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5�:�1 '���
	����� '���� &���������� � � � � � � � � � � � � � � � � � � � � � 2:

5�:�6 7���	 #�B����� �� (��������� � � � � � � � � � � � � � � � � � � � � � 2;

5�:�: ������� ,������� '������ �� ��� #�B����� � � � � � � � � � � � � � 25

5�; ���	���������� ���
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5�;�1 ���	�������� � >�����!
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��	 �� �
�
�� ���� ������ � � � � � � � � � � � � � � � � � 14;

5�5�6 '���	� �� �
	���	� '���
	����� #���� C �������� ��� ,�������� � � � 149

5�5�: 0���� ��  �+� ������� ���� ���� ������ '���� � � � � � � � � � � � 142

5�< 0��	
����� �������	��� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 11:

5�<�1 '��
	����� 0���������� � � � � � � � � � � � � � � � � � � � � � � � � � 11:
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<�; 0Æ����� '������� ���	���������� � � � � � � � � � � � � � � � � � � � � � � � 1:1

<�;�1 (��������  ���	 #���%�>� �� '������� � � � � � � � � � � � � � � � � � 1:6
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Measured Patterns and Environmental Setup
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Measured Patterns and Environmental Setup
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Figure 2.1. Sparse vector.
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Figure 2.2. Sparse vector stored using the LL format.
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Table 2.2. Selected subset of SPLASH-2. Statistics are for 16 processors, compiled with cc -O2 -mips2
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Figure 2.3. Breakdown of pattern distribution for 16 processors and Bsize = 32. Pointer and Index

patterns are not plotted due to their negligible contribution.
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Figure 2.4. Pattern Distribution (million loads) for Cholesky and Radix up to 32 processors. Scalar is

split in Ordinary loads (regular and synchronizing) and Polling loads.
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Figure 2.5. Effect of removing the first three loads of each sequence. The left bar shows the pattern

distribution when all sequences of length greater or equal than 2 have been included. In the right bar,

the first three loads of each sequence are not included.
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Table 2.3. Dominant sequence lengths in all patterns for 16 processors. Maximum values for each

application are shown in bold. Percentages below 2.0 are omitted and accumulated in the REM column.
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Figure 2.6. Changes in sequence length depending on the problem partition and number of processors

executing the application.
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Figure 3.1. Multiprocessor system used for comparing prefetching techniques. The Bases System (no

prefetch) excludes the dashed components. (Address predictor and Prefetching Address Buffer).
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Figure 3.2. Performance model showing the demand and prefetch miss ratios of interest.
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Figure 3.3. Speedup, Ta (cycles) and BU (in %) vs. number of processors, for the Base system.
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Figure 3.4. Demand and prefetch miss ratios, showing the behaviour of the Base system and Ts, LC,

LCm, LCms Prefetchers for 16 processors. On the left, we report the number of prefetch request per

every 100 loads (p/n)
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Figure 4.1. Loops with anti and output dependences (a) and flow dependences (b).

�� ����� ��� G�� ����������� ������ ����������
 ��� 	��� ������ ������		� !� �B��
���

�� ����		�	� ��� �B���	�
 ��� 	��� �� ���
�� ;�1@!A ��� � G�� ���������� �� 	��� 6 !������

������
���� ����������� �� ���� ����
 ��������� � ����� ��� ��	
� ���� �� ����
��� �� ���������

�� 1� (� � ���
	�
 ��� 	��� ������ !� �B��
��� �� ����		�	�

Hardware Prefetch, Reduction Support and Speculative State Buffering in SMM 55



Chapter 4. Support for Parallel Reductions in Scalable Shared-Memory Multiprocessors

)���� 	������������ ����������

( ������	 ��� ���?
��� ���� �� G�� ���������� ���
�� �� 	���� ���� ������� ���
�����

����������� ( ���
����� ��������� ���
�� ���� �� ����������� ��� ����
������ ��������

� �������� �� � �����!	� � �� �� � M ������������
 ����� � ���� ��� ���
� �� ����������

�� �� ��� ����� �	��� �� ��� 	���� �� �
�� � ����
 � �� � ���
����� �����!	��

( ����	�F�� �B���	� �� ���
����� �� ����� �� ���
�� ;�6� �� ��� F�
��
 ����� � ��

� ���
����� �����!	�� 7��� ���� ��� ������� �� ������ �� � ���
����� �����!	� �� � ����

��		���� !� � ������ #��������
 ����� ��� !� G�� ����������� ������ ����������� (� �

���
	�
 ��� 	��� ������ !� �
� �� ����		�	�

1 ���@�M4-��7����-�UUA

6 �:BI�J;<9�B��������-
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Figure 4.3. Code resulting from parallelizing the loop in Figure 4.2.
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Private Cache-Line Reduction (PCLR)
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Figure 4.4. Representation of how PCLR works.
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Figure 4.6. Original reduction code (a), and instructions that replace the load to solve the atomicity

problem (b).
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Table 4.1. Architectural characteristics of the modelled CC-NUMA. The latencies shown measure

contention-free round trips from the processor in processor cycles.
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Figure 4.7. Execution time under different schemes for a 16-node multiprocessor. The numbers above

the bars are speedups relative to the sequential execution.
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Figure 4.8. Speedups delivered by the different mechanisms (harmonic mean).
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Figure 4.9. Comparing the performance with floating-point units of different frequencies.
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Figure 4.10. Loop to be parallelized with privatization and dynamic last value assignment.
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Figure 4.11. Code resulting from parallelizing the loop in Figure 4.10 with dynamic last value assign-

ment.
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Figure 4.12. Parallelized reduction code with dynamic last value assignment under PCLR.
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Chapter 5. Tradeoffs in State Buffering for Speculative Thread-Level Parallelization
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Figure 5.1. A set of tasks executing in four processors. The commit point (CP) advance is shown

inside the non-speculative task timeline.
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Figure 5.2. Multiple versions of the same variable in the system. Examples of in-order RAW, out-of-

order WAR, and WAW dependences.
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Figure 5.3. Example of a cache keeping versions from different tasks and different addresses (a) or

different tasks and the same address (b).
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Figure 5.6. Snapshot of the memory system state of a program during speculative parallel execution.

