DESIGN AND EVALUATION OF
A MULTISCALAR PROCESSOR

By
Scott Elliott Breach

A DISSERTATION SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
(COMPUTER SCIENCES)

at the
UNIVERSITY OF WISCONSIN - MADISON
1998



Abstract

As the demand for processing power continues to escalate, future processor designs intended
to meet this demand for performance must do so within the constraints of future implementa-
tion technology and the limits of practicable implementation costs. This thesis investigates a
new type of processor based on the novel multiscalar paradigm. A multiscalar processor uses
a “divide and conquer” strategy as a means to overcome the engineering challenges that face
existing types of processors with respect to achieving high performance via improvements in
instruction-level parallelism and clock speed.

This thesis focuses on the three most significant aspects of a multiscalar processor: in-
struction and data processing, instruction supply, and data supply. Detailed design descrip-
tions and experimental evaluations are provided, identifying the impact of each aspect in
terms of its individual performance as well as its contribution to overall performance. In
addition, a comparison of realistic multiscalar and idealistic superscalar designs is provided
to ascertain how this alternative approach performs relative to a well-known conventional
approach.

The key components that dictate the characteristics of a multiscalar processor — process-
ing units for instruction and data processing, hierarchical prediction and instruction memory
for instruction supply, register file and data memory for data supply — are discussed in terms
of the basic issues involved in their design. Moreover, the challenges/concerns for alternative
designs are presented to focus on promising candidates for study. Each candidate is speci-
fied in terms of its overall structure and is evaluated under a range of design parameters to
characterize its behavior and potential bottlenecks.

The performance comparison measures the speedup, relative to a baseline 1-wide out-of-
order issue processor, of realistic multiscalar processors and idealistic superscalar processors.
Given the microarchitecture and compiler capabilities assumed, this study indicates that even
without an advantage in clock speed multiscalar processors can outperform superscalar pro-
cessors, over a large range of configurations for the SPEC CFP95 programs, but over only
a small range for the SPEC CINT95 programs. However, a key limitation of this work is
that it is unable to factor in the clock speed difference between multiscalar and superscalar
processors expected in actual implementations.



Acknowledgements

Putting all of the tangible pieces of this dissertation in perspective — the thousands of lines of
simulator code, the hundreds of pages of thesis text and data, as well as the countless hours,
days, weeks, even months of simulation time — it is clear that none can have the kind of lasting
impact as the support and guidance of the comparatively modest group of people | would like
to acknowledge here.

Above all others, I want to thank my family for their unconditional support throughout my
entire life and during my (seemingly endless) educational endeavors. My mother, Karen, has
always been there when | needed her, and | feel that she must take an equal share of the credit
for my accomplishments. My grandparents, Ruth and Ken, have provided the stable, loving
home to me and my mother that has allowed us to pursue this level of academic achievement.
My cousin, Bill, has always kept me from forgetting exactly who | am as the years have gone
by.

I also want to thank my wife, Pam. In the midst of this whole process, she won my heart,
supported me (financially as well as emotionally), and put my needs above her own. With
my own family far from Madison, her family welcomed me into their hearts and homes, and
offered me their help and encouragement when | needed it. | cannot thank Pam’s mother,
Jeanette, enough for all of her home cooked meals and kindness.

The members of the Wisconsin Multiscalar group have provided an environment steeped
in challenging interaction that has guided this work to its fruition.

To Manoj Franklin, we all owe thanks for sowing the seeds the rest of us cultivated.
T.N. Vijaykumar has been my closest collaborator from the start to the finish of this work,
battling the compiler while 1 did the same with the simulator. Andreas Moshovos has been an
invaluable sounding board and has contributed key ideas to improve this work in particular
and the Multiscalar project in general.

Todd Austin has offered his friendship since the day | arrived in Madison and continues
to be a trusted confident, personally as well as professionally. Dionisios Pnevmatikatos gra-
ciously played the part of role model and mentor, though he probably never did and still does
not realize it. Last but certainly not least, | would like to acknowledge the other members of
the Multiscalar project for freely sharing their insights and ideas.

During my time in graduate school, I have had the pleasure of interacting with many more
people than | can actually include in this space. | would like to express my appreciation for
their friendship and influence on me as well.

I am especially indebted to the rest of the circle of friends with which | have shared the
trials and tribulations of graduate life. Doug Burger, Babak Falsafi, Alain Kégi, and Subbarao
Palacharla have helped me grow as a person in so many ways, that I cannot possibly account
for them all here. | look forward to the honor of their friendship for the rest of my life. Steve
Drucker and his family, though all the way back on East Coast, have always stood by me as a
lifelong support group.



i

I am equally indebted to my advisor, Guri Sohi, who has contributed his invaluable ex-
perience as well as his effort and support in turning the multiscalar concepts into the reality
of this thesis. The members of my preliminary and final defense committees, Jim Goodman,
Mark Hill, Jim Smith, and David Wood, have offered their keen insight and judgment to im-
prove this thesis and the research upon which it is based. | feel privileged to have had the
opportunity to work in the company of these individuals who | honestly believe are second to
none in the computer architecture community.

Finally, I would like to express sincere thanks to the Condor and Midship Projects, without
whose generous assistance the vast quantity of simulation upon which this work is based
would have been impossible. | would also like to acknowledge that this work was supported
in part by a donation from the Intel Corporation and by NSF Grants CCR-9303030 and MIP-
9505853, ONR Grant N00014-93-1-0465, and by the U.S. Army Intelligence Center and
Fort Huachuca under Contract DABT63-95-C-0127 and ARPA order no. D346. The views
and conclusions contained herein are those of the author and should not be interpreted as
necessarily representing the official policies or endorsements, either expressed or implied, of
the U.S. Army Intelligence Center and Fort Huachuca, or the U.S. Government.

Scott E. Breach
University of Wisconsin — Madison, December 1998



Contents

Abstract
Acknowledgements
1 Introduction
1.1 Serial Programs . . . . . . . . .
1.2 Microprocessor Performance . . . . . . . . .. . . ... ..
1.3 Implementation Technology . . ... ... ... ... ... .. .......
1.4 DesignDIrections . . . . . . . . . ..
1.5 Conventional Processing Paradigms . . . . . . . ... . ... ... ... ..
1.5.1 SuperscalarParadigm. . . . . .. ... ...
1.5.2 Multiprocessing Paradigm . . . . . ... ... ... ... . ..., .
1.6 Alternative Processing Paradigm . . . . . . ... ... .. ... .......
1.7 Multiscalar Processors . . . . . . . . ...
1.8 ThesisOrganization . . . . . . . . . . . .
2 Multiscalar Processors
2.1 Architectural Evolution . . . . . . ... L
2.1.1 Sequential . . . . .. ..
2.1.2 Pipelined . . .. ... ...
2.1.3 Superscalar . . . . . ...
214 Multiscalar . . . .. ..
2.2 ExecutionModel . . . . ...
221 Basicldea. . . . . . . ...
2.2.2 Control Dependences . . . . . . . . . . .
2.2.3 DataDependences . . ... ... ... ... . ... ...
2.3 Designilssues . . . . . . ..
2.3.1 RegionSelection . . . . ... ... ...
2.3.2 TaskHierarchy . . . . ... ... . ... ..
2.3.3 Intra-Task Dependences . . . .. ... ... ... . ... ......
2.3.4 Inter-Task Dependences . . . .. . .. ... ... ...,
2.3.5 Dependence Speculation . . . .. ... ... o oL
2.35.1 Control Dependences . . . . . ... .. ... ... ...,
2.3.5.2 DataDependences . . . . ... .. ... ... . ... ...
2.3.5.3 Correct Speculation . . . .. ... ... ..........
2.3.5.4 Incorrect Speculation . . .. ... ... ... .. L,
2.4 ImplementationDetails . . . . . ... ... .. ... ... ... ..
2.4.1 Program Specification . . . . .. .. ... ...

2.4.1.1 Binary Representation . . . . . ... .. ... .......



2.4.1.2 HlustrativeExample . . . .. ... ... ... ... ...,

2413 TaskEntryand TaskExits . . . . ... ... ........

2414 TaskDescriptor . . . . . .. . ...

2.4.15 Task Control Dependences . . . ... ... ........

2.4.1.6 Task Data Dependences . . . . . ... ... ........

2.4.2 Processor Microarchitecture . . . . ... ...
2.4.2.1 Instruction and Data Processing . . . . . ... ... ....

2.4.2.2 InstructionSupply . . . . ... oo

2423 DataSupply . . ... ... ... .

25 Summary ...

Experimental Framework

3.1 Methodology . . .. ... .. . ...
311 Software . ... ...
312 Hardware . . . . . . ...

3.2 Benchmark Programs . . . . . .. . . .. . ... ..

3.3 Compiler Aspects . . . . . . . ...
3.3.1 Qualitative . . ... .. ...
3.32 Quantitative . . . . . . ...
3.3.3 BottomLine . ... ... ...

3.4 Simulator ASpects . . . . . ..
341 TYPES . .

3.4.1.1 Instruction-Level . .. ... .. ... .. .. ... ...,
34.1.2 Cycle-Level . ... ... ... ... ... .. ... ...
3413 Timing-Level . .. ... .. ... ... ... ...
3.4.2 Techniques . . . . . . . . . ...
3421 Trace-Driven. . . . . .. . .
3.4.2.2 Execution-Driven . . . ... ... ... oL
343 COITeCtness . . . . . . . . .
344 Performance . .. . . ...
3.45 Standard Configuration . . . . . . . ... .. ...
3.4.5.1 Instruction and Data Processing . . . . . ... ... . ...

3.4.5.2 InstructionSupply . . . ... ... L
3453 DataSupply .. ... ... . . ...
3.45.4 Off-Processor Memory . . . . ... .. ... .......

3.5 Summary ...

Instruction and Data Processing

41 OVEIVIEW . . . o o e e
411 BaSiCS. . . . .
412 Insights . . . . . . . .

4121 Inter-Task Aspect . . .. ... ... ... .. .......
4122 Intra-Task Aspect . . . . ... ... ... .. .......

4.2 Instruction-Level Parallelism . . . . . . . . . . . . ... ... ...



4.3 ProcessingPhases . . . . . .. ... 60
431 Predict . .. ... 62
4.3.2 ASSION .. e 62
433 Execute . . . ... 62
434 Resolve . . . . ... 63
435 Commit . . . ... . 63
43.6 Squash . .. ... ... 63

4.4 Concerns/Challenges . . . . . . . . . . .. . .. 63
4.4.1 Exposing Instruction-Level Parallelism . . . ... ... .. ..... 64
4.4.2 Exploiting Instruction-Level Parallelism . . . . ... ... ... ... 65

45 ProcessingUnitDesign . . . . . . . ... 65
451 Concerns/Challenges . . . . .. ... ... ... .. .. ....... 66
45.2 Inter-Task Perspective . . . . .. ... .. ... .. ... ... ... 67

4521 Many-To-One Mechanism. . . . .. ... ......... 67
4522 MappingPolicy . ... .... ... ... . ... .... 67
4523 RunningPolicy . ...................... 70
453 Intra-Task Perspective . . . ... ... ... ... ... . ...... 70
45.3.1 Dynamic Instruction Scheduling . . . ... ... ... .. 72
45.3.2 Microarchitecture . . . . .. ... ... L 72
45.3.3 InstructionWindow . . ... .. ... ... ... ..., 73
45.3.4 Instruction Selectionand Issue . . . . ... ... ... .. 74
45.3.5 Instruction Execution . . ... ... ... ... ... .., 74
453.6 Many-To-Onelmpact . . ... ... ... ... ...... 75

4.6 Processing Unit Evaluation . . . . ... ... ... ... ... ... ..... 75
4.6.1 Metrics . . . . . . . 76
4.6.2 Inter-TaskStudy . .. ... ... ... .. . ... ... 76

4.6.2.1 One-To-One Assignment . . . . ... ........... 77
4.6.2.2 Many-To-One Assignment . . . ... ... ........ 80
4.6.3 Intra-TaskStudy . .. ... ... ... .. . ... .. . ..., 83
4.6.3.1 InstructionWindow . . . ... ... ... ... .. ... 84
4.6.3.2 Instruction Selectionand Issue . . . .. ... ....... 86
4.6.3.3 Instruction Execution . . ... ... ... ... .. ..., 86
4.6.4 Putting It All Together . . . . . .. ... ... .. ... ... . ... 89
46.4.1 Same NumberofTasks . . ... ... ........... 91
4.6.4.2 Different Numberof Tasks . . ... .. ... ....... 98

A7 SUMMANY . . o o e e e e e e 99
4.7.1 Inter-Task Aspect . . . . . . . . . . ... 99
4.7.2 Intra-Task Aspect . . . . . . . . . . . ... 100

5 Instruction Supply 102

51 OVEIVIEW . . . . o e 102

511 BasiCS . . . . . . 102

5.1.1.1 Inter-Task Components . . . ... ... .......... 103



5.2

5.3

5.4

5.5

5.6

5.7

5.1.1.2 Intra-Task Components . . . . ... ... ......... 104
512 Insights . . . . . . . . . 104
5.1.2.1 Hierarchical Predictor . . . . ... ... ... ....... 104
5.1.2.2 InstructionMemory . . . . . ... ... ... 105
Program Sequencing . . . . . . . . . . 106
5.2.1 Single versus Multiple Program Counters . . . . . .. ... .. ... 107
5.2.1.1 Using a Single Program Counter . . . . ... ... . ... 107
5.2.1.2 Using Multiple Program Counters. . . . . . .. ... ... 108
Multiscalar Requirements . . . . . . . . . . .. .. 109
5.3.1 Control Flow Prediction . . . ... ... ............... 109
5.3.2 Instruction Memory ACCESS . . . . . . . . 110
Concerns/Challenges . . . . . . . . . . . .. .. . . . . 110
5.4.1 Hierarchical Predictor . . . ... .. ... ... ... ... ... 111
5.4.2 Instruction Memory . . . . ... ... 111
5421 TaskCache. . ... ... ... ... ... .. ... .... 112
54.22 InstructionCache . ... .................. 112
Hierarchical Predictor Design. . . . . . . . .. . . ... ... .. ...... 113
5.5.1 Control Flow Prediction . . . ... ... ... .. .......... 113
55.2 Index Mechanism. . . ... ... ... .. .. ... .. ... 115
5521 Address-Based . . . ... .. .. ... ... ... 115
5522 Pattern-Based . . ... ... ... ... ... ... ..., 115
5523 Path-Based . . .. ... ... ... .. ... ... ..., 117
55.3 PredictionState . . . . ... .. 117
5531 Target . . . ... 118
5532 Address . . .. .. 118
5533 Type . ... 118
5534 Automata . .. .. ... ... .. 119
5.5.4 Multiscalar Considerations . . . . . ... ... ... ... ... ... 119
55.4.1 Inter-Task Predictor . . . .. ... ... ... ....... 119
55.4.2 Intra-Task Predictor . . . . . ... ... ... ....... 120
Hierarchical Predictor Evaluation. . . . . . ... ... ... ......... 121
56.1 Metrics . . . . . . .. 121
5.6.2 Inter-Task Study . . . ... ... .. ... .. ... ... 122
5.6.2.1 Configurations . . . . . . .. ... ... .. 122
56.22 Results . ... ... .. .. . . 123
56.3 Intra-Task Study . ... ... ... ... ... ... .. ... 123
5.6.3.1 Configurations . . . . .. ... ... ... .. ....... 126
56.32 Results . . ... ... ... . .. .. 126
56.4 Overall . ... ... . . . . 127
5.6.4.1 Configurations . . . . .. .. ... ... ... 130
56.4.2 Inter-TaskResults . . .. .................. 130
56.43 Intra-TaskResults . . . . .. ... ... ... ....... 136

Instruction Memory Design . . . . . . . . . ... 141



571 Cache Memory . . . . . . . . . . . e 141
5.7.2 High-Bandwidth Cache Organizations . . . . . . ... .. ...... 142
5721 Multi-Ported . . . . . ... 142

5722 Multi-Level . .. ... ... . ... 143

5723 Interleaved . . . . . .. ... ... 143

5724 Duplicated . . . .. ... .. ... 144

5.7.3 Multiscalar Considerations . . . . . ... . ... ... .. ...... 144
5731 TaskCache. ... .. ... ... ... . ... . ... 144

5.7.3.2 InstructionCache . .. ... .. ... .. ... ...... 145

5.8 Instruction Memory Evaluation . . . . . .. ... ... ... ... .. ... 145
58.1 Metrics . . . . . .. 146
58.2 TaskCacheStudy . .. ... .... ... ... ... . ........ 147
5.8.21 Configurations . . . . . . .. ... ... 147

