L1 caches are slower than smaller L1 caches, and may slow down the processor clock. The aim in this document’s work is to minimize L1 instruction cache misses.

General information of trace cache can be given as follows:
· Modern processors implement a Trace Cache instead of a conventional L1 instruction cache in order to decode instructions faster. In computer architecture, a trace cache is a mechanism for increasing the instruction fetches bandwidth by storing traces of instructions that have already been fetched, and maybe even executed. This allows the instruction fetch unit of a processor to fetch several basic blocks, without worrying about branches in  execution flow. 
· Trace lines are stored in the trace cache based on the program counter of the first instruction in the trace and a set of branch predictions. This allows for storing different trace paths that start on the same address. In the instruction fetch stage of a pipeline, the current program counter along with a set of branch predictions is checked in the trace cache for a hit. If there is a hit, a trace line is supplied to fetch which does not have to go to a regular cache or to memory for these instructions. The trace cache continues to feed the fetch unit until the trace line ends or until there is a misprediction in the pipeline. If there is a miss, a new trace starts to be build. Because traces also contain different branch paths, a good multiple branch predictor is essential to the success rate of trace caches. 
· Trace caches are also used in processors like the Intel Pentium 4 to store already decoded micro-operations, or translations of complex x86 instructions, so that the next time an instruction is needed, it does not have to be decoded again. 
· Upon a trace cache miss, the instruction address is submitted to the instruction translation look aside buffer (ITLB), which translates the address into a physical memory address before the cache lookup is performed. The TLB (Translation Look aside Buffer) is responsible for translating the virtual address into a physical address. The TLB is a little cache that contains recent translations. If it's not in the TLB then the translation must be loaded from the memory hierarchy, possible all the way down from main memory.
Data memory latency can be hidden by correctly prefetching data in to the cache. Most of the modern CPU’s are pipelined CPU’s. The term pipeline represents the concept of splitting a job into sub processes in which the output of one sub process feeds into the next (for Pentium 4 the pipeline is 20 stages deep).

Conditional branch instructions present another significant problem for modern pipelined CPUs because the CPUs do not know in advance which of the two possible outcomes of the comparison will happen. CPUs try to predict the outcome of branches, and have special hardware for maintaining the branching history of many branch instructions. For Pentium 4 processors, the trace cache integrates branch prediction into the instruction cache by storing traces of instructions that have previously been executed in sequence, including branches.
4. PIPELINED QUERY  EXECUTION
In a demand-driven pipelined query execution model, each operator supports an open-next-close iterator interface, where:

· The function Open() initializes the state of the iterator by allocating buffers for its inputs and output, and it is also used to pass in arguments such as selection predicates that modify the behavior of the operator
· The function Next() calls the next() function on each input node recursively and processes the input tuples until one output tuple is generated. The state of the operator is updated to keep track of how much input has been consumed
· The function Close() deallocates the state information and performs final housekeeping

Pipelining requires requires much less space for intermediate results during execution, and demand-pull pipelined query execution model can be executed by a single process or thread. This approach has several advantages such as:

· Avoiding inter-process communication between operators,

· Avoiding process synchronization and scheduling,

· Minimizing data copies,

· Keeping only the current data items in memory,

· Performing lazy operator evaluation.

[image: image6.wmf]However, demand driven pipelined query plans exhibit poor instruction locality and have bad instruction cache behavior. For a query plan with a pipeline of operators, all the operators’ instructions on the pipeline must be executed at least once to generate one output tuple. 

Figure 2: The query execution shows large instruction footprints.

If the instruction cache is smaller than the total instruction footprint, every operator finds that some of its instructions are not in the cache. By loading its own instructions into the instruction cache, capacity cache misses occur to evict instructions for other operators from the cache. However, the evicted instructions are required by subsequent requests to the operators, and have to be loaded again in the future. This happens for every output tuple and for every operator in the pipeline. The resulting instruction cache thrashing can have a severe impact on the overall performance.
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The instruction cache thrashing is illustrated by executing a simple example query based on the TPC-H schema showed on the following figure:
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                         Figure 3: TPC-H schema                                                                            Figure 4: Query 1
The breakdown results for the simple example query is shown in the following figure:
[image: image9.emf]
Figure 5: Instruction Cache Thrashing Impact. The impact of L1 data cache misses are rather small and it is not reported. Cache miss penalty is called as the total time taken if each cache miss takes exactly the measured cache miss latency.
For this simple query, the first-level instruction cache miss penalty represents a fair proportion of the total time. By reducing the trace cache misses, it is expected to reduce ITLB misses and possibly improve hardware branch predictions.

5. A NEW BUFFER OPERATOR
Given a query plan, a special buffer operator is added in certain places between a parent  and a child operator. During query execution, each buffer operator stores a large array of pointers to intermediate tuples generated by the child operator. Rather than returning control to the parent operator after one tuple, the buffer operator calls its array with intermediate results by repeatedly calling child operator. Control returns to the parent operator once the buffer's array is filled (or when there are no more tuples). When the parent operator requests additional tuples, they are returned from the buffer's array without executing any code from the child operator (Figure 6 shows an example of usage of buffer operator).