We use the ROB and HB analogies in (a) and (b), respectively.

$���� ��� ". ���	��� @���
�� 5�<%@!AA
 �� ��� ��� ����	
 ������ ������ ����� ��

��� ������� �� !���� �������� ��H 
�����F�� �����!	��
 ���� ����
	����� ��������
 ���

��������� �������� �� ����F�� �����!	�� ���� ���� �� ����
	����� �������� #�� ������%

��� �������� ����
	����� �������� ��� ��������� �������� ���� � �
��	��+���
� 8����	�

#��
	 0�8#3 ������!
��� ������ ��� ������ �������

>�������� �� ��� ����� �������� ��� �������
 �� ��� �	������ ��� ���������� ��

!
/�� �
	��%������� ����
	����� ������ �� ��� ��		�����
 �� ������� � ����	 ��B����� ��

���������� @'������ 5�:�6A
 ��� ��� �B������ ������� �� ��� ��B����� @'������ 5�:�:A�

Hardware Prefetch, Reduction Support and Speculative State Buffering in SMM 2:



Chapter 5. Tradeoffs in State Buffering for Speculative Thread-Level Parallelization

&���� 3���� ��4���%$ �
 (������
��

=� ������� ��� �B�� �� �	������ ��� ��/����� ���������� �� !
/�� ��� ������ ����
	�����

����� �� ��� ������ ������ �� �
	������������ @���
�� 5�9%@�AA� #�� F��� �B�� ���	��� ���

�������� �� '������ 5�6�; �� ���� ������ 
����� ��� �	����F�� ��� ���������� !���� ��

������� ���� ������ ����� ��� �	
���

��	�� @����A ����� �� ��� ����	
 @
�����A ����� ��

��� ��������

Memory−System
History Buffer (MHB)

Caches

Main Memory

(b) System with Architectural
Main Memory (AMM)

Main Memory

Caches

(c) System with Future
Main Memory (FMM)

Tasks & 
Versions 
Per Processor?

Multiple
Spec Tasks

Single 
Spec Task

(a)

Eager Lazy Eager Lazy

State in 
Main 
Memory?

Architectural
 Main Mem

  Future
Main Mem

Single
Version

Multiple
Versions
of Same

Memory−System
History Buffer

M
em

or
y−

Sy
st

em

R
eo

rd
er

 B
uf

fe
r

Memory−System
Reorder Buffer (MROB)

Single
Version

Task

TaskTask

TaskTask

Task Task

Task

Task

Task

Task

Task

Architectural
State

Future
State

Figure 5.7. Different approaches to manage multi-version speculative state: taxonomy (a), keeping

the architectural state in main memory (b), and keeping the future state in main memory (c).
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Figure 5.9. Implementing a distributed MROB.
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Figure 5.12. Example of four tasks executing under SingleT (a), MultiT&SV (b), and MultiT&MV (c).
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Figure 5.13. Progress of the execution and commit wavefronts for a lazy AMM/FMM system.
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Figure 5.15. Application characteristics that limit performance in each approach.
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Table 5.2. Application characteristics. Each task is one iteration, except in�	�
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it is 4 and 16 consecutive iterations, respectively.
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Figure 5.16. Effect of supporting single or multiple speculative tasks or versions per processor.
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Figure 5.17. Effect of supporting eager or lazy merging with main memory state.
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Figure 5.18. Effect of limited support for eager or lazy merging with main memory state.
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Figure 5.19. Effect of supporting an architectural or a future main memory system.
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Chapter 5.Tradeoffs in State Buffering for Speculative Thread-Level Parallelization
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Chapter 6. Software Buffering Under Speculative Thread-Level Parallelization
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Speculation Protocol Used
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Figure 6.1. Per-processor structures that we use for the history buffer.
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Figure 6.2. Special mapping to access task-IDs from software and Address Translation Module.
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Figure 6.4. Stores to the array B are non-speculative but need to be buffered.
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Figure 6.5. Filtering first stores using task IDs (a) and extended loads (b). For simplicity, we do not

include the check for sector overflow.
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Figure 6.6. Eliminating the branches with the use of simple (a) and more advanced (b) predication.
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Figure 6.7. Example that may result in incorrectly-buffered information.
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Figure 6.8. Execution time under different schemes for a 16-node multiprocessor.
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Figure 6.9. Breakdown of dynamic stores.
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Table 6.2. History buffer statistics. The experiments are for 16-processor runs. The records of the
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Figure 6.10. Effect of eliminating first-store filtering.
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Figure 6.11. Effect of log recycling and L1 cache bypassing for logs.
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Figure 6.12. Comparing filtering with task IDs to filtering with extended loads.
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Chapter 6.Software Buffering Under Speculative Thread-Level Parallelization
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Figure 7.5. Algorithm for the speculation protocol at the Local Memory Node (a) and at the Home

Memory Node (b). TID is the ID of the executing task.
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Figure 7.6. Recovering the state in an out-of-order RAW dependence infraction.
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Figure 7.7. Example where MultiT&SV is slower than SingleT. The example assumes that tasks commit

without visible delay.
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