58.22 GeneralResults . . ... ... ..... ... ....... 147

58.23 SpecificResults . . ... .................. 152

58.24 Realversusideal . . . . ... ................ 154

5.8.3 Instruction Cache Study . . . ... . ... ... .. ......... 156
5.8.3.1 Configurations . . . . .. .. ... ... ... .. 156

5832 GeneralResults . . ... ... ..... ... ....... 158

58.3.3 SpecificResults . . ... .................. 169

58.34 Realversusideal . . .. ... ................ 175

5.9 Summary . ... 178
5.9.1 Hierarchical Prediction . . . . . . . ... .. ... ...... ..., 178
5.9.1.1 Benchmark Differences . . . . . ... ... .. ...... 179

5.9.1.2 Inter-Task Aspect . . .. .. ... ... ... . ...... 179

59.1.3 Intra-Task Aspect . . .. .. ... ... . ... ...... 179

5.9.2 Instruction Memory . . . . . ... ... 180
5.9.2.1 Benchmark Differences . . . . . ... ... ... ..... 180

59.22 TaskCache. ... ... ... .. ... ... ... ... . 181

5.9.23 InstructionCache . .. ... ... ... ... ....... 181

6 Data Supply 183
6.1 OVEIVIEW . . . . . e 183
6.1.1 Basics. . . . . . ... 183
6.1.1.1 Register File Components . . . . ... ... ........ 184

6.1.1.2 Data Memory Components . . . . ... ... ... .... 185

6.1.2 Insights . . . . . . . . . ... 186
6.1.2.1 RegisterFile . . . ... ... ... .. .. .. .. .. ... 186

6.1.2.2 DataMemory . ... .. ... .. ... ... 187

6.2 Register versus Memory Namespaces . . . . . . . ... . ... ... ... 189
6.3 Multiscalar Requirements . . . . . . . . . . ... 190
6.3.1 Storage . . . . . .. 191

6.3.2 Communication. . . . . . . . ... 191



6.4

6.5

6.6

6.7

6.8

6.3.3 Speculation . . . .. .. ... 191
6.3.4 Synchronization . ... ... ... .. ... .. 192
Concerns/Challenges . . . . . . . . . . . . 192
6.4.1 RegisterFile . ... .. ... .. ... 193
6.42 DataMemory . . . . . . . . .. 193
6.4.2.1 Conventional Components. . . . . ... ... ....... 193
6.4.2.2 Specialized Components . . . . ... ... ........ 194
Register File Design . . . . . . . . . . . . 194
6.5.1 SoftwareRole. . . ... ... ... ... ... 195
6.5.1.1 Handling Simple Task Control Flow . . . . ... ... .. 196
6.5.1.2 Handling Complex Task Control Flow . . . .. ... ... 196
6.5.1.3 Examples . ... ... .. ... .. ... 197
6.5.2 HardwareRole . . . . . ... ... . ... ... 199
6.5.21 Storage . . . . . ... 200
6.5.2.2 Communication . . . . ... ... ... 201
6.5.2.3 Speculation . ... ... ... ... ... .. . 201
6.5.2.4 Synchronization . . ... .. ... ... ... ... ..., 203
Register File Evaluation. . . . . . . ... . ... ... ... . .. ... ... 203
6.6.1 Metrics . . . . . .. 204
6.6.2 Configurations . . . .. ... ... ... .. .. 205
6.6.3 Behavior . . . . . ... 205
6.6.3.1  Register Traffic Per Useful Task and Instruction . . . . . . 206
6.6.3.2 Total and Link Register Traffic . . .. ... ... ..... 209
6.6.3.3 Register Task Travel Distance . . . . . ... .. ... ... 211
6.6.4 Performance . . ... . ... . ... 213
6.6.4.1 Bandwidth Perspective . . ... ... ... ........ 213
6.6.4.2 Latency Perspective . . . .. ... ... ... ....... 215
6.6.4.3 Putting It All Together . . . . . . ... ... ... ..... 215
Data Memory Design . . . . . . . . .. 215
6.71 DataCache . . . ... . .. . . .. . 224
6.7.1.1 CacheMemory . ... ... ... .. ... . ...... 224
6.7.1.2 High-Bandwidth Cache Organizations . . ... ... ... 225
6.7.1.3  Lockup-Free Cache Organizations . . ... ........ 225
6.7.2 Address ResolutionBuffer . . . . ... ... ... ... ... ..., 226
6.7.2.1 Structure . . . . . ... 226
6.7.2.2 \VersionsandOrdering . . . . .. ... .. ......... 227
6.7.2.3 Operation . ... ... . ... . . ... ... 228
6.7.2.4 Replacementand Writeback . . . . . ... ... ... ... 228
6.7.3 Memory Dependence Table . . . . ... ... .. ... ....... 229
Data Memory Evaluation . . . . . . ... ... ... .. .. 230
6.8.1 Metrics . . . . . . 230
6.8.2 Conventional ComponentStudy . . . ... .............. 231

6.8.2.1 Configurations . . . . . . ... ... ... . ..., 231



6.8.22 GeneralResults . . ... ... ...............
6.8.2.3 SpecificResults . . .. ... ... ... ... ... ...
6.8.24 Realversusldeal . . . . . ... ... .. ... . .....
6.8.3 Specialized ComponentStudy . . . . ... ... ... ... ...
6.8.3.1 Configurations . . . . . . ... ... .. ... ... ...,
6.8.3.2  Address Resolution Buffer Results . . . . ... ... ...
6.8.3.3 Memory Dependence TableResults . . . . ... ... ...
6.9 Summary . . ...
6.9.1 RegisterFile . . ... . ... . .. ...
6.9.1.1 Behavior . . .. ... ... ... ..
6.9.1.2 Performance . . ... ... ... ... ... ...
6.9.2 DataMemory . . . . . . . ..
6.9.21 DataCache. ... ... ... .. ... ... ........
6.9.2.2  Address Resolution Buffer . . . . ... ... .......
6.9.2.3 Memory Dependence Table . . . . ... ... .......
Performance Comparison
7.1 OVEIVIEW . . . .
711 BasiCs . . . . ..
712 Insights . . . . . . .
7.2 Performance . . . . . . ...
7.3 Comparison . . . . .
7.31 Metrics . . . . . .
7.3.2 Configurations . . . .. .. . ... ...
7321 Baseline ... ... .. ... ... ..
7.3.2.2 Superscalar . . ... ..
7323 Multiscalar . . . ... ... ... L
7.3.3 Realistic/ldealistic Distinction . . . . . .. ... ... ........
734 Results . ... ... ...
7.3.4.1 Conservative Multiscalar versus Superscalar . . . . . .. .
7.3.4.2  Aggressive Multiscalar versus Superscalar . . . . .. ...
7.3.4.3 Specific Analysis . . . . ... ... o
7344 General Analysis . ... ... ... .. ... .. ...,
7.4 Putting It All Together . . . . . . . . ... .. ...
7.5 Summary ...
Conclusion
8.1 Contributions . . . . . . ...
8.2 Instructionand Data Processing . . . . . . . . . ... ... ... ...
8.21 Inter-Task Aspect . . . . . . . . . . . ...
8.22 Intra-Task Aspect . . . . . . . . . . . ...
8.3 InstructionSupply . . . . . . . .
8.3.1 Hierarchical Predictor . . . ... ... ... ... .. ........

8.3.2 Instruction Memory . . . . . ... ...



8.4

8.5
8.6

DataSupply . . . . . . . e 285
84.1 RegisterFile . ... . ... . .. 285
842 DataMemory . . . . . . . ... 286
Performance Comparison . . . . . . . . . . .. 287
Future DIFeCtions . . . . . . . o o o o o e 287

Bibliography 288



Xii

List of Figures

2.1
2.2

2.3
2.4

2.5
2.6
2.7
2.8

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
411
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21
4.22

5.1

5.2
5.3
5.4

A postulated evolution of processor architecture. . . . . . . ... ... ... 11
The idea of dividing the dynamic instruction sequence into regions and exe-

cuting them in parallel that is basic to a multiscalar processor.. . . . . . . .. 14
The handling of control dependences for a dynamic instruction sequence di-

vided intoregions. . . . . ... 15
The handling of data dependences for a dynamic instruction sequence divided

INEOTegions. . . . . . . . . 17
ExampleCcode. . .. ... ... . . . .. . 27
Exampleassemblycode. . . . ... ... ... .. ... ... 28
Example assembly code with tasks selected. . . . . ... ... .. ... ... 29
The multiscalar processor microarchitecture that is the focus in this thesis. . . 34
The organization of tasks and processing units in a multiscalar processor. . . 57
The task processing phases that support the multiscalar execution model. . . . 61
Mapping multiple tasks to each processingunit. . . . . . . .. ... ... .. 69
Running multiple tasks on each processingunit. . . . . . ... ... ... .. 71
Microarchitecture of processingunits. . . . . . . ... ... ... ... ... 73
Pipeline underlying microarchitecture of processing units. . . . . . . .. .. 73
Growth in IPC as a function of tasks for SPEC CINT95 benchmarks. . . . . . 78
Growth in IPC as a function of tasks for SPEC CFP95 benchmarks. . . . . . 79
Harmonic mean of IPC for SPEC CINT95 benchmarks. . . . . ... ... .. 81
Harmonic mean of IPC for SPEC CFP95 benchmarks. . . .. ... ... .. 82
Harmonic mean of IPC for SPEC CINT95 benchmarks. . . . . ... ... .. 85
Harmonic mean of IPC for SPEC CFP95 benchmarks. . . . . ... ... .. 85
Harmonic mean of IPC for SPEC CINT95 benchmarks. . . . . . .. ... .. 87
Harmonic mean of IPC for SPEC CFP95 benchmarks. . . .. ... ... .. 87
Harmonic mean of IPC for SPEC CINT95 benchmarks. . . . . ... ... .. 90
Harmonic mean of IPC for SPEC CFP95 benchmarks. . . .. ... ... .. 90
Harmonic mean of IPC using 4 tasks for SPEC CINT95 benchmarks. . . . . . 92
Harmonic mean of IPC using 4 tasks for SPEC CFP95 benchmarks. . . . . . 93
Harmonic mean of IPC using 8 tasks for SPEC CINT95 benchmarks. . . . . . 94
Harmonic mean of IPC using 8 tasks for SPEC CFP95 benchmarks. . . . . . 95
Harmonic mean of IPC using 16 tasks for SPEC CINT95 benchmarks. . . . . 96
Harmonic mean of IPC using 16 tasks for SPEC CFP95 benchmarks. . . . . . 97
The organization of the instruction supply components and the processing

units in a multiscalar processor. . . . . . . . ... 103
The control flow prediction requirements to support a multiscalar processor. . 109
The instruction memory access requirements to support a multiscalar processor.110
Basic control flow prediction components. . . . . . ... ... ... ... .. 114



5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16

5.17
5.18

5.19

5.20

5.21
5.22

5.23
5.24

5.25
5.26

5.27

5.28

5.29
5.30

5.31
5.32

Address-based index mechanism. . . . . . . ... ... oL 116
Pattern-based index mechanism. . . . .. ... ... ... L. 116
Path-based index mechanism. . . . . . .. . ... ... . ... .. ... ... 116
SPEC CINT95 inter-task misprediction ratio for different inter-task predic-
tionschemes. . . . . . . .. . 124
SPEC CFP95 inter-task misprediction ratio for different inter-task prediction
schemes. . . . . . L 124
SPEC CINT95 performance for different inter-task prediction schemes. . . . 125
SPEC CFP95 performance for different inter-task prediction schemes. . . . . 125
SPEC CINT95 intra-task misprediction ratio for different intra-task predic-
tionschemes. . . . . . . .. . 128
SPEC CFP95 intra-task misprediction ratio for different intra-task prediction
schemes. . . . . . . 128
SPEC CINT95 performance for different intra-task prediction schemes. . . . 129
SPEC CFP95 performance for different intra-task prediction schemes. . . . . 129
SPEC CINTO95 inter-task misprediction ratio for different inter-task predictor
SIZES. . . . 132
SPEC CINT95 performance for different inter-task predictor sizes. . . . . . . 132
SPEC CINT95 inter-task misprediction ratio with 16 processing units for dif-
ferent predictorsizes. . . . . . . . ... 133
SPEC CINT95 performance with 16 processing units for different predictor
SIZES. . . . 133
SPEC CFP95 inter-task misprediction ratio for different inter-task predictor
SIZES. . . . 134
SPEC CFP95 performance for different inter-task predictor sizes. . . . . . . . 134
SPEC CFP95 inter-task misprediction ratio with 16 processing units for dif-
ferent predictorsizes. . . . . . . . . ... 135
SPEC CFP95 performance with 16 processing units for different predictor sizes.135

SPEC CINT95 intra-task misprediction ratio for different intra-task predictor
SIZES. . . . 137
SPEC CINT95 performance for different intra-task predictor sizes. . . . . . . 137
SPEC CINT95 intra-task misprediction ratio with 16 processing units for dif-
ferent predictorsizes. . . . . . . . . ... 138
SPEC CINT95 performance with 16 processing units for different predictor
SIZES. . . . e 138
SPEC CFP95 intra-task misprediction ratio for different intra-task predictor
SIZES. . . . 139
SPEC CFP95 performance for different intra-task predictor sizes. . . . . . . . 139
SPEC CFP95 intra-task misprediction ratio with 16 processing units for dif-
ferent predictorsizes. . . . . . . ... 140
SPEC CFP95 performance with 16 processing units for different predictor sizes.140

High-bandwidth cache organizations.. . . . . . ... ... ... ....... 142



5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

5.41

5.42

5.43

5.44

5.45

5.46

5.47

5.48

5.49

5.50

5.51

5.52

Xiv
SPEC CINT95 misses per access and misses per useful task with 2-way as-
sociative task caches for 2, 4, 8, and 16 processing units. . . . . . ... ... 148
SPEC CFP95 misses per access and misses per useful task with 2-way asso-
ciative task caches for 2, 4, 8, and 16 processingunits. . . . . . . ... ... 148
SPEC CINT95 effective access latency and performance with 2-way associa-
tive task caches for 2, 4, 8, and 16 processing units. . . . . .. ... ... .. 150
SPEC CINT95 performance with 1024 entry 2-way associative task cache for
hit latencies of 1, 2, 3, and 4 cycles (pipelined where the pipeline is flushed
ONAMISS). .« v o e et e e e e 150
SPEC CFP95 effective access latency and performance with 2-way associa-
tive task caches for 2, 4, 8, and 16 processing units. . . . . .. ... ... .. 151
SPEC CFP95 performance with 1024 entry 2-way associative task cache for
hit latencies of 1, 2, 3, and 4 cycles (pipelined where the pipeline is flushed
ONAMISS). .« v o o o e e e e e 151
SPEC CINT95 misses per access and misses per useful task with 1-way, 2-
way, and 4-way associative task caches for 16 processing units. . . . . . . . . 153
SPEC CINT95 effective access latency and performance with 1-way, 2-way,
and 4-way associative task caches for 16 processingunits.. . . . . . . .. .. 153
SPEC CFP95 misses per access and misses per useful task with 1-way, 2-way,
and 4-way associative task caches for 16 processingunits.. . . . . . ... .. 155
SPEC CFP95 effective access latency and performance with 1-way, 2-way,
and 4-way associative task caches for 16 processingunits.. . . . . . ... .. 155
SPEC CINTO95 performance of real 2-way associative compared to ideal task
caches for 2, 4, 8, and 16 processingunits. . . . . . . .. ... ... ... .. 157
SPEC CFP95 performance of real 2-way associative compared to ideal task
caches for 2, 4, 8, and 16 processingunits. . . . . . . ... ... ... ..., 157
SPEC CINT95 misses per access and misses per useful instruction with 2-
way associative shared instruction caches for 2, 4, 8, and 16 processing units. 159
SPEC CINT95 misses per access and misses per useful instruction with 2-
way associative private instruction caches for 2, 4, 8, and 16 processing units. 159

SPEC CFP95 misses per access and misses per useful instruction with 2-way
associative shared instruction caches for 2, 4, 8, and 16 processing units. . . . 161
SPEC CFP95 misses per access and misses per useful instruction with 2-way
associative private instruction caches for 2, 4, 8, and 16 processing units. . . . 161
SPEC CINTO95 effective access latency and performance with 2-way associa-
tive shared instruction caches for 2, 4, 8, and 16 processing units. . . . . . . . 163
SPEC CINT95 effective access latency and performance with 2-way associa-
tive private instruction caches for 2, 4, 8, and 16 processing units. . . . . . . 163
SPEC CFP95 effective access latency and performance with 2-way associa-
tive shared instruction caches for 2, 4, 8, and 16 processing units. . . . . . . . 164
SPEC CFP95 effective access latency and performance with 2-way associa-

tive private instruction caches for 2, 4, 8, and 16 processing units. . . . . . . 164



5.53

5.54

5.55

5.56

5.57

5.58

5.59

5.60

5.61

5.62

5.63

5.64

5.65

5.66

5.67

5.68

XV

SPEC CINT95 performance with 64K-byte 2-way associative shared instruc-
tion cache for hit latencies of 1, 2, 3, and 4 cycles (pipelined where the
pipelineis flushedonamiss). . . . . . .. .. ... ... ... L. 165
SPEC CFP95 performance with 64K-byte 2-way associative shared instruc-
tion cache for hit latencies of 1, 2, 3, and 4 cycles (pipelined where the
pipelineis flushedonamiss). . . . . .. ... ... ... .. .. ... . ... 165
SPEC CINT95 performance of 64K-byte 2-way associative shared instruc-
tion cache with 1, 2, 3, or 4 cycles hit latency compared to hybrid of 4K-
byte 2-way associative private instruction caches with 1 cycle hit latency plus
64K-byte 2-way associative shared instruction cache with 4 cycles hit latency
(using pipelined caches where the pipeline is flushed ona miss). . . . . . .. 167
SPEC CFP95 performance of 64K-byte 2-way associative shared instruction
cache with 1, 2, 3, or 4 cycles hit latency compared to hybrid of 4K-byte 2-
way associative private instruction caches with 1 cycle hit latency plus 64K-
byte 2-way associative shared instruction cache with 4 cycles hit latency (us-
ing pipelined caches where the pipeline is flushed onamiss). . . . . . .. .. 168
SPEC CINT95 misses per access and misses per useful instruction with 1-
way, 2-way, and 4-way associative shared instruction caches for 16 process-
INQUNITS. . . . . 170
SPEC CINT95 misses per access and misses per useful instruction with 1-
way, 2-way, and 4-way associative private instruction caches for 16 process-
INQUNITS. . . . . . e 170
SPEC CINT95 effective access latency and performance with 1-way, 2-way,
and 4-way associative shared instruction caches for 16 processing units. . . . 171
SPEC CINT95 effective access latency and performance with 1-way, 2-way,
and 4-way associative private instruction caches for 16 processing units. . . . 171
SPEC CFP95 misses per access and misses per useful instruction with 1-way,
2-way, and 4-way associative shared instruction caches for 16 processing units.173
SPEC CFP95 misses per access and misses per useful instruction with 1-way,
2-way, and 4-way associative private instruction caches for 16 processing units.173

SPEC CFP95 effective access latency and performance with 1-way, 2-way,
and 4-way associative shared instruction caches for 16 processing units. . . . 174
SPEC CFP95 effective access latency and performance with 1-way, 2-way,
and 4-way associative private instruction caches for 16 processing units. . . . 174
SPEC CINT95 performance of real 2-way associative shared compared to
ideal instruction caches for 2, 4, 8, and 16 processing units. . . . . . ... .. 176
SPEC CFP95 performance of real 2-way associative shared compared to ideal
instruction caches for 2, 4, 8, and 16 processingunits. . . . . . ... ... .. 176
SPEC CINT95 performance of real 2-way associative private compared to
ideal instruction caches for 2, 4, 8, and 16 processing units. . . . . . ... .. 177
SPEC CFP95 performance of real 2-way associative private compared to ideal

instruction caches for 2, 4, 8, and 16 processingunits. . . . . . . ... .. .. 177



6.1

6.2

6.3
6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

XVi

The organization of data supply components and the processing units in a

multiscalar processor. . . . . . . . .. 184
Examples using forward and release for tasks with simple control flow, loop,
andprocedurecall. . . . ... ... .. 198
Basic register filecomponents. . . . . ... ... oL 199
SPEC CINTO95 register traffic per useful task and register traffic per useful
instruction for 2, 4, 8, and 16 processing units. . . . . . .. . ... ... ... 207

SPEC CINTO95 register traffic per useful task and register traffic per useful
instruction for 4 processing units running 2 and 4 tasks, one-at-a-time and

all-at-once. . . . .. 207
SPEC CFP95 register traffic per useful task and register traffic per useful
instruction for 2, 4, 8, and 16 processing units. . . . . . .. . ... ... ... 208

SPEC CFP95 register traffic per useful task and register traffic per useful
instruction for 4 processing units running 2 and 4 tasks, one-at-a-time and

all-at-once. . . . .. 208
SPEC CINTO5 total register traffic per cycle and link register traffic per cycle
for2,4,8,and 16 processingunits. . . . . . . . . ... ... ... 210

SPEC CINTO5 total register traffic per cycle and link register traffic per cycle
for 4 processing units running 2 and 4 tasks, one-at-a-time and all-at-once. . . 210
SPEC CFP95 total register traffic per cycle and link register traffic per cycle
for 2,4,8,and 16 processingunits. . . . . . . . . ... ... .. 212
SPEC CFP95 total register traffic per cycle and link register traffic per cycle
for 4 processing units running 2 and 4 tasks, one-at-a-time and all-at-once. . . 212
SPEC CINT95 register task travel distance for 2, 4, 8, and 16 processing units
and for 4 processing units running 2 and 4 tasks, one-at-a-time and all-at-once. 214
SPEC CFP95 register task travel distance for 2, 4, 8, and 16 processing units
and for 4 processing units running 2 and 4 tasks, one-at-a-time and all-at-once. 214
SPEC CINT95 performance of 1, 2, 3, and 4 cycle register latency with 1, 2,
3, and 4 register bandwidth for 2, 4, 8, and 16 processing units. . . . . . . .. 216
SPEC CINT95 performance of 1, 2, 3, and 4 cycle register latency with 1,
2, 3, and 4 register bandwidth for 4 processing units running 2 and 4 tasks,
one-at-a-time and all-at-once. . . . . . ... ... ... ... ... 217
SPEC CFP95 performance of 1, 2, 3, and 4 cycle register latency with 1, 2,
3, and 4 register bandwidth for 2, 4, 8, and 16 processing units. . . . . . . .. 218
SPEC CFP95 performance of 1, 2, 3, and 4 cycle register latency with 1,
2, 3, and 4 register bandwidth for 4 processing units running 2 and 4 tasks,
one-at-a-time and all-at-once. . . . . . ... .. ... ... . ... 219
SPEC CINT95 performance of 1, 2, 3, and 4 register bandwidth with 1, 2, 3,
and 4 cycle register latency for 2, 4, 8, and 16 processing units. . . . . . . .. 220
SPEC CINT95 performance of 1, 2, 3, and 4 register bandwidth with 1, 2,
3, and 4 cycle register latency for 4 processing units running 2 and 4 tasks,
one-at-a-time and all-at-once. . . . . . .. ... ... ... . ... . 221



6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

6.38

SPEC CFP95 performance of 1, 2, 3, and 4 register bandwidth with 1, 2, 3,
and 4 cycle register latency for 2, 4, 8, and 16 processing units. . . . . . . .. 222
SPEC CFP95 performance of 1, 2, 3, and 4 register bandwidth with 1, 2,
3, and 4 cycle register latency for 4 processing units running 2 and 4 tasks,

one-at-a-time and all-at-once. . . . . . ... ... ... ... ... 223
Structure of an address resolution bufferentry. . . . . . .. ... . ... ... 227
SPEC CINT95 misses per access and misses per useful load/store with 2-way
associative shared data caches for 2, 4, 8, and 16 processing units. . . . . . . 233
SPEC CFP95 misses per access and misses per useful load/store with 2-way
associative shared data caches for 2, 4, 8, and 16 processing units. . . . . . . 234
SPEC CINT95 effective load latency and performance with 2-way associative
shared data caches for 2, 4, 8, and 16 processing units. . . . . . . ... ... 236
SPEC CINT95 performance using 64K-byte 2-way associative shared data
cache for load hit latenciesof 1, 2, 3,and 4 cycles. . ... ... ... .... 236
SPEC CFP95 effective load latency and performance with 2-way associative
shared data caches for 2, 4, 8, and 16 processing units. . . . . . . ... ... 237
SPEC CFP95 performance using 64K-byte 2-way associative shared data
cache for load hit latenciesof 1, 2, 3,and 4 cycles. . ... ... ... .... 237
SPEC CINT95 misses per access and misses per useful load/store with 1-way,
2-way, and 4-way associative shared data caches for 16 processing units. . . . 239
SPEC CINT95 effective load latency and performance with 1-way, 2-way,
and 4-way associative shared data caches for 16 processing units. . . . . . . . 239
SPEC CFP95 misses per access and misses per useful load/store with 1-way,
2-way, and 4-way associative shared data caches for 16 processing units. . . . 241
SPEC CFP95 effective load latency and performance with 1-way, 2-way, and
4-way associative shared data caches for 16 processing units. . . . . . . . .. 241
SPEC CINT95 performance of real 2-way associative shared compared to
ideal data caches for 2, 4, 8, and 16 processing units. . . . . ... ... ... 242
SPEC CFP95 performance of real 2-way associative shared compared to ideal
data caches for 2, 4, 8, and 16 processing units. . . . . . ... .. ... ... 242
SPEC CINT95 performance of direct mapped to fully associative address res-

olution buffers with 8 word or block entries for 2, 4, 8, and 16 processing units.245
SPEC CFP95 performance of direct mapped to fully associative address res-
olution buffers with 8 word or block entries for 2, 4, 8, and 16 processing

SPEC CINT95 performance of direct mapped to fully associative address res-
olution buffers with 16 word or block entries for 2, 4, 8, and 16 processing

SPEC CFP95 performance of direct mapped to fully associative address res-
olution buffers with 16 word or block entries for 2, 4, 8, and 16 processing



6.39

6.40

6.41

6.42

6.43

6.44

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

XViii
SPEC CINT95 performance of direct mapped to fully associative address res-
olution buffers with 32 word or block entries for 2, 4, 8, and 16 processing

SPEC CFP95 performance of direct mapped to fully associative address res-
olution buffers with 32 word or block entries for 2, 4, 8, and 16 processing

SPEC CINT95 performance of fully associative address resolution buffers
with different numbers of word or block entries for 2, 4, 8, and 16 processing

SPEC CFP95 performance of fully associative address resolution buffers with
different numbers of word or block entries for 2, 4, 8, and 16 processing units. 249
SPEC CINT95 performance without/without a memory dependence table for

different processing unit configurations. . . . . . . ... ... ... ..... 250
SPEC CFP95 performance without/without a memory dependence table for
different processing unit configurations. . . . . . . ... ... ... .. ... 250

Comparison of conservative multiscalar processors running a single task per
processing unit and superscalar processors for the SPEC CINT95 benchmarks. 268
Comparison of conservative multiscalar processors running multiple tasks per
processing unit all-at-once and superscalar processors for the SPEC CINT95
benchmarks. . . . . . . . .. 269
Comparison of conservative multiscalar processors running a single task per
processing unit and superscalar processors for the SPEC CFP95 benchmarks. 270
Comparison of conservative multiscalar processors running multiple tasks per
processing unit all-at-once and superscalar processors for SPEC the CFP95
benchmarks. . . . . . . . .. ... 271
Comparison of aggressive multiscalar processors running a single task per
processing unit and superscalar processors for the SPEC CINT95 benchmarks. 272
Comparison of aggressive multiscalar processors running multiple tasks per
processing unit all-at-once and superscalar processors for the SPEC CINT95
benchmarks. . . . . . . . ... .. 273
Comparison of aggressive multiscalar processors running a single task per
processing unit and superscalar processors for the SPEC CFP95 benchmarks. 274
Comparison of aggressive multiscalar processors running multiple tasks per
processing unit all-at-once and superscalar processors for the SPEC CFP95
benchmarks. . . . . . . . ... 275



XiX

List of Tables

3.1 SPECCINT95workload. . . . . ... ... ... ... .. ... ... ..., 39
3.2 SPECCFP9workload.. . . . ... ... .. .. ... . . . .. ... . ... 40
3.3 Dynamic instruction counts for SPEC CINT95 benchmarks. . . . ... ... 42
3.4 Dynamic instruction counts for SPEC CFP95 benchmarks. . . . ... .. .. 42
3.5 Size of tasks for SPEC CINT95 benchmarks. . . . ... ... ... ..... 44
3.6 Size of tasks for SPEC CFP95 benchmarks. . . . .. ... ... ... .... 44

3.7 Comparison of performance (given as instructions per cycle) with and with-
out simulator sampling for the SPEC CINT95 benchmarks. The simulator
configurations model 2, 4, 8, and 16 processing units running a single task
perprocessing unit. . . . . . . . ... 50
3.8 Comparison of performance (given as instructions per cycle) with and with-
out simulator sampling for the SPEC CINT95 benchmarks. The simulator
configurations model 4 processing units running multiple tasks per process-
INQUNIt. . . . . e 50
3.9 Comparison of performance (given as instructions per cycle) with and with-
out simulator sampling for the SPEC CFP95 benchmarks. The simulator con-
figurations model 2, 4, 8, and 16 processing units running a single task per
processingunit. . . . . . . ... 51
3.10 Comparison of performance (given as instructions per cycle) with and without
simulator sampling for the SPEC CFP95 benchmarks. The simulator config-
urations model 4 processing units running multiple tasks per processing unit. 51
3.11 Standard configuration of a multiscalar processor for simulation. . . . . . . . 52
3.12 Latencies of functional unit operations for simulation. . . . . . ... .. ... 53

4.1 Overall performance and performance per processing unit for one-to-one as-
signment (running a single task per processing unit, with the total number of
tasks equal to the number of processingunits). . . . . . ... ... ... ... 77
4.2 Overall performance and performance per processing unit for many-to-one
assignment (running multiple tasks per processing unit, with a total number
of 16 tasks distributed equally across the processing units). . . . . . .. ... 83
4.3 Configurations of functional units. . . . . . ... ... ... ... ...... 88

7.1 Baseline performance for the SPEC CINT95 and SPEC CFP95 benchmarks. . 263



Chapter 1

| ntroduction

Efforts to improve the performance of serial programs continue to be the focus of much
interest in academia and industry. General purpose microprocessors (often referred to as
processors) are at the center of many efforts because machines designed for high performance
on serial programs usually treat them as the principal component of the system. Clearly, one
must not overlook the rest of the system as a critical factor in overall performance. However,
the microprocessor is the component that sets the level of performance attainable, and other
components are designed to support whatever level of performance it may attain.

Work to improve microprocessor performance continues to be synonymous with the de-
sign of uniprocessors. This strategy is the continuation of a well-established trend to enhance
serial program performance by improving uniprocessor organization. Moreover, as argued
in 1967 by Gene Amdahl (in his famous “Amdahl’s Law” talk), a large powerful uniproces-
sor provides speedup on virtually every program [4]. This reasoning seems to hold as much
truth for microprocessor designs of the future as it has for designs of the past. As a conse-
guence, designing better microprocessors still remains the most direct way to influence the
performance of serial programs and an important area for research.

1.1 Serial Programs

The reason serial programs receive such great attention from academia and industry is that
these applications have been (and likely will continue to be) the dominant consumers of
computing power. The importance ascribed to serial programs as computer applications,
though, is not a coincidence. The serial program model is a simple and intuitive one that
is assumed by most programmers when a program is written in a conventional high-level
language (HLL), such as C, FORTRAN, etc. The semantics of the serial program model is
that operations in the program are executed one at a time and in the order specified in the
program. This view of the operation of a computer not only reflects the way people think,
it describes the way computers actually functioned in their early incarnations. Over time,
though, computers have developed into ever more complex machines that do not necessarily
function in this simple way. Yet, the serial program model has allowed programmers to rely
on this simple view when reasoning about their programs even though the computers on
which their programs run have become complex.

Often, the impetus for increases in computer complexity is the need for increases in com-
puter performance. The two most common methods to achieve higher computer performance
are to perform individual operations faster or to perform more operations at the same time.
The former approach usually relies on increases in the speed of the computer components,
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while the later usually relies on parallelism within the program run on the computer. Though
it might seem that parallel execution of a serial program is not possible, there are often im-
plicit opportunities for parallelism in such codes if the proper techniques are used to expose
and to exploit them. Moreover, the well-known (to anyone who has tried) difficulties in terms
of correctness and performance associated with explicit parallel programming often makes
that approach an unattractive alternative. Thus, an implicit, as opposed to an explicit, ap-
proach to achieve parallel execution provides the key advantage that a programmer need not,
in general, determine whether parallelism exists in a program nor consider how to express it.

This point is an important one because the parallelism within applications written as se-
rial programs is usually either “hidden” from a programmer or is difficult for a programmer
to reason about. Nonetheless, serial programs do contain parallelism [8, 13], sometimes sig-
nificant amounts of it, though to tap this parallelism often requires the use of sophisticated
hardware and/or software techniques [56]. In particular, aggressive microprocessors are de-
signed to view a serial program as only the static specification of what operations are to be
performed, not the dynamic realization of how the operations might actually be executed. The
strength of the serial program model is that it allows the operation of the microprocessor to
remain simple and clear enough that programmers can understand how to use it; yet, it does
not preclude the use of (possibly radical) techniques to provide high performance parallel
implementations, so long as the appearance of serial execution is maintained. The success of
techniques such as pipelining, multiple instruction issue, instruction scheduling, and specu-
lative execution (to name just a few) has helped the microprocessor assume a leading role in
providing high performance on serial programs.

1.2 Microprocessor Performance

Over the course of the microprocessor’s lifetime (the past 25 years), overall performance has
grown exponentially [75]. If microprocessor performance is to sustain this rate of growth
in the future, advancement in the techniques used to build microprocessors must continue.
Techniques for improvements in microprocessor performance are driven in a complemen-
tary fashion by the forces of implementation technology and architectural innovation. As a
result of shrinking feature sizes from fabrication advancements, implementation technology
provides more transistors and faster clocks for the chips on which microprocessors are con-
structed. However, more transistors and faster clocks do not guarantee better performance. To
take advantage of more transistors and faster clocks, architectural innovation in microproces-
sor designs must accompany changes in implementation technology. Furthermore, to provide
the best performance, architectural innovations must avoid the weaknesses and exploit the
strengths of the available implementation technology.

The use of architectural innovations to improve microprocessor performance is usually
aimed at supporting the ability to execute instructions in parallel and/or in an order different
from that specified in the original serial program. Regardless of what actually occurs within
the microprocessor, it must appear that each instruction is executed one at a time in the orig-
inal serial program order. Because individual instructions are the entities being executed in
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parallel, such techniques exploit what is referred to as instruction-level parallelism (some-
times ILP for short). However, performance is proportional to the product of ILP and clock
speed. Thus, the most effective architectural techniques are those that propose ways to use
the available transistors afforded by the implementation technology so as to maximize this
product. That is, the goal of architectural techniques is to strike the best balance between ILP
and clock speed for a given implementation technology.

1.3 Implementation Technology

Industry forecasters have generally been quite accurate in tracking improvements in imple-
mentation technology. The current semiconductor industry road map projects clock frequen-
cies in the low gigahertz range within the next ten years [7]. This clock speed projection
implies that future microprocessor must be able to sustain instruction completion rates in the
range of four instructions per clock cycle in order to continue the trend in exponential perfor-
mance growth [107]. Clearly, very aggressive microprocessor designs are required to achieve
this degree of instruction-level parallelism.

Fortunately, it is forecasted that implementation technology will deliver an order of mag-
nitude more transistors in the next ten years than are currently available along with the ex-
pected increase in their speed. Unfortunately, an important aspect of this future implemen-
tation technology is that logic delay scales well with feature size, but wire delay remains
relatively constant. Wire delay has not been a concern in older implementation technologies
because this delay has been a relatively small fraction of the clock cycle time. Now, in newer
implementation technologies, wire delay is likely to become a larger fraction of the clock
cycle time and hence may be more of a performance limiter [11].

The implications of these trends in future implementation technology are straightforward.
In the past, on-chip communication was cheap, but transistors were too scarce to explore
high degrees of instruction-level parallelism. In the future, transistors should be plentiful,
but on-chip communication between these transistors could be expensive. This situation is
encouraging with respect to microprocessor design, since the resources needed to enable
high degrees of instruction-level parallelism appear to be forthcoming. However, it may
be necessary to rethink the use of existing processing paradigms for the design of future
microprocessors given the outlook in on-chip communication.

1.4 Design Directions

Present state of the art microprocessors, based on the superscalar paradigm, provide the abil-
ity to issue multiple instructions per cycle, often in an order different from that specified in
the original program. Such processors use branch prediction techniques to fetch and decode
a program’s dynamic instruction sequence, building what is known as an instruction window.
The individual instructions within this instruction window are analyzed for dependences and
issued to functional units for execution based primarily on the availability of their operand
data rather than on their order in the program. Upon completion, the instructions are buffered
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so that the processor state is only updated in the original program order (as dictated by the se-
rial program model). This process, known as dynamic instruction scheduling, is what allows
a superscalar processor to issue multiple, possibly out-of-order, instructions per cycle.

In practice, superscalar microprocessors (such as the Intel Pentium Pro), build an in-
struction window in the range of only a few tens of instructions and employ around four
wide instruction issue to sustain the completion of somewhere between one and two (though
often less than one) instructions per cycle on serial programs [10]. The modest degree of
instruction-level parallelism of which existing microprocessor designs are capable is not suf-
ficient to keep pace with the exponential performance growth expected from future micro-
processor designs — instruction completion rates of four instructions per cycle. In particular,
the existing designs of today do not appear to scale in terms of instruction-level parallelism
or clock speed, given the expected trends in the implementation technology of tomorrow.
Nonetheless, it is still advantageous to consider the directions for future designs based on
what has been learned from designs of the past and the present.

It is widely acknowledged that to extract much instruction-level parallelism in serial pro-
grams it is often necessary to inspect a very large group of instructions from the dynamic
instruction sequence for independent operations [8,13,17,60,98]. Furthermore, it is often
necessary to apply to the resulting instruction window a peak issue rate that is far in excess
of the average issue rate in order to sustain the highest degree of performance, due to the
feast or famine nature of instruction-level parallelism in many serial programs [40]. These
observations imply that, with respect to the present state of the art, future high performance
microprocessors must be capable of building much larger instruction windows of potentially
hundreds of instructions and of employing much wider issue capacity of ten or more instruc-
tions per cycle. Accordingly, to take advantage of such vast machine resources, future micro-
processor designs must rely on far more aggressive techniques than those used at present to
expose and to exploit instruction-level parallelism.

It is also widely acknowledged that the existence of control and data dependences in se-
rial programs significantly constrains the ability of a microprocessor to seize opportunities
for instruction-level parallel execution. Thus, the ability to speculate freely on both control
and data dependences is expected to play a far more significant role in future microprocessor
designs than it does in present designs. For control dependences, it may be necessary to pre-
dict many branches per cycle and to do so with great accuracy, so that a very large instruction
window can be maintained. For data dependences, it may be necessary to access data in an
extremely aggressive manner, using speculation wherever profitable, so that execution is se-
rialized only where absolutely necessary. Clearly, to build microprocessors that are so much
more ambitious than those that exist now will require designs that are well matched to their
implementation technology.

A straightforward evolution of existing state of the art processor designs would simply
involve the use of more aggressive control and data speculative execution as well as wider
control and data paths to support the demands of larger processor structures. The drawback
of this naive strategy is that it does not take into account that communication throughout the
processor, including the number and the length of wires that provide it, is likely to grow dra-
matically as a result. In particular, aggressive speculation usually calls for higher bandwidth
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between the processing resources and the instruction supply and the data supply that feed
them, further generating communication throughout the processor. In turn, the clock speed
that sets the timing of these components applies ever more pressure to deliver values with
lower latency to avoid constraining execution. Without a doubt, if existing designs are simply
scaled, the characteristics of the resulting processor appear to be in direct opposition to the
on-chip communication limitations expected for future implementation technology.

1.5 Conventional Processing Paradigms

A future microprocessor design must be able to meet the expected demand for performance
in terms of instruction-level parallelism, yet do so within the constraints of future implemen-
tation technology and under the limits of practicable implementation costs. These concerns
can be distilled into three questions concerning the use of conventional processing paradigms
for future microprocessors designs. First, can conventional processing paradigms deliver
the expected levels of instruction-level parallelism in a general purpose manner? Second,
can conventional processing paradigms provide designs that fit well with future implementa-
tion technology? Third, can conventional processing paradigms foster implementations that
reign in the escalating design and test costs of such sophisticated processors? A processing
paradigm that can effectively address all of these concerns has the advantage of offering a
combination of flexibility and high performance with low cost which usually plays a crucial
role in a successful general purpose microprocessor implementation.

Another way of looking at these three concerns is as follows. Not only must the pro-
cessing paradigm be capable of achieving high performance, it must be capable of achieving
high performance on a wide range of applications without programmer intervention. Not
only must the processing paradigm be applicable to an ideal design, its use must be prof-
itable in an actual design that takes full advantage of the clock speed and transistor density
afforded by the implementation technology. Not only must the processing paradigm support
feasible implementations, it must provide an easy growth path from one design to the next to
amortize the cost of (hardware and software) engineering development efforts over many pro-
cessor generations. Yet, despite the diversity of conventional processing paradigms studied
by academia and industry, only two conventional processing paradigms are being espoused
by academia and industry for future microprocessor designs: the superscalar paradigm and
the multiprocessing paradigm. Even so, it might be the case that novel paradigms, such as the
one studied in this thesis, are ultimately the best fit for future microprocessors.

1.5.1 Superscalar Paradigm

The superscalar paradigm [2], in its conventional form, sequences through a serial program
to dynamically create a window of instructions, schedules instructions from this window for
execution, and communicates the results of executed instructions to other instructions waiting
in the window [38]. The key to the superscalar paradigm is the characteristics of the window
it uses to expose and to exploit parallelism. It can be difficult to establish a very large window,
even with highly accurate modern control flow prediction. In particular, the need to predict
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each and every branch in a window of potentially hundreds of instructions seems to place a
limit on just how large such a window might become. Even if the difficulties in exposing this
window are overcome, the difficulties in exploiting even greater instruction-level parallelism
within it are prohibitive. That is, because the instruction window is a single centralized struc-
ture, increases in its overall size and/or dimension must be supported via increases in wire
length and/or number. This requirement does not fit well with future implementation tech-
nology since wire delay as much as transistor delay is expected to be the performance limiter.
Moreover, it is difficult to amortize design and test costs from one generation of superscalar
processor to the next since changing an old execution core with substantially different win-
dow and/or issue characteristics from those needed in the next generation usually necessitates
a totally new development effort. The VLIW paradigm, a paradigm closely related to the su-
perscalar paradigm, uses nearly the same approach subject to similar difficulties [15, 24, 71].
The major difference, though, is that since most of the details are handled at compile-time
rather than run-time, dynamic problems appear in the form of their static counterparts.

1.5.2 Multiprocessing Paradigm

The multiprocessing paradigm [9], in its conventional form, relies on a compiler or a pro-
grammer to transform a serial program into a parallel one. This transformed program is
usually composed of a number of control and data independent threads. The execution of
the instructions of these threads is performed on multiple processors as independent dynamic
windows of instructions. The communication of results among the executed instructions of
the threads is accomplished via shared memory (with explicit synchronization) or message
passing.

Given the vast number of transistors expected from future implementation technology;, it
appears to be possible to put a small multiprocessor on a single chip [62]; that is, it appears to
be possible to construct a multiprocessor microprocessor. A multiprocessor of this design is
a natural means to avoid centralized structures and is likely to have fairly low interprocessor
communication delays. Moreover, it offers the advantage in terms of design and test of being
able to reuse and to replicate many of the critical processor structures (e.g. the execution
core) in moving from one generation to the next. However, it is still subject to the well-
known limitations of automatic parallelization through compilation.

The present state of the art for this technology is able to find instruction-level parallelism
implicit in some serial programs written in FORTRAN, but almost no serial programs written
in C [3]. The root of the problem is that the conventional multiprocessing approach cannot
in general provide the guarantees necessary to permit the correct execution of control and
data dependent threads or the use of speculation across threads. Yet, these techniques are
acknowledged as key aspects of any solution to find instruction-level parallelism in ordinary
serial programs [46]. The multithreading paradigm, an approach closely related to the multi-
processing paradigm, makes use of the same basic mechanisms subject to similar limitations,
but multiplexes the underlying hardware for better utilization.



1.6 Alternative Processing Paradigm

In the last few years, researchers have begun to consider extending the conventional super-
scalar [21, 65] and multiprocessing paradigms [63, 90] to combat some of the difficulties al-
ready described. To be sure, these efforts are important, albeit cautious, steps in the right
direction. Nevertheless, the expectation of an unprecedented degree of instruction-level par-
allelism and the projection of a dramatic shift in design constraints may warrant more radical
thinking in microprocessor design. This thesis investigates a novel approach for running se-
rial programs called the multiscalar paradigm. The multiscalar paradigm first appeared about
1990 as a circa 2000 processing paradigm. It takes its name from its structure: multiple
(super)scalar processing units that cooperate to execute a serial program in a parallel man-
ner. The multiscalar paradigm provides an alternative to conventional processing paradigms
that is specifically tailored to future implementation technology and readily accommodates a
straightforward path from one processor generation to the next.

The multiscalar paradigm merges the strengths of the superscalar and the multiprocessing
paradigms, yet relies on architectural innovation where needed to overcome their weaknesses.
A multiscalar processor exposes a very large window of instructions by splitting the dynamic
instruction sequence of a serial program — using hardware, software, or some combination
thereof — into a collection of control and/or data dependent regions. It exploits instruction-
level parallelism by executing these regions in parallel on multiple processing units via ag-
gressive control and data speculation. Furthermore, it manages the serial semantics of control
and data dependences implicit in the original program in a hierarchical fashion to support an
efficient realization of the required mechanisms in an actual design. (A much more detailed
description of multiscalar processors may be found in the next chapter.)

A multiscalar processor reaps instruction-level parallelism from the same source as a
superscalar processor does. In both paradigms, the goal is to expose a vast window of in-
structions and to execute independent operations within that window. However, a multiscalar
processor uses a “divide and conquer” strategy to avoid the engineering challenges faced by a
superscalar processor. The multiscalar paradigm achieves the effect sought by the superscalar
paradigm of a single very large window with very wide issue by using multiple smaller win-
dows with narrower issue. It can realistically support high clock speeds because the behavior
of key processor components is only proportional to small, narrow structures instead of large,
wide structures. Likewise, it can realistically support high levels of instruction-level paral-
lelism because the basis for window and issue scaling is adding more small, narrow structures
(of the same design) rather than developing an even larger, wider structure.

A multiscalar processor is similar in overall structure to a multiprocessor. Like the mul-
tiprocessing paradigm, it provides the opportunity to reuse and to replicate critical proces-
sor structures in moving from one processor generation to the next so that design and test
costs may be held in check. However, unlike the multiprocessing paradigm, the multiscalar
paradigm supports threads that may be control and/or data dependent as well as control and
data speculative execution of these threads. Because the dynamic behavior of serial programs
cannot always be determined via static analyses, a multiscalar processor may have much
greater flexibility to extract instruction-level parallelism than a conventional multiprocessor
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does, since concurrent execution need not be restricted to only those situations in which guar-
antees may be given about the control and data dependences in the program.

1.7 Multiscalar Processors

Much of the multiscalar work to date has been invested to introduce the fundamental ideas and
mechanisms upon which the paradigm is based [25]. A comprehensive design and evaluation
of the aspects of a multiscalar processor that are essential for high performance has been
lacking. The foundation for such an investigation, though, has been laid in recent work that
considers the roles of hardware and software for realistic implementations of multiscalar
processors [87]. However, that work does not provide the level of detail or the amount of
study needed to critique the multiscalar paradigm as a possible choice for future processor
designs or to ascertain where efforts to improve performance ought to be invested. Moreover,
there is a clear need to provide a performance comparison between the multiscalar paradigm
and a conventional processing paradigm, such as superscalar, to provide a point of reference
in terms of instruction-level parallelism and clock speed advantages that are needed to make
a multiscalar design an attractive alternative to traditional designs.

This thesis explores in detail the microarchitectural aspects of one possible multiscalar
processor organization. A companion thesis that explores in detail the compiler aspects of
this same multiscalar processor organization complements this work [97]. Though multi-
scalar processor organizations other than the one considered by these interrelated works are
possible, the total design space is simply too vast to study them all. As a result, much thought
has gone into the organization used for these studies to ensure that it reflects realistic soft-
ware/hardware choices/constraints that are comparable to those of an actual implementation.
Moreover, the goal of these works is to further an understanding of the advantages and dis-
advantages of the multiscalar paradigm not to establish its ultimate realization (which will
follow naturally if warranted). To conduct a methodical investigation, this thesis partitions
the operation of a multiscalar processor into three fundamental aspects (devoting a chapter to
each): instruction and data processing, instruction supply, and data supply.

In studying these aspects, the key components that dictate their respective characteristics
— processing units for instruction and data processing, hierarchical prediction and instruction
memory for instruction supply, register file and data memory for data supply — are discussed
in terms of the basic issues that must be addressed in the design of each component. Fur-
thermore, the challenges/concerns for alternative designs are presented to focus on promising
candidates for study. Each candidate is specified in terms of its overall structure and is eval-
uated under a range of design parameters to characterize behavior and potential bottlenecks
from the standpoint of its individual performance as well as its contribution to overall per-
formance. In addition, a performance comparison of realistic multiscalar processors relative
to idealistic superscalar processors is performed to give an impression of how this alternative
approach might fair against a well-known conventional approach. Each chapter provides an
overview of the aspect studied (in the beginning), a thorough description of its design and
evaluation (in the middle), and a detailed summary (at the end).



1.8 ThesisOrganization

The remaining chapters of this thesis are organized as follows. Chapter 2 reviews multiscalar
processors and presents the particular organization studied in this thesis. Chapter 3 describes
the experimental framework utilized throughout this thesis. Chapters 4, 5, and 6 delve into the
fundamental aspects that comprise the operation of a multiscalar processor: instruction and
data processing, instruction supply, and data supply. Chapter 7 offers a performance com-
parison between a range of conservative and aggressive realistic multiscalar configurations
and idealistic superscalar configurations to gauge the contributions that instruction-level par-
allelism and clock speed must provide to make multiscalar processors an effective alternative
to superscalar processors. Finally, Chapter 8 identifies the key contributions of this work,
gives a summary of this thesis, and considers future directions for the study of multiscalar
Processors.
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Chapter 2

Multiscalar Processors

This chapter describes the concepts that are the basis of multiscalar processors in general, as
well as those that are the basis of the multiscalar processor studied in this thesis in particular.
Section 2.1 postulates that multiscalar processors, though perhaps considered a revolution
in processor architecture at the time of their inception, might instead be a natural evolution.
Section 2.2 presents the execution model that multiscalar processors support. Section 2.3
identifies the principal design issues that need to be addressed for a multiscalar processor.
Section 2.4 discusses the implementation details for the multiscalar processor studied in this
thesis. Section 2.5 gives a summary of this chapter.

2.1 Architectural Evolution

According to the serial program model, a program executes by performing one instruction at
a time driven by the control and data attributes specified in the program. Usually, a HLL pro-
gram is compiled into a static binary that represents the computation specified by the program
in terms of the base instructions of the machine on which it is to run. These base machine
instructions, given by the instruction set architecture (ISA), are those usually assumed to
execute according to the serial program model.

The success of modern processor designs may be attributed to the use of a progression of
techniques, applied from one processor generation to the next in a cumulative fashion. These
techniques aim to convert a serial, static specification into a dynamic, parallel execution that
reduces the time to run a program. This work postulates that the course of processor archi-
tectural evolution which has gone from sequential to pipelined and pipelined to superscalar
in the past, might proceed naturally from superscalar to multiscalar in the future as shown in
Figure 2.1 and described below.

2.1.1 Sequential

A sequential processor is constructed to execute instructions more or less explicitly as de-
scribed by the serial program model. The instructions of the program are performed in order,
one after another. This program execution produces a dynamic instruction sequence corre-
sponding to the path of program execution. The control and data dependences in the original
program are adhered to implicitly, since each instruction executes in the order dictated by the
serial program model. While this approach is attractive because of its simplicity, the time to
execute the program is dictated by the total time to execute each individual instruction since
only one is executed at a time.
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2.1.2 Pipelined

A pipelined processor may improve upon the capabilities of a sequential processor by over-
lapping the execution of the individual instructions of the dynamic instruction sequence. This
technique relies on the fact that instruction execution may usually be divided into a number
of more primitive operations, such as fetch, decode, execute, etc. If these operations are in-
dependent, then the execution of instructions may be performed in a manner similar to an
assembly line (or pipeline as it is called). While this approach is able to reduce the time to
execute the program, since the time to execute individual instructions may be overlapped, it
is still subject to the limitation that only one instruction is issued into the pipeline at a time.

2.1.3 Superscalar

A superscalar processor may improve upon the capabilities of a pipelined processor by issuing
as well as overlapping the execution of multiple instructions at the same time. This technique
provides additional machine resources and relies on the independence of instructions in the
dynamic instruction sequence to support such concurrency. The success of this technique
is tied to the ability to find independent instructions in the dynamic instruction sequence.
For this reason, the most aggressive processors of this type look ahead into the dynamic
instruction sequence to find such instructions. While this approach is able to reduce the time
to execute a program, the engineering needed for extending it to look ahead farther and to find
even more independent instructions for further reductions in execution time are forecasted to
be a serious difficulty [107].

2.1.4 Multiscalar

A multiscalar processor may extend the capabilities of a superscalar processor by dividing the
dynamic instruction sequence into multiple regions instead of treating it as a single region.
A straightforward way of using this technique is to harness multiple superscalar processors,
so that each executes a different region of the dynamic instruction sequence at the same
time. In this way, each processor individually looks ahead only as far and finds only as many
independent instructions as is practicable. The multiple processors collectively may provide
the effect of looking ahead much farther and finding many more independent independent
instructions than would be feasible for a single processor. Though unproven, the principles
upon which this “divide and conquer” strategy are based seem to offer a means to further
reduce execution time, yet overcome the most serious engineering limitations associated with
superscalar techniques.

2.2 Execution Modd

In order to appreciate the kinds of engineering challenges that are involved in building a mul-
tiscalar processor, it is helpful to understand how it performs its parallel execution of a serial
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program and what requirements serial semantics impose upon this process. Though a multi-
scalar processor may be composed of multiple (super)scalar processors, there are fundamental
differences between the execution models of the two that warrant careful consideration, since
these differences represent a significant factor in terms of the design of the processor and its
performance.

2.2.1 Basic ldea

The basic idea is that a multiscalar processor divides the dynamic instruction sequence into
a number of contiguous regions using hardware, software, or some combination of the two.
Each of these regions is executed in parallel on a collection of processing units, each of which
may be comparable to a conventional (super)scalar processor (or some other type of processor
as appropriate). Because the regions of the dynamic instruction sequence are not necessarily
control and/or data independent, and no guarantee is made to this effect, speculative execution
is a key catalyst for this approach. The use of speculation requires the buffering of modifi-
cations made during the execution of each region in some form of speculative state to ensure
that the architectural state of the processor may be preserved as needed in case of interrupts,
exceptions, mis-speculations, etc. The speculative state modifications are performed on the
architectural state (usually in program order for a straightforward design) at a later time when
proper semantics are assured.

Figure 2.2 shows the control flow graph of a small code fragment with the dynamic in-
struction sequence corresponding to its execution. The dynamic instruction sequence has
been divided into three regions, labeled region 0, region 1, and region 2. The goal of a
multiscalar processor is to execute these regions in parallel as shown in the figure. If the
instructions in each region are mostly independent of those in other regions, then parallel
execution ought to occur in a straightforward manner. However, if the instructions in each
region are somewhat dependent on those in other regions, then parallel execution might still
occur, but it may be necessary to speculate and coordinate the execution of the regions to en-
sure correct semantic behavior. Regardless of what parallel execution transpires, each region
is tied to the appearance of serial execution imposed by the dynamic instruction sequence.
Since this requirement only imposes a partial order based on control and data dependences,
not a total order, the actual execution order might be quite different from that assumed in the
program.

2.2.2 Control Dependences

In order to supply correct instructions for execution, the control dependences within and
among regions must be handled. The control dependences may be dealt with in a hierarchical
manner. First, control dependences among regions may be handled to set up the parallel
execution of the regions collectively. Second, the control dependences within regions may be
dealt with individually to provide the instructions of each region.

In this approach, a global control flow prediction mechanism is used to step from one
region of the dynamic instruction sequence to the next, with the implicit prediction of possibly
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many control flow points within a region. Each global step assigns a region for execution on
a processing unit by providing the program counter of the first instruction of the region.

On each processing unit a local control flow prediction mechanism is used to step through
the region from one instruction to the next (as in a conventional processor) using this program
counter. Each local step predicts the control flow points skipped over by the global step until
the end of the region (i.e. the position of the global step) is reached. Among the processing
units, multiple local steps occur in parallel.
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Figure 2.3: The handling of control dependences for a dynamic instruction sequence divided
into regions.

Figure 2.3 shows the same small code fragment as before, but the focus is on the control
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dependences within and among the regions that execute in parallel. In part a) of the figure, the
control flow between adjacent regions has been predicted from region 0 to region 1 and from
region 1 to region 2. In part b) of the figure, the control flow between adjacent regions has
been predicted from region 0 to region 3 and from region 3 to region 2. The dashed arrows,
from the top of one region to the next, show the predicted control flow between regions. The
solid arrows, from the bottom of one region to the top of the next, show the actual control
flow. The control flow within regions is not indicated but may be identified by inspecting the
dynamic instruction sequence and the control flow graph.

In part a) of the figure, the control flow between the regions is correct, but the control flow
within some of the regions is incorrect, indicating a control dependence violation. At the time
region 1 and region 2 are predicted, many control flow points within the regions (e.g. from
B5 to C1 or E1) are predicted implicitly. As execution in the regions proceeds, prediction
within each region may be performed explicitly. As shown in the figure, however, any control
dependence violations within each region, such as B5 to C1 instead of B5 to E1 in region
1, need not affect the regions overall. Only the particular instructions within the region, as
shown by the crossed-out shading, are affected, so long as the proper control flow from one
region to the next is maintained.

In part b) of the figure, the control flow between the regions is incorrect. Though it was
predicted that control flow would proceed from region 0 to region 3 to region 2, it actually
proceeds from region 0 to region 1 to region 2. (region 3 is some region of the dynamic
instruction sequence corresponding to a part of the program control flow graph not shown in
the figure.) As a result of the control dependence violation from region 0 to region 3, both
region 3 and region 2 are discarded, even though in the correct control flow sequence region
2 executes in the same position. Though it may be possible to take advantage of such control
independence, it requires additional knowledge about data independence that may make a
successful implementation of any such mechanism problematic. A straightforward approach
in which all execution following a control dependence violation is discarded, such as the one
shown in the figure, is a viable solution so long as mispredictions are infrequent and/or the
opportunities to salvage execution are few.

2.2.3 Data Dependences

In order to supply correct data for the execution of instructions, the data dependences within
and among regions must be handled. As the execution within the regions proceeds, the in-
structions produce and consume values (held in register or memory storage) that must corre-
spond to the order specified in the dynamic instruction sequence. The data dependences that
dictate this order may be dealt with in a hierarchical manner (just as for control dependences).

If the producer and consumer instructions are within the same region, then the consumer
must read the value for the location that the producer in its region writes, regardless of what
other producers of the same location in other regions might write. Furthermore, if the pro-
ducer and consumer instructions are in different regions, then the consumer must read the
value for the location that the producer in the proper region writes.

Figure 2.4 shows the same small code fragment as before, but the focus is on the data
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dependences within and among the regions. The solid arrows between instructions identify
data dependence within a region. The dashed arrows between instructions identify data de-
pendence between adjacent regions. The length of an arrow inside of a region indicates the
execution delay that is necessary to ensure the consumer instruction does not read until the
producer instruction writes the value in question. There is no distinction made between data
dependence for register or memory storage in this figure, since both must adhere to the same
semantics. How this might be done differently for each type of storage will be discussed
shortly.

In part a) of the figure, the data dependence among instructions within regions is always
handled correctly. That is, a consumer instruction is always delayed until the value from a
producer instruction is available. For example, if there is a dependence between instructions
B1 and B2 in region 2, then the execution of B2 (and in this example all instructions that fol-
low) is delayed until the value from B1 is available. This approach to resolve data dependence
corresponds to what is done in most conventional processors. It is straightforward to always
abide by data dependences in this way because each instruction in the dynamic instruction
sequence is seen in the proper execution order, and the operands of each instruction may be
analyzed to determine the relevant data dependences.

In part b) of the figure, three different cases for what might happen for the data depen-
dences among regions are shown. In the first case, B2 in region 1 consumes data that Al in
region 0 produces, and execution occurs such that the producer and consumer instructions are
performed in the proper order. As a result, no action is required to provide the correct seman-
tics. If regions are determined and scheduled appropriately, the likelihood of this situation
occurring may be quite high.

In the second case, B3 in region 1 consumes data that A3 in region 0 produces, but the
order of execution would have resulted in a data dependence violation. However, no such
violation occurs because the consumption of data by B3 in region 1 is synchronized with the
production of data by A3 in region 0, as indicated by the delay of the execution of B3 in
region 1. If data dependence can be determined either statically or dynamically, then data
dependence violations in these instances may be avoided.

In the third case, B4 in region 2 does not consume the data that E2 in region 1 produces
because the instructions do not execute in the proper order. As a result of this data depen-
dence violation, all instructions in region 2 as well as all instructions in any later regions are
discarded. Other less drastic approaches, such as only discarding instructions that consumed
incorrect data and those that are dependent upon them, may be possible, but how benefi-
cial and/or viable these might be is uncertain for reasons similar to those given for control
dependence violations.

2.3 Design Issues

The concepts upon which the multiscalar execution model is based are fairly straightforward.
Yet, the keys to making it work well — how to build a multiscalar processor that maintains a
fast clock and extracts a high degree of instruction-level parallelism — are choosing an effec-
tive design and supporting it with an efficient implementation. In particular, it is necessary
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to understand which aspects of the design ought to be handled by hardware or software, or
perhaps some combination of the two.

This section identifies the principal design issues that need to be addressed in formulating
a multiscalar processor design and tries to motivate to some extent the reasons for choosing
between hardware and software design alternatives. The next section discusses the imple-
mentation details that go along with these design issues to provide a realistic specification for
a multiscalar processor — in particular, the multiscalar processor that is studied in this thesis.

2.3.1 Region Selection

So far, the concept of dividing the dynamic instruction sequence into regions has been pre-
sented as an abstract process. An actual design, however, must provide concrete means of
performing it. The process by which the dynamic instruction sequence is divided into regions
may be performed via hardware, software, or some combination of the two. Clearly, the char-
acteristics of the regions will have a significant effect on performance; though, it is beyond the
scope of this work to provide a definitive answer to the question of which approach delivers
the best performance. Nevertheless, two basic possibilities may be considered to appreciate
the nature of such alternatives.

One possibility is that hardware would be given full responsibility to choose regions, dy-
namically selecting how the dynamic instruction sequence is divided and orchestrating its
execution. Likewise, another possibility is that software would be given full responsibility
to choose regions, statically selecting how the dynamic instruction sequence is divided and
orchestrating its execution. Yet, just considering the possibilities without factoring in the im-
plications of the choice is not wise. It isimportant to realize that such a design decision cannot
be made arbitrarily because it may impact the interface between hardware and software (i.e.,
the architecture) that the processor must support.

An interface in which region selection is implicit, transparent and only part of the im-
plementation (hardware region selection), is attractive because it provides the ability to run
existing binaries in unmodified form. However, the cost of this compatibility may be a loss
of vision and flexibility in choosing the characteristics of the regions. On the other hand, an
interface in which region selection is explicit, visible and part of the architecture (software
region selection), is attractive because it exposes the performance potential of the multiscalar
approach to the compiler. The compiler might create opportunities that would otherwise not
exist or be out of reach of the hardware by restructuring the code, scheduling instructions
within the code, and/or producing regions of vastly different sizes as needed.

The flexibility afforded by these capabilities in region selection may be required to ensure
high performance on a wide range of applications. In particular, the grain of instruction-level
parallelism as well as its control and data dependence characteristics can be quite different
among applications (e.g., numeric FORTRAN programs compared to non-numeric C pro-
grams). Not only might the compiler improve the overall performance in terms of instruction-
level parallelism, it might improve the actual implementation by performing in software,
analyses that are expensive or infeasible in hardware. Thus, the processor design need not be
burdened with the complexity of performing dynamic analyses that are more easily performed
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as static analyses in the compiler. Instead, dynamic analyses can be reserved for performance
critical situations in which static analyses are ineffective or impractical.

The ability of a multiscalar processor to select in a flexible manner the grain at which
to extract instruction-level parallelism is likely to be a crucial advantage over conventional
processors in terms of performance. However, if a multiscalar processor design relies only on
hardware for region selection, then it may be constrained by the same difficulties that limit
the ability of conventional processors to extract instruction-level parallelism. Thus, to ensure
enough flexibility to explore the potential of a multiscalar processor, the process of region
selection ought to involve the software, at least to some extent.

In keeping with these observations about the advantages and disadvantages of hardware
versus software selection of tasks, the multiscalar processor studied in this thesis relies on the
compiler to divide the dynamic instruction sequence into regions. The compiler partitions the
control flow graph of the program into connected subgraphs, called tasks. The processor exe-
cutes these subgraphs (or tasks) to generate the regions of the dynamic instruction sequence.
As a result, the overall performance of the multiscalar processor studied in thesis is function
of its compiler and it underlying design.

2.3.2 Task Hierarchy

A task corresponds to a contiguous region of the dynamic instruction sequence, that is gen-
erated by the execution of a connected subgraph in the program control flow graph. This
connected subgraph is constrained to have a single entry point (otherwise performing any
analyses is difficult), but may have multiple exit points. A task may correspond to part of
a basic block, a basic block, multiple basic blocks, a single loop iteration, an entire loop, a
function call, or various combinations thereof as specified by the compiler.