[image: image22.emf]
Figure 6: Operator Execution Sequence
A new light-weight buffer operator using the conventional iterator interface is implemented in order to avoid instruction cache thrashing problem. The buffer operator simply batches the intermediate results of the operator(s) below it.
Given a query execution plan, firstly the tree of operators are organized into execution groups. Execution groups are candidate units of buffering. A new buffer operator is added above each execution group. An execution group may be a single operator, or may contain several consecutive operators in the pipeline. Larger execution groups correspond to doing less buffering.

[image: image10.emf]
Figure 7: Query Execution Plan for original and buffered types of Query 1 in figure 4. (There is no need to put another buffer operator above the top operator because the output tuples are sent to the client directly. Also, it should be noted that the original operators are not changed)
The new buffer operator supports the open-next-close interface. Both Open() and Close() functions are simple. Next() operation is shown as GetNext() function in the following figure:

[image: image2.emf]
Figure 8: Pseudocode for Buffer Operator
A buffer operator maintains two states: whether end-of-tuples is received from the child operator and whether its buffered tuples have been consumed. Like other operators, when the GetNext() function of a buffer operator is called for the first time, it begins to retrieve a tuple from the child operator. However, instead of returning the tuple immediately, a buffer operator saves the pointer to the previous tuple and continues to retrieve another tuple. A buffer operator won't return any tuple until either end-of-tuples is received from the child operator or it collects a full array of tuples. Subsequent requests will be filled directly from its buffered array until all the buffered tuples have been consumed and the operator begins to retrieve another array of tuples.
Here is an example of a buffer operator with size 8:
[image: image11.emf]
Figure 9: Buffer Operator. The operator maintains a buffer array which stores pointers to previous intermediate tuples from the child operator. Tuples stay in the child operators’ memory space. Subsequent requests to the GetNext() function can be answered by returning the tuple pointed to by the top pointer in the array.
The point of buffering is that it increases temporal and spatial instruction locality below the buffer operator. When the child operator is executed, its instructions are loaded into the L1 instruction cache. Instead of being used to generate one tuple, these instructions are used to generate many tuples. As a result, the memory overhead for bringing the instructions into the cache and the CPU overhead of decoding the instructions is smaller. So, buffering also improves Query throughput (the rate at which the result is processed).

Another benefit of buffering is better hardware prediction. By repeatedly executing the child operator, the pattern of branching for a shared piece of code displays more temporal predictability.
6. BUFFERING SRATEGIES
Every buffer operator incurs the cost of maintaining operator state and pointers to tuples during execution. If the cost of buffering is significant compared with the performance gain then there is “too much” buffering. On the other hand, if the total footprint of an execution group is larger than the L1 instruction cache, then it results in large number of instruction cache misses. Thus, there is also a potential for “too little” buffering (like in Query 1).

Operators with small cardinality estimates are unlikely to benefit from putting new buffers. The cardinality threshold at which the benefits outweigh the costs can be determined using a calibration experiment on the target architecture. This threshold can be determined once, in advance, by the database system. The calibration experiment would consist of running a single query with and without buffering at various cardinalities. The cardinality at which the buffered plan begins to beat the unbuffered plan would be the cardinality threshold for buffering.
6.1. Instruction Footprint Analysis
The basic strategy is to break a pipeline of operators into execution groups so that the instruction footprint of each execution group combined with the footprint of a new buffer operator is less than the L1 instruction cache size. This eliminates instruction cache thrashing within an execution group.
An ideal footprint estimate can only be measured when actually running the query, in an environment typical of the query being posed. However, it would be too expensive to run the whole query first just for estimating footprint sizes.
No matter which data is used, the same set of functions are almost always executed for each module. Thus, the core database system can be calibrated once by running a small query set that covers all kinds of operators
6.2. Overall Algorithm
The database system is first calibrated by running a small set of simple queries which cover all the operator types, and the instruction footprint for each operator is measured.
The Plan Refinement Algorithm accepts a query plan tree from the optimizer as input. It produces as output an equivalent enhanced plan tree with buffer operators added. The algorithm for choosing where to buffer proceeds as follows:

I. Consider only nonblocking operators with output cardinalities exceeding the calibration threshold.
II. A bottom-up pass is made of the query plan. Each leaf operator is initially an execution group. Try to enlarge each execution group by including parent operators or merging adjacent execution groups until any further action leads to a combined footprint larger than the L1 instruction cache. When that happens, finish with the current execution group and label the parent operator as a new execution group, and continue the bottom-up traversal.
III. Add a buffer operator above each execution group and return the new plan
The plan refinement algorithm improves the absolute performance of a query plan by adding buffers where appropriate.
7. EXPERIMENTAL VALIDATION
[image: image3.emf]
Figure 10: System Specifications used in Experimental Validation

Experimental prototype is built on PostgreSQL 7.3.4. Large buffer pool is allocated so that all tables can be memory-resident. Enough memory for sorting and hashing operations is also allocated.
7.1. Validating Buffer Strategies
[image: image12.emf][image: image13.emf]The query shown in Figure 11 counts the number of records in the table “lineitem" whose shipdate is less than a particular date.
                   Figure 11: Query 2                                        Figure 12: Execution Time Breakdown for Query 2
The combined footprint is around 15K bytes, slightly less than the size of the L1 instruction cache. This suggests that both operators should be in the same execution group and that no buffer operator is necessary between the two operators. 