The execution of a task is bounded by an entry point, its first dynamic instruction, and an
exit point, its last dynamic instruction. All instructions executed between the entry and exit
points correspond to the region of the dynamic instruction sequence attributed to the task.
Moreover, execution occurs as a sequence of tasks, so it always proceeds directly from one
task to the next. (For the rest of this thesis, the regions of the dynamic instruction sequence
as well as their corresponding connected subgraphs in the program control flow graph are
referred to interchangeably as tasks.)

A key advantage of treating program execution as a sequence of tasks rather than just
as a sequence of instructions is that it provides a means to decompose the difficult problem
of dealing with dependences into two more straightforward problems which are less compli-
cated to solve. That is, because a task encapsulates execution from the dynamic instruction
sequence, it provides a natural means of coordinating dependences in a hierarchical manner.
With the execution of the dynamic instruction sequence divided into tasks, dependences may
be handled in a more or less decoupled manner. In particular, dependences within tasks (intra-
task dependences) and dependences among tasks (inter-task dependences) may be handled by
different means, as appropriate.
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2.3.3 Intra-Task Dependences

The intra-task dependences involve handling the relationships among the instructions within
a single flow of control in the dynamic instruction sequence, similar to a conventional pro-
cessor. This problem is straightforward because each instruction executed in a task is seen
in-order with respect to the dynamic instruction sequence. The relationships (or possible
relationships) can be tracked and resolved as execution proceeds. Any of the well-known
hardware and/or software techniques used for conventional processors may be appropriate to
handle intra-task control and data dependences. The choice of techniques is flexible so long
as the requirement that intra-task dependences adhere to serial semantics is met.

In most conventional processors, software scheduling techniques are used in conjunction
with hardware scheduling techniques to improve performance. However, it is usually the case
that hardware scheduling guarantees correctness in as much as software scheduling does not
violate dependences. For the multiscalar processor studied in this thesis, intra-task depen-
dences are handled by the processing units in nearly the same way as for conventional pro-
cessors that use such a mix of static and dynamic scheduling. Though instructions may have
been scheduled by the compiler, a processing unit predicts intra-task control dependences
using a control flow prediction mechanism of some kind to speculate a window of instruc-
tions for the execution of a task. However, the effects of these speculated intra-task control
dependences are encapsulated within a task. Moreover, their resolution, whether correctly or
incorrectly speculated, is handled via the same mechanisms as for conventional processors.

A processing unit, however, does not speculate intra-task data dependences (likewise most
conventional processors do not). Instead, the intra-task data dependences are synchronized
for all instructions, though this synchronization is handled differently for register and mem-
ory storage. For register storage, dependences between instructions may be inspected as
instructions are decoded because register locations are specified directly in the instructions.
A dependent instruction may determine exactly which instructions produce register values it
consumes. As a result, register data dependences delay instruction execution no longer than
is actually necessary for serial semantics. For memory storage, the dependences between
instructions usually may not be inspected because memory locations are specified indirectly
via address calculations. A dependent load instruction may be unable to determine which
store instructions produce memory values it consumes until all earlier addresses have been
calculated. As a result, memory data dependences may delay instruction execution longer
than is actually necessary for serial semantics.

2.3.4 Inter-Task Dependences

The inter-task dependences involve handling the relationships among the instructions within
multiple flows of control in the dynamic instruction sequence. This problem is somewhat
complicated because each instruction executed in a task may be seen out-of-order with respect
to the dynamic instruction sequence, even though each task sees its instructions in-order.
In particular, there may be instructions in earlier tasks which are not even known to exist
(because sequencing may not reached that far) when a later task encounters its instructions.
Moreover, even if all instructions were seen in-order, the distribution of the tasks among
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multiple processing units may make tracking and resolving relationships problematic.

This difficulty may be mitigated by using the property that tasks encapsulate execution
in the dynamic instruction sequence. The dependences of an individual task might be ag-
gregated to provide a dependence summary of the task. Using the dependence summaries
from all earlier tasks, the execution of a later task may be guided with respect to honoring its
dependences with the earlier tasks. If dependences in earlier tasks may be resolved exactly,
then later tasks may use such information to avoid dependence violations. However, even if
all dependences may not be resolved exactly, this information may be a valuable asset to assist
in any speculation of these dependences. The specific nature of the dependence summaries
depends on whether the software or the hardware provides them.

The hardware may provide more exact analyses, since it is based on actual execution,
than may be possible using software. However, such hardware analyses may be expensive
or impractical to perform and may not reflect the same depth of vision that may be available
using software analyses. If the hardware provides the dependence summaries, then the pro-
cessor gathers such information dynamically in a run-time managed structure. If the software
provides the dependence summaries, then the compiler gathers such information statically in
a compile-time managed structure which is in turn provided to the processor as part of the
program. In either case, the dependence summary information needs to be maintained close
to the processor for expeditious access during execution. For the multiscalar processor stud-
ied in this thesis, dependence summaries are provided by both the hardware and the software,
though hardware analyses are used only where software analyses are not suitable.

The software provides the summary information based on the static analyses the compiler
performs at compile-time. The static control dependence summary provides the number of
task exits, the instruction types for task exits, and the program counter addresses that can be
computed at compile-time for task exits. The static data dependence summary provides all
registers that may be modified by the task, all registers of those that may be modified that
are dead beyond the execution of the task, and the identity of the instructions which perform
the last updates (the ones that satisfy dependences with other tasks) for the registers that may
be modified but are not dead. The hardware provides summary information based on the
dynamic analyses the processor performs at run-time. The dynamic control dependence sum-
mary provides the program counter addresses that could not be computed at compile-time for
task exits. The dynamic data dependence summary provides the identity of instructions that
might have a memory data dependence, based on their history of memory data dependence
violations.

2.3.5 Dependence Speculation

Even with dependence summary information, it may not always be possible to avoid the need
for dependence speculation nor the dependence violations that may result. The nature of the
dependence analyses performed by the software and/or hardware gives rise to the following
two cases. In the first case, the dependence summary information is exact. As a result, it may
be used to eliminate the need for speculation and the possibility of dependence violations if
the situation is amenable to such use. Nonetheless, dependence speculation may still be useful
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in this case in order to improve performance (e.g. value prediction [49,50]). In the second
case, the dependence summary information is not exact or perhaps is non-existent. As a
result, it may not be used to ensure that no dependence violations occur, and the dependences
involved must be handled by engaging in their speculation or waiting for their resolution.

2.3.5.1 Control Dependences

For control, the dependence summaries are exact (except for cases where a task exit addresses
cannot be determined at compile-time), but this information alone does not assure that there
is no need for dependence speculation. Since tasks follow only one of possibly many exits,
just knowing all of the dependences is not enough to determine the next task (unless a task
has only a single exit). However, it is impractical to wait for such control dependences to
be resolved, as such an approach likely requires waiting until the last instruction of a task
executes — a requirement that more or less eliminates the ability of the processor to expose
instruction-level parallelism. Hence, the speculation of control dependences is performed as
dictated by the situation.

2.3.5.2 Data Dependences

For register data, the dependence summaries are exact. The information provided by the
compiler allows the production and consumption of register values to be synchronized. That
IS, no speculation of register data dependences occurs and no dependence violations result.
The instructions in later tasks need wait for register values from earlier tasks only as long
as it takes for the values to be produced and communicated. Under some circumstances,
performance might be improved by speculating the register dependences [96], but this option
is not explored further in this work.

For memory data, the dependence summaries are not exact. The compiler used in this
work does not provide a memory analyses framework to handle such dependences in a gen-
eral manner (for that matter, few compilers do). Without dependence summaries from the
compiler, there are two clear options: wait for memory dependences to be resolved or spec-
ulate on memory dependences. The former approach avoids memory dependence violations,
but significantly curtails chances to exploit instruction-level parallelism, which makes spec-
ulation the only tenable option. Another alternative, is the use of value prediction [49, 50]
in conjunction with or in place of dependence speculation. However, this alternative is not
studied in this thesis.

In practice, speculation of memory dependences usually results in few memory depen-
dence violations during execution. The memory dependences that do cause violations (and
sometimes considerable performance losses) are usually limited to a manageable set of all
the memory dependences in the program. Moreover, this set of memory dependences ex-
hibits the kind of temporal locality typical of most real reference streams [57]. As a con-
sequence, these dependences may be dynamically tracked and resolved based on the history
of mis-speculations to provide summary information for memory dependences. Though this
information may not be exact, it may be used to predict cases where memory dependences
(loads and stores) need to be synchronized, in a similar manner to register dependences.
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2.3.5.3 Correct Speculation

The use of dependence speculation may lead to performance gains if it is correct. The results
of speculative execution may be used in an optimistic manner throughout the processor to
drive the extraction of instruction-level parallelism that otherwise might be unattainable. In
general, handling dependence speculation when it is correct is straightforward because no
dependence violations occur. Though the actual parallel execution order differs from the
assumed serial execution order, correct behavior is assured so long as speculative updates
are made to architectural state with the appearance of program order. Since tasks (just like
the instructions within tasks) are encountered in order, it is appropriate for a multiscalar
processor to buffer the speculative updates of tasks and perform them in program order at
a later time — after all dependences have been resolved and all earlier tasks have performed
their speculative updates — just as a conventional processor does for instructions. However, if
dependence speculation is incorrect, leading to a dependence violation, then recovery action
must be taken to provide correct behavior.

2.3.5.4 Incorrect Speculation

The cost of incorrect speculation depends on how often it occurs and the amount of work,
usually incorrect but perhaps even correct, that must be discarded as a result. While the
frequency of incorrect speculation may be comparable for a conventional processor and a
multiscalar processor, the amount of work discarded may not be. If a conventional processor
supports a much smaller window on the dynamic instruction sequence than a multiscalar pro-
cessor, then it stands to reason that a multiscalar processor may discard a much larger amount
of work than a conventional processor when an incorrect speculation occurs. Moreover, given
that more instructions are discarded, it may be the case that more of them are correct rather
an incorrect work. As a result, it may be worthwhile to salvage this work to reduce the cost
of the incorrect speculation, depending on to what extent the method of recovery supports it.

Recovery may be handled in a number of different ways, each of varying complexity and
potential benefit in terms of capacity to salvage correct work. The most complex and po-
tentially beneficial approach is to discard only instructions in each task that have violated
control and/or data dependences, and to reissue these instructions as well as those dependent
upon them [25]. A slightly less complex and possibly beneficial alternative is to discard all
instructions in tasks beyond the mis-speculation, but to rely on instruction reuse to reduce
the amount of work that must be performed again [85]. However, if mis-speculations are
an uncommon event, such complex mechanisms may be unwarranted, and a simple mecha-
nism that discards all instructions in tasks beyond the mis-speculation may be sufficient. The
multiscalar processor studied in this work uses this simple mechanism and focuses on pro-
viding mechanisms that try avoiding mis-speculation rather than on providing ones that rely
on taking advantage of it.
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2.4 |Implementation Details

A multiscalar processor comprises many details concerning the software and hardware that
support its implementation. This section discusses the implementation details that go along
with these design issues to provide a realistic specification for a multiscalar processor — in par-
ticular, the multiscalar processor that is studied in this thesis. First, the program specification
is discussed to explain what additional information is provided by the compiler (the software)
to support multiscalar execution and how it is used to do so. Second, the microarchitecture
(the hardware) of the multiscalar processor studied in this thesis is presented.

2.4.1 Program Specification

For the multiscalar processor implementation studied in this thesis, the compiler conveys
static information to the processor to support the dynamic multiscalar execution model. That
is, the program specification that the multiscalar processor is given contains more than just
the instructions — usually all that is needed by a conventional processor. It contains additional
information (described earlier) to support the multiscalar paradigm. This additional informa-
tion allows execution to be treated not just as a sequence of instructions, but as a sequence of
tasks, each of which in turn is a sequence of instructions. Both the compiler and the processor
are used to support the multiscalar model because the combination yields an implementation
that can taken advantage of the strengths of static as well as dynamic techniques according
to the best fit for a particular situation. The details for the specification of this additional
information is addressed in the text that follows.

Before providing the details, however, it might be helpful to reiterate the the actual nature
of the information (described earlier). The program specification must indicate the entry and
exit points for tasks to identify the subgraphs in the program control flow graph that cor-
respond to the tasks selected by the compiler. In addition, it must provide the dependence
summary information for which the compiler is responsible. The control dependence portion
must provide the number of task exits, the instruction types for task exits to assist the predic-
tors that provide their addresses, and the program counter addresses of the possible task exits
that can be computed at compile-time. (The information for run-time computed addresses
is provided by the components of the microarchitecture.) The data dependence portion must
provide all registers that may be modified by the task, all registers of those that may be mod-
ified that are dead beyond the execution of the task, and the identity of the instructions which
perform the last updates (the ones that satisfy dependences with other tasks) for the regis-
ters that may be modified but are not dead. (The information for memory is provided by the
components of the microarchitecture.)

2.4.1.1 Binary Representation

There are a number of different means to provide a representation of the information de-
scribed above in the program binary. The choice between these means is determined by what
level of compatibility with existing program specifications is desired to be maintained. The
major levels of compatibility, in order from more to less compatible, are (1) existing binary,
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(2) existing instruction set architecture, and (3) clean slate with no existing constraints. The
clean slate approach is the most straightforward, since all of the multiscalar specific program
specifications can be factored into the instruction set architecture from its inception. Though
this approach is acceptable for the purpose of research such as that performed in this thesis, it
is often not an option in practice. As practical concerns are an important aspect of this work,
providing more compatibility is deemed a necessary requirement.

A multiscalar binary may be generated from an existing binary by augmenting the binary
with task entry and task exit information as well as the dependence summary information. It
is probably necessary to use binary rewriting if this information needs to be added directly
into the existing binary. Otherwise, all of this information might be incorporated into a dif-
ferent section of the binary text, placed off to the side of the original binary. The core of
the binary, however, the fundamental instructions which describe the work the program may
remain virtually the same. Only multiscalar specific instructions and any adjustments to rel-
ative addresses need to be accommodated. However, this approach does not allow the full
exploration of compiler capabilities, since the binary rather than the source code provides the
program description. Because a key aspect of this work is factoring in the contribution of the
compiler to the performance of a multiscalar processor, this option does not seem to be well
suited to the goals of this work.

A multiscalar binary may also be generated using an existing instruction set architecture.
The task entry and task exit information as well as the dependence summary information pro-
vided by the compiler may be placed in a table and associated with each static instruction/task
or incorporated into the program text as inlined information. The information, whether in a
table or inlined, may be accessed along with the program text and concatenated to produce
new instructions or directives as needed. These new instructions or directives may be main-
tained in the instruction cache, so that the overhead of concatenation occurs only in the case
of a cache miss. Otherwise, the information may be kept in a separate cache, accessed in
parallel with the instruction cache, to avoid any impact on the design of the instruction cache.
If more fundamental instruction changes are required, these may be obtained by adding a
few extra instructions to the base instruction set architecture or by overloading some of the
existing instructions. This approach offers the flexibility needed to support the goals of this
work. The implementation details of its use are presented next.

2.4.1.2 Illlustrative Example

To clarify the actual means of representation for the additional information provided by the
compiler, the following example is used to illustrate the implementation details of the program
specification.

Consider the example HLL code, written in C, shown in Figure 2.5. In addition to the
example HLL code, an assembly listing for a simple instruction set (similar to MIPS | but
without delay slots of any kind) is shown as well in Figure 2.6. Each assembly instruction
has been labeled with a letter (which basic block) followed by a number (which instruction
in the basic block) to serve as a unique identifier within the assembly listing. The example
code matches the control flow graph (CFG) as well as the number of instructions and number
of basic blocks (4, B, C, D, F, and F') of the earlier examples in this chapter.
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struct element {
long symbol;
struct element * next;

1

long * buffer;

long size;

long index;

long symbol;

struct element **|ist;
struct element *elem;

for (index = 0 ; index < size; index++) {
/* get symbol for which to search. */
symbol = buffer[index];

[* do linear seach for symbol in list. */

for (elem = *list; elem; elem = elem->next) {
[* if symbol in list, done. */
if (symbol == elem->symbol) {

break;
}
}
/* in symbol not in list; add to list. */
if (! elem) {
struct element * new;
new = malloc(sizeof (struct element));
new->symbol = symbol;
new->next = *list;
*list = new;
}

Figure 2.5: Example C code.



# reg <-> program value

#

# s0<->size

# sl <->index

# s2 <-> &buffer[index]

# s3 <-> symbol

# A<->&list

# sb<->elem

# t0 <-> elem->symbol

# 11 <->list

# a0 <-> argument to malloc
# v0 <-> return from malloc

Al. la s2, & buffer[0]
A2 i s1,0

A3: bge sl,s0, OUTFALL
OUT:

Bl: addu s1,sl,1

B2: addu s2,s2,4

B3: Iw S3, -4(s2)

B4: Iw s5, 0(s4)

B5: beq 50, INFALL
IN:

Cl Ilw t0, 0(sb)
C2: beq s3,t0, INBREAK
D1: Iw S5, 4(s5)
D2: bne s5/0,IN
INFALL:

El: move &0, 8

E2: jd malloc

E3: sw s3, 0(v0)
E4: Iw t1, 0(s4)
E5:  sw t1, 4(v0)
E6: sw vO, 0(s4)
INBREAK:

F1: blt sl, s0, OUT
OUTFALL:

Figure 2.6: Example assembly code.
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TASKO DESC:
exit = TASK 1[bnt], TASK2[bt]
create=sl,s2

Kill=

TASKO:

Al la s2, &buffer[0] F
A2: i s1,0 F
A3: bge s1,s0,OUTFALL EA
TASK1 DESC:

exit=TASK 1[bt], TASK 2[bnt]
create=sl,s2,s3,s5,a0,t0,t1,v0

kill=a0,t0,t1,v0
TASK1:
OUT:
B1l: addu s1,s1,1 F
B2: addu s2,s2,4 F
B3: Iw S3, -4(s2) F

B4. Iw sb, 0(s4)
B5: beq s50,INFALL
IN:
Cl Ilw t0, 0(sb)
C2: beq s3,t0, INBREAK
D1: Iw s, 4(sb)
D2: bne s50,IN
INFALL:
EO: releasesb
El: move a0, 8
E2: jd malloc
E3: sw s3, 0(v0)
E4: Ilw t1, 0(s4)
E5.  sw t1, 4(v0)
E6: sw v0, 0(s4)
INBREAK:
FO: releasesb
F1. blt sl, sO, OUT EA
TASK2 DESC:
exit
create
kill
TASK2:
OUTFALL:

Figure 2.7: Example assembly code with tasks selected.
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In this code segment, execution repeatedly takes a symbol from a buffer and runs down
a linked list checking for a match of the symbol. If a match is found, there is no need to
continue the search of the list. If no match is found, a new element of the list is allocated
for this symbol. After an initial startup, additions to the list become infrequent, since most
of the symbols match an element already in the list. Though this code might appear to be
strictly serial, there is opportunity for parallel execution in a multiscalar processor if tasks are
selected properly by the compiler.

2.4.1.3 Task Entry and Task EXxits

The tasks specified within the static code produced by the compiler must indicate the bound-
aries of task execution to the hardware. The task boundaries are those instructions that repre-
sent an entry to or an exit from the task. In general, a task might have any number of entries,
and a task might have any number of exits. However, in this implementation, a task has one
entry and up to four exits.

Figure 2.7 shows the assembly code listing as it appears after the compiler has selected
tasks for the example code segment. The compiler has partitioned the control flow graph into
two tasks. The first task, TASKO, is the prologue of the outer loop that sets up the index and
performs the entry test against size. The second task, TASKL, is an iteration of the entire
outer loop, including all iterations of the inner loop as well as a possible function call to
malloc. (A third task, TASK2, is shown as a place holder, but it is not part of the example
code.)

The task exits are identified by associating an additional bit field with every instruction
in the static code (using a table of such bits) that indicates the instruction (1) does not exit a
task, (2) only exits a task only on the taken path, (3) only exits a task on the not taken path, or
(4) always exits a task regardless of the path. (The taken and not taken specifications are for
conditional branches.) In Figure 2.7, the exit of TASKO, instruction A3, has the additional
field EA to indicate that its execution always exits the task, regardless of the path. Likewise,
the exit of TASK1, instruction F1, has the same additional field.

The task entry might also be identified by using such an additional bit field. However, this
information is not strictly necessary. The task exits must be identified explicitly in order to
indicate that execution ought to stop. The task entry is identified implicitly by the instruction
that starts the task, so no bit field needs to be associated with the instruction. As may be
seen in Figure 2.7, no additional bit fields have been associated with the instruction that is the
entry to TASKAQO, starting instruction A1, nor with the instruction that is the entry to TASK1,
starting instruction B1.

2.4.1.4 Task Descriptor

Instead, each task entry has associated with it a task descriptor. A task descriptor is asso-
ciated with a specific task by the fact that it immediately precedes the entry instruction of
that task, identified in Figure 2.7 as TASKO_DESC for TASKO and as TASK1_DESC for
TASK1. (Again, TASK2_DESC for TASK2 is just a place holder.) This location provides
direct access to the task descriptor using only the program counter corresponding to the task
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entry instruction (an address provided when a task is predicted). The task descriptor con-
tains control and data dependence summary information needed to expedite the start of task
execution.

The static control dependence information is utilized to facilitate prediction of the next
task. (Any dynamic control dependence information cannot be provided as part of the binary.)
For control dependences, the task descriptor indicates the number of task exits (indirectly).
In addition, each task exit has associated with it a specifier to indicate the corresponding
instruction type and an address (if available at compile-time) to identify the corresponding
program counter value of the first instruction of the next task. (A task exit that is a jJump
and link instruction, provides the return address as well as the call address.) In Figure 2.7,
the task descriptor for TASKO indicates that the task has two exits, TASK1 via a not taken
branch and TASK2 via a taken branch; the task descriptor for TASK1 indicates that the task
has two exits, TASK1 via a taken branch and TASK?2 via a not taken branch.

The static data dependence information for registers is utilized to set up the data depen-
dences among tasks. (The dynamic data dependence information needed for memory cannot
provided as part of the binary.) For data dependences, the task descriptor indicates all reg-
isters that may be modified by the task and all registers of those that may be modified that
are dead beyond the task. The former is given as the create mask, and the later as the Kkill
mask. Since a task may contain multiple basic blocks whose execution is governed by control
dependences, it is not possible to determine statically which register values will be modified
dynamically. As a result, the create mask given is conservative and includes all register values
that may be modified. In Figure 2.7, the task descriptor for TASKO indicates that the task may
modify registers s1 and s2, but Kills no registers; the task descriptor for TASK1 indicates that
the task may modify registers s1, s2, s3, s5, a0, t0, t1, and vO, but kills a0, t0, t1, and vO0.

2.4.1.5 Task Control Dependences

The task control dependences are handled using the task descriptors and instruction exten-
sions (described earlier), given in Figure 2.7, as follows. As execution starts at TASKO,
the next task may be predicted using information in TASK_DESCO. The prediction mecha-
nism uses the control dependence information to select between the two possible next tasks,
TASK1 or TASK2. Because the task descriptor contains the actual addresses of these next
tasks, the prediction mechanism may access the exit address without seeing any of the in-
structions of TASKO (in particular without seeing the exit instruction, A3). TASKO executes
until it reaches an instruction marked as a task exit, A3. At this point, the address to which
the exit directs control and the address predicted for the next task are compared to determine
whether a control dependence violation has occurred.

The situation is similar for TASK1 using information in TASK_DESCL1. The prediction
mechanism uses the control dependence information to select between the two possible next
tasks, TASK1 or TASK2. Again, the task descriptor contains the actual addresses of these
next tasks, so the prediction mechanism may access the exit address without seeing any of
the instructions of TASKL1. In contrast to the case for TASKO, the execution of the TASK1
directs control across many branch instructions and may even contain a function call and its
return. (The actual details of how the execution of the function call is handled are not provided
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here, but instead in the companion thesis discussing the compiler [97].) Nevertheless, once
execution reaches an instruction marked as a task exit, F1, the actual and predicted addresses
are compared to check for a dependence violation.

2.4.1.6 Task Data Dependences

The task data dependences for registers are handled using the task descriptors and instruction
extensions (to be described later), given in Figure 2.7, as follows. As tasks are predicted, the
create and kill masks in the task descriptor are used to determine for each task what registers
may be modified by earlier tasks. A later task uses this information to place reservations
on the indicated registers, so that if an instruction that accesses these registers executes, the
instruction is made to wait for the value(s) to be communicated from the earlier tasks. For
instance, when TASK1 is selected to execute after TASKO, reservations are set on registers
sl and s2 for TASK1, because those registers are on the create mask, but not the kill mask, for
TASKO. Thus, when instruction B1 accesses sl or instruction B2 accesses s2, the instructions
are made to wait until the register values are communicated from TASKO. Likewise, further
invocations of TASK1 are made to wait until registers s1, s2, s3, and s5 are communicated.
However, the further invocations of TASK1 do not wait for registers a0, t0, t1, and vO because
these register are dead beyond each invocation and therefore not communicated to other tasks.

In accordance with the serial semantics of the dynamic instruction sequence, only the last
update of a register in the task should be communicated to other tasks. The option exists to
wait until all instructions in a task have been executed (i.e., no further updates of registers
are possible). However, this strategy is not expedient since it often implies that other tasks
must wait, possibly a considerable period of time, for a value that is already available. In
addition to knowing which registers a task may modify, the compiler also has knowledge of
the last instruction in a task to update a register. The last updates of registers are identified
by associating an additional bit field with every instruction in the static code (in the same
way as for task exits) that indicates whether the instruction ought to forward to other tasks its
modification of a register as the last update of the register. For instance, in TASKO instruction
Al is the last update of register s2, and instruction A2 is the last update of register s1, so each
instruction has the additional field F to indicate it needs to forward a value to other tasks.

The situation is similar for TASK1, where instruction B1 is the last update of register s1,
instruction B2 is the last update of register s2, and instruction B3 is the last update of register
s3. As a results, each of these instructions has the additional field F to indicate that each needs
to forward their values to other tasks. However, the situation is somewhat different for register
s5. This register is modified by instruction B4, but this instruction may not have performed
the last update for the register, depending on the flow of control during the execution of the
task. In particular, instruction D1 of the inner loop may modify register s5 many times until
execution falls out of the loop. As a result, instruction B4 may not be designated as the last
update, but neither may instruction D1 since it can execute many times. Though it does not
occur in this code, the flow of control may even result in no instruction modifying a register.
To deal with both of these situations, the compiler inserts release instructions to release the
value for a register that can no longer be modified by the execution of the task. In TASK1,
the compiler has inserted release instructions EO and FO to handle register s5.
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2.4.2 Processor Microarchitecture

The chip technology in which multiscalar processors might be implemented is expected to
provide many fast transistors on-chip, but on-chip communication between these transistor
is expected be relatively slow [11]. In other words, wire delays are expected to dominate
gate delays technologically speaking. To compensate for high relative communication to
computation cost, the microarchitecture of a multiscalar processor must be structured such
that the execution resources are divided (as is the program itself) in a way that maximizes local
computation and minimizes global communication. The microarchitecture of the multiscalar
processor that is the focus of this work is given in Figure 2.8. As shown in the figure, it has
been partitioned into three fundamental functions: instruction and data processing, instruction
supply, and data supply. Each of these functions is described briefly here, and studied in depth
in the forthcoming chapters of this thesis.

Though there are many novel aspects in the multiscalar paradigm, the individual compo-
nents of a multiscalar processor, as may be seen in the figure, are comparable to those in a
conventional processor. As a result, it is certainly true that it may not be necessary to start
from scratch in looking for solutions to multiscalar processor design problems. Nonetheless,
it is by no means a foregone conclusion that adequate techniques exist. Often, the assump-
tions upon which a successful technique for a conventional processor is based are violated
completely or stretched severely in the context of a multiscalar processor. In particular, the
distributed nature of the processor microarchitecture usually represents a departure from the
way most techniques are used in conventional processor designs. This basic difference is
enough to warrant a careful re-evaluation of each of the major components that constitute the
fundamental functions in a multiscalar processor.

2.4.2.1 Instruction and Data Processing

How instruction and data processing is performed in a multiscalar processor is studied in
detail in Chapter 4. In a multiscalar processor, instruction and data processing is performed
by a collection of processing units. A processing unit is comparable to the execution core
of a conventional processor. It provides the execution resources (pipeline, functional units,
reservations stations, reorder buffer, etc.) to perform the computation of a task. The mul-
tiple processing units of a multiscalar processor, though separate, act as a single, aggregate
processor. This appearance is achieved by handling instruction and data processing in the
hierarchical manner afforded by the use of tasks.

A processing unit executes instructions at a task granularity. A task is assigned to a pro-
cessing unit for the lifetime of its execution. It executes all instructions on the assigned
processing unit using only the resources available to that processing unit. The execution of
tasks is speculative with respect to both the control and data relationships between instruc-
tions. As a result, each processing unit buffers the modifications made during task execution
to speculative state and commits them to the architectural state when these control and data
relationships have been resolved. So long as instructions within and among tasks appear to
execute in the serial order, the semantics of the program are preserved.
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2.4.2.2 Instruction Supply

How instructions are supplied to a multiscalar processor is studied in detail in Chapter 5. In a
multiscalar processor, instructions are supplied via a mechanism that performs what is known
as sequencing. Sequencing is the process of bringing the dynamic instruction sequence of the
program into the processor for execution. The proper handling of sequencing is significant
for a processor that extracts instruction-level parallelism because it is the means by which
the dynamic instruction sequence is exposed to the processor. The process of sequencing is
usually driven by aggressive control flow prediction and expeditious instruction memory ac-
cess. Control flow prediction speculates the dynamic path of program execution. Instruction
memory access delivers the instructions (and perhaps other information, such as dependence
summary information) for this dynamic path to the processor.

A multiscalar processor uses a two-level, hierarchical mechanism for instruction supply,
with distinct intra-task and inter-task components. The inter-task component predicts the
sequence of tasks for the dynamic path of the program. It consists of a single predictor with a
task cache to provide access to the dependence summary information placed in the program
by the compiler. The intra-task component predicts the sequence of instructions for each
of the tasks sequenced by the inter-task component. It consists of multiple predictors, one
for each processing unit, and a high bandwidth instruction cache to support the accesses of
the processor units. The instruction cache may be organized as private caches, one at each
processing unit, or as a bank of shared caches.

2.4.2.3 Data Supply

How data are supplied to a multiscalar processor is studied in detail in Chapter 6. In a mul-
tiscalar processor, data are supplied via a collection of storage locations addressed as sep-
arate register and memory namespaces (as in most modern so-called load-store instruction
set architectures). The proper handling of both kinds of storage is significant for a processor
that extracts instruction-level parallelism because the data dependences, for both register and
memory storage, between instructions must be satisfied according to serial semantics regard-
less of what speculative and/or parallel execution may actually occur. Moreover, both register
and memory storage mechanisms must provide high bandwidth and low latency access in or-
der to supply data in a manner that does not constrain the ability of the processor to exploit
instruction-level parallelism.

A multiscalar processor treats register and memory storage differently. The register stor-
age consists of multiple register files, one for each processing unit, connected via a point-
to-point unidirectional communication ring. The register file is organized as multiple private
register files that are made to appear as a single shared register file. Each processing unit
accesses its register file as a conventional processor does. However, communication between
register files is orchestrated by the compiler and carried out by the processor to ensure that the
register files remain consistent with respect to serial semantics. The memory storage consists
of a high bandwidth data cache to support the access of the processing units. The data cache
IS organized as a bank of shared caches. Each bank, contains more than just a data cache,
though. It contains an address resolution buffer (ARB) [27] and a memory dependence table
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(MDT) [57] to sort out the memory data dependences and ensure serial semantics.

25 Summary

This chapter introduced the multiscalar concepts to provide a foundation for the rest of this
thesis. In order to put this work in perspective, it was postulated that the lineage of processor
architecture evolution that has proceeded in the past from sequential to pipelined and from
pipelined to superscalar, might proceed in the future from superscalar to multiscalar. Given
this prognostication, the execution model of multiscalar processors was presented. The basic
idea of dividing the dynamic instruction sequence into regions, executing these regions in
parallel on multiple processing units, and sorting out the control and data dependences among
these regions in a hierarchical manner was described.

From these concepts were extracted the design issues of region selection, task hierarchy,
intra-task and inter-task dependences, as well as dependence speculation that must be ad-
dressed in make a transition from the multiscalar execution model to a viable multiscalar
processor. Further, the implementation details that correspond to answering the questions
posed by the design issues were addressed to yield a realistic specification for the both the
software and hardware aspects of a multiscalar processor — in particular, the multiscalar pro-
cessor that is studied in this thesis. In addition, the principle microarchitectural features of
this multiscalar processor designed were outlined in preparation for the rest of the thesis.

In the chapters that follow, a more detailed look is taken at the fundamental aspects of
a multiscalar processor: instruction and data processing, instruction supply, and data supply.
In these chapters, the components that comprise each of the aspects are described in detail
and possible alternatives for each of the components are given. The strengths and weaknesses
of each alternative are discussed, and where appropriate, simulation studies are performed to
evaluate their effect on performance. However, before moving on to the design and evaluation
that forms the body of this thesis, the experimental framework that is used to evaluate the
various designs and their configurations is described in the next chapter.
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Chapter 3

Experimental Framework

Before moving on to the study of multiscalar processors, this chapter describes the experi-
mental framework in which their design and evaluation is performed. Section 3.1 provides
a description of the methodology used to study multiscalar processors. Section 3.2 presents
the benchmark programs considered in this thesis. Section 3.3 discusses the compiler that
generates the code executed by the multiscalar processor studied in this thesis. Section 3.4
discusses the simulator that models the multiscalar processor studied in this thesis. Section
3.5 gives a summary of this chapter.

3.1 Methodology

The methodology used to study multiscalar processors provides an execution environment
that is a combination of software and hardware. The software is a production-quality com-
piler that produces highly optimized code. The hardware is a simulator that models a wide
range of processor designs as well as provides and gathers many statistics on behavior and
performance.

3.1.1 Software

All C programs are compiled with a modified version of GNU GCC 2.7.2 targeted to an
enhanced version of the MIPS instruction set architecture that does not include delay slots of
any kind. All FORTRAN programs are compiled by first converting them to C with AT&T’s
F2C compiler. All programs are compiled with maximum optimization -O3, which performs
classic optimizations as well as simple function inlining and loop unrolling. GNU GCC
produces assembly files which are assembled with a version of GNU GAS ported to support
a multiscalar enhanced assembly. The produced object files are compatible with the MIPS
ECOFF object format. The programs are linked with GNU GLD. Standard library calls are
implemented with a version of GNU GLIBC ported to support multiscalar instruction set
enhancements and to emulate POSIX Unix system calls.

3.1.2 Hardware

All data for this work has been gathered from an execution-driven simulator that faithfully
models the hardware organization of a multiscalar processor within a wide range of con-
figurations. The simulator accepts annotated MIPS instruction set binaries produced by the
compiler described above. It performs all of the operations of the processor and executes all
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of the program code, except system calls (which are handled as described above). All ma-
jor aspects of a multiscalar processor are represented in the simulator in detail. (However,
the virtual memory aspect is not modeled, as a proper, accurate consideration involves op-
erating system details which have not been integrated into this infrastructure.) Of particular
significance, bandwidth and latency for all components of the processor, whether due to in-
terconnect or structure, are factored into the design and therefore reflected in the execution
behavior.

3.2 Benchmark Programs

A natural choice for benchmark programs to study multiscalar processors is the SPEC CPU95
(or just SPEC95) suite [73]. SPEC95 is composed of two suites of benchmarks: SPEC
CINT95 and SPEC CFP95. SPEC CINT95 is a set of eight compute-intensive integer bench-
marks. SPEC CFP95 is a set of ten compute-intensive floating point benchmarks. These
benchmarks are intended to provide a measure of compute-intensive (the C’ in CINT95 and
CFP95) performance of the processor, memory hierarchy, and compiler components of a
computer system for comparison purposes. These benchmarks are not intended to stress the
graphics, network, or 1/O (aspects not covered by the methodology used in this work any-
way). The SPEC95 benchmarks come with three different input sets: test, train, ref. The test
input set is used to ensure that the SPEC95 tool set operates properly. The train input set is
used to support feedback directed compiler optimization. The ref input set is used to perform
the actual SPEC rating of a particular machine.

The ref input set is the one that ought to be used to measure performance in the experimen-
tal framework, since this input is used for performance ratings of actual machines. However,
because this input is intended for real hardware, it runs for a relatively long time. The soft-
ware used in this study to model the hardware is simply too slow to make this input a viable
option for the extent of configurations studied in this work. As a result, the test and the train
inputs are the more appropriate choices for simulated hardware, since these run for a much
shorter time. Moreover, the train input is preferred over the test input because the benchmark
behavior it produces is more representative of the benchmark behavior seen for the ref input
than what the test input produces. A brief description of each of the benchmarks as well as
the actual inputs used for this work are given below. In most cases, the train input is used
for each benchmark. However, in a few cases, an exception is made if a much smaller input
producing similar benchmark behavior is available from the test or ref set.

The SPEC CINT95 workload is the set of eight programs described in the text that fol-
lows as well as given in Table 3.1. 099.go is an internationally ranked go-playing program.
124.m88ksim is a chip simulator for the Motorola 88100 microprocessor. 126.gcc is based on
the GNU C compiler version 2.5.3 from the Free Software Foundation. 129.compress is an
in-memory version of the common UNIX compression utility. 130.1i is the Xlisp interpreter
for the lisp programming language. 132.ijpeg is an image compression/decompression utility
for in-memory images based on the JPEG facilities. 134.perl is a stripped down version of
an interpreter for the Perl language. 147.vortex is an object oriented database that is taken
from a full object oriented database program called VORTEX. The train input set is used for
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all programs with the following exceptions. For 126.gcc, a smaller file from the ref input,
jump.i, is used. For 132.ijpeg, a smaller file from the test input, specmun.ppm, is used. For
134.perl, only the scrabbl.in file from the train input is used.

SPEC CPU95 Data Description
Integer St |
Benchmark Command Line

. | Internationally ranked go playing program. ____________
099.0 train go 50 9 < 2stone.in

124.m8sksim | train |-Ship.simulator for the Motorola 88100 microprocessor. __

m88ksim -c ctl.in

_GNU C compilerverson2.53. ____________________

ccl -quiet -funroll-loops -fforce-mem

ref -fcse-follow-jumps -fcse-skip-blocks

-fexpensive-optimizations -fstrength-reduce

-fpeephol e -fschedul e-insns -fschedul e-insns2

-finline-functions -O jump.i -0 jump.s

129.compress | train |-P-memory version of UNIX compressionutility. | _____
compress < test.in

Xlisp interpreter for lisp programming language.

126.gcc

130.li train [|--o t---c e Y e e e
li train.lsp
In-memory image compression/decompression utility.
ijpeg -image_file specmun.ppm
132.ijpeg tegt | “COMPression.quality 90 -compression.optimize_coding 0
' -compression.smoothing_factor 90 -difference.image 1
-difference.x_stride 10 -difference.y_stride 10
-verbose 1 -GO.findoptcomp
.| Stripped down interpreter for the Perl language.
134.perl AN | e serabobl pl < scrabbi.in
.| Derivative of theV ORTEX object oriented database.
147.vortex fraln f| oo oo oo

vortex vortex.in

Table 3.1: SPEC CINT95 workload.

The SPEC CFP95 workload is the set of ten programs described in the text that fol-
lows as well as given in Table 3.2. 101.tomcatv is a vectorized mesh generation program.
102.swim is a program that solves a system of shallow water equations using finite differ-
ence approximations. 103.su2cor is a Monte-Carlo method applied to the computation of
masses of elementary particles in the framework of the Quark-Gluon theory. 104.hydro2d is
a solver of Hydrodynamical Navier-Stokes equations to compute galactical jets. 107.mgrid
is @ multi-grid solver in a 3D potential field. 110.applu is a solver of parabolic/elliptic par-
tial differential equations. 125.turb3d is a program that simulates isotropic, homogeneous
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turbulence in a cube, performing a large 1D FFT. 141.apsi is a solver of problems regarding
temperature, wind, velocity, and distribution of pollutants for weather prediction. 145.fpppp
is a solver for the Gaussian series of quantum chemistry (two electron integral derivative).
146.wave5 is a program that solves Maxwell’s equations and particle equations of motion on
a Cartesian mesh under a variety of field and particle boundary conditions. The train input
set is used for all programs, except for 103.su2cor, 104.hydro2d, and 107.mgrid. For these
benchmarks, the test input is used.

SFEC CPU95 Description
Floating Point DSaetta p ————————————————————
Benchmark Command Line

101tomeay | train |-v€9orized mesh generation ogram.
tomcayv < tomcayv.in

102swim | train | SyStem of shallow water equations.
swim < swim.in

103su2cor | teg [MOMte-Carlo methodzpplied to elementary paticles.
su2cor < su2cor.in

Hydrodynamicd Navier-Stokesequations.
104hydro2d | test |40 54 < hydro2din

Multi-grid 3D potential field.

107mgrid test |-----:=---- S TS oSS Seececo--ooooooooooo--
mgrid < mgrid.in
110zppiu | train | Z2rebolic/elliptic partidl differential equations.
applu < gpplu.in
iy [1SOtropic, homogeneous turbulenceina aibe.
1251urb3d 1 train 4 b3 turb3din
1412ps rain Z.\ég@h@t predictioncdculations.

i, | Geussan seriesof quantum chemistry.
145Tpppp train fpppp< natoms.in

1a6waves | train | MEwell’s equations and particle ejuations of motion. __
waveb < waveb.in

Table 3.2: SPEC CFP95 workload.

3.3 Compiler Aspects

Knowing the characteristics of the software for which the hardware is designed is the crucial
factor in appreciating the components evaluated in the chapters to come. The performance
and behavior of the multiscalar processor studied in this thesis are tied directly to the tasks
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produced by the compiler that execute upon it. As the chief determinant of the nature of
instruction-level parallel execution, it is important to know the characteristics of the tasks in
order to understand the performance wins and losses in a multiscalar processor. As might
be expected, the actual algorithms and heuristics used to determine the tasks can be quite
involved. Rather than discuss the means by which the tasks are determined (since it is beyond
the scope of this work), it is preferable to describe the resulting tasks from qualitative and
quantitative viewpoints. A detailed treatment of this subject may be found in a companion
thesis to this one that studies compiling for the multiscalar paradigm [97].

3.3.1 Qualitative

The tasks for the integer benchmarks are influenced primarily by heuristics to leverage data
dependence in task selection. Only register data dependences and simple memory data de-
pendences (global scalars and stack variables) are considered since comprehensive memory
data dependence analysis is not performed by the compiler. The most common form of task
produced by this strategy is one whose entry point has few register or simple memory data
dependences with respect to other tasks and whose constituent instructions have mostly reg-
ister and simple memory data dependences among one another. These tasks have few basic
blocks due to the density of control and data dependences in the integer codes. Moreover, the
basic blocks are relatively small, usually containing only a few instructions.

The tasks for the floating point benchmarks are influenced primarily by heuristics to lever-
age control dependence in task selection. In particular, loop bodies are identified with the
expectation that running them in parallel may support concurrent execution. The most com-
mon form of task produced by this strategy is one whose entry point is the head of a loop
body and whose constituent instructions are the loop body itself. The existence of register
and memory data dependences do not constitute as significant a factor in task selection as for
the integer benchmarks. These tasks have one to many basic blocks due to the well-behaved
nature of control and data dependences in the floating point codes. Moreover, the basic blocks
are relatively large, often containing many instructions.

3.3.2 Quantitative

There are two major quantitative aspects of tasks that are of particular significance.

The first aspect is the relative dynamic instruction counts for scalar compiled code and
multiscalar compiled code. The reason this aspect is a factor at all is because the compiler
performs code structuring and scheduling which educes performance on a multiscalar pro-
cessor but which produces no useful effect on a scalar processor. In fact, these compiler
transformations have the effect of increasing the dynamic instruction count. The resulting
dynamic instruction counts for scalar and multiscalar compilations as well as the change are
shown in Tables 3.3 and 3.4 for the integer and floating point benchmarks, respectively. The
arithmetic mean of the change is reported at the bottom for each table. Because the integer
code is divided into tasks that are much smaller than those of the floating point code (as de-
scribed below), this overhead is more than twice as much for the SPEC CINT95 (around 5%)



SPEC CPU95 Dynamic Dynamic
Integer Scalar Multiscalar Change

Benchmark Inst Count Inst Count
099.go 553.8M 589.1M + 6.4%
124 m88ksim 121.7M 131.2M +7.9%
126.gcc 172.6M 181.9M + 5.4%
129.compress 36.4M 38.5M +5.7%
130.1i 182.9M 200.4M + 9.6%
132.ijpeg 553.4M 594.6M +7.4%
134.perl 39.3M 41.7M +6.1%
147 vortex 2820.3M 2958.8M + 4.9%
+ 5.3%

Table 3.3: Dynamic instruction counts for SPEC CINT95 benchmarks.

SPEC CPU95 Dynamic Dynamic
Floating Point Scalar Multiscalar Change

Benchmark Inst Count Inst Count
101.tomcatv 13855.9M 14036.4M +1.3%
102.swim 753.1M 765.0M +1.6%
103.su2cor 1099.9M 1114.0M +1.3%
104.hydro2d 1130.1M 1164.8M +3.1%
107.mgrid 5568.4M 5905.4M +6.1%
110.applu 649.3M 660.0M +1.6%
125.turb3d 19621.2M 20034.8M +2.1%
141 .apsi 2846.5M 2910.2M +2.2%
145.fpppp 442.2M 446.1M + 0.9%
146.waveb 3884.8M 3973.8M +2.3%
+2.3%

Table 3.4: Dynamic instruction counts for SPEC CFP95 benchmarks.
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as for the SPEC CFP95 (around 2%).

The second aspect is the dynamic instruction counts of the tasks themselves. As shown in
Tables 3.5 and 3.6 for the integer and floating point benchmarks, respectively, it is clear that
integer tasks are small and floating point tasks are large, in relative terms; though, in both
cases, the standard deviation of the task size is quite significant. In fact, it can be as much as
and even many times the task size, indicating that relatively small and relatively large tasks
(compared to the average) may execute at the same time. The arithmetic mean for the average
task size and the standard deviation is reported at the bottom for each table. As a result of
this disparity a natural question arises: what is the “correct” task size? Unfortunately, there
is no definitive black or white answer to this question. As with most real problems, the truth
of the solution lies in the gray that is somewhere in between. Nevertheless, there are some
useful observations with respect to the bottom line on task size that may provide insight into
this quandary.

3.3.3 Bottom Line

If tasks are too small, the instruction window may be too limited to support much instruction-
level parallelism. This situation is aggravated by the fact that it is difficult to amortize the
overhead associated with a task if it represents a relatively limited amount of actual execution.
If tasks are too large, the cost of incorrect speculation may be too high to warrant the parallel
execution of such tasks. This situation is aggravated by the fact that speculation itself can be
extremely expensive (even if correct) as the cost to buffer all execution may be prohibitive.
In reality, determining the correct task size is a balancing act between these extremes.

The most important factor in this balancing act is not the task size, per se. Instead, the
task size must reflect the grain of instruction-level parallelism dictated by the particular ap-
plication or particular parts of the application. The empirical evidence obtained in work on
the multiscalar compiler [97] seems to suggest that the best performance for integer programs
may be found with the small grain afforded by including dependence chains for registers as
well as memory global scalars and stack variables within tasks. Whereas, the best perfor-
mance for floating point programs may be found with the large grain afforded by enclosing
the entire loop bodies within tasks.

3.4 Simulator Aspects

The two main ways to investigate machine organizations are to build them or to simulate
them. The former approach is referred to as hardware prototyping, while the later is referred
to as simulation. In general, the two approaches have complementary advantages and disad-
vantages. A hardware prototype is accurate and fast because it is real hardware, but as a result
is expensive to construct and fairly inflexible. A simulator is relatively cheap to construct and
very flexible, but because it is written in software, is slow and may be inaccurate. (Speed
and accuracy are often inversely proportional.) Given the cost and time involved in building
today’s processors, a computer architect is forced to develop simulators that are both fast



SPEC CPU95 Dynamic Dynamic Average Standard

Integer Inst Task Task Size Deviati_on

Benchmark Count Count Task Size
099.go 589.1M 46.5M 12.7 12.7
124.m88ksim 131.2M 13.6M 9.6 9.9
126.gcc 181.9M 15.7M 11.6 225
129.compress 38.5M 2.6M 15.0 15.4
130.1i 200.4M 28.3M 7.1 14.7
132.ijpeg 594.6M 27.0M 22.0 41.2
134.perl 41.7M 3.9M 10.6 8.6
147 .vortex 2958.8M 211.6M 14.0 15.0
12.8 17.5

Table 3.5: Size of tasks for SPEC CINT95 benchmarks.

SPEC CPU95 Dynamic Dynamic Average Standard

Floating Point Inst Task Task Size Deviati_on

Benchmark Count Count Task Size
101.tomcatv 14036.4M 164.1M 85.5 96.9
102.swim 765.0M 8.7M 87.8 114.6
103.su2cor 1114.0M 10.3M 107.8 179.3
104.hydro2d 1164.8M 29.8M 39.1 112.4
107.mgrid 5905.4M 54.4M 108.6 58.0
110.applu 660.0M 17.3M 38.1 139.9
125.turb3d 20034.8M 484.2M 41.4 415
141.apsi 2910.2M 62.2M 46.8 77.1
145.fpppp 446.1M 6.7M 66.5 59.3
146.waveb 3973.8M 70.8M 56.1 69.6
67.8 94.9

Table 3.6: Size of tasks for SPEC CFP95 benchmarks.
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enough and accurate enough to be of use in deciding possible directions for actual processor
designs.

3.4.1 Types

There are three main types of simulation that are of use to the processor architect: instruction
simulation, cycle