The results confirms that the overhead of buffering is small and buffering within a group of operators that already fit in the trace cache does not improve instruction cache performance.
[image: image14.emf]When Query 1 in Figure 4 is re-examined:

[image: image15.emf]
                   Figure 4: Query 1                                          Figure 13: Execution Time Breakdown for Query 1
The results shows that combined footprint is 23KB, number of trace cache misses reduced by 80% and number of branch mispredictions reduced by 21%.

The overhead of extra buffering introduces slightly more L2 cache misses, because the “TableScan" operator needs more memory space to store the buffered intermediate tuples. Though the impact is relatively small, the number of ITLB misses is reduced by 86% as well. The net performance of the buffered plan is 12% faster than the original plan.
7.2. Cardinality Effects
Query 1 is used as a query template to calibrate the system, in order to determine a cardinality threshold for buffering. The experience indicates that the threshold is not sensitive to the choice of operator. Figure 14 shows the query performance of both the original and buffered plans for different cardinalities.

In this example, the relative benefits of buffering are small when the predicate is selective. The “TableScan" operator consumes many input tuples to generate one output tuple, and thus there is a relatively large amount of computation (without instruction cache misses) per output tuple. As a result, the contribution of instruction cache misses to the overall cost is small. The benefits of buffering become more obvious as the predicate becomes less selective. In the previous example of Query 1, a 12% overall improvement is achieved when the selectivity is close to 1.

[image: image16.emf]
Figure 14: Cardinality Effects
7.3. Buffer Size
Buffering parameter is the size of array used to buffer tuple pointers. The buffer size is set during operator initialization. The number of reduced trace cache misses is roughly proportional to 1/buffersize. Once buffer is of moderate size, there is only a small incentive to make it bigger.

[image: image17.emf]
Figure 15: Buffered Query Performance as a function of the buffer size for Query 1
From Figure 15, it is seen that when the buffer size is very small, the overhead of buffering is relatively high, and the buffered plan performs slower. It is also seen that as the buffer size increases, the buffered plan shows better performance with better instruction locality. (Until buffer size is 1000)
[image: image4.emf]
Figure 16: Execution Time Breakdown for Varied Buffer Sizes
When Figure 16 is analyzed, it can be seen that as the buffer size increases, 

· Trash cache miss penalty drops 

· The buffered plan shows better performance 
· Buffer operators incur more L2 data cache misses (hardware prefetching hides most of this miss latency, since the data is allocated or accessed sequentially)
7.4. Complex Queries
[image: image18.emf]We use a two-table join query to demonstrate how buffer operators can be used in more complex situations. Figure 17 shows a query that joins the tables “lineitem” and “order” and lists the total price and the average discount. The optimizer is forced to choose three different join methods. Different query plans have different buffering schemes.

Figure 17: Query 3

[image: image19.emf]
Figure 18: Execution Plans using Nested Loop Joins.
When Figure 18 is analyzed, it can be seen that the buffered plan reduces the trace cache misses by 53% and the branch mispredictions by 26%.

[image: image20.emf]
Figure 19: Execution Plans using Hash Join Joins
[image: image21.emf]When Figure 19 is analyzed, it can be seen that the buffered plan reduces the trace cache misses by 70% and the branch mispredictions by 44%.
Figure 20: Execution Plans using Merge Joins
When Figure 20 is analyzed, it can be seen that the buffered plan reduces the trace cache misses by 79% and the branch mispredictions by 30%.

[image: image5.emf]
Figure 21: Overall Improvement for the three schemes          Figure 22: CPI Improvement for the three schemes
When general results are considered, it can be seen that

· Buffered plans lead to more L2 cache misses
· The overhead is much smaller than the performance gain from the trace cache and branch prediction
· The number of ITLB misses is reduced by 60%, 86%, 86% for three join schemes respectively, although the impact of ITLB misses on performance is relatively small.
· Better instruction cache performance leads to lower CPI (Cost-Per-Instruction)
· The original and buffered plans have almost the same number (less than 1% difference) of instructions executed

· Result: Buffer operators are light-weight
8. CONCLUSION
· Techniques to buffer query execution of query plans to exploit instruction cache spatial and temporal locality are proposed

· A new buffer operator over the existing open-next-close interface is implemented (without changing the implementation of other operators)

· Buffer operators are useful for complex queries which have large instruction footprints and large output cardinalities

· Plan refinement algorithm traverses the query plan in a botoom-up fashion and makes buffering decisions based on footprint and large output cardinalities

· Instructions cache misses are reduced by up to 80%

·  The query performance is improved by up to 15%
9. FUTURE WORK
· Integrating buffering with in the plan generator of a query optimizer
· Breaking the operators with very large footprints into several sub-operators and execute them in stages.
· Rescheduling the execution so that operators that are of the same type are scheduled together for complex query plans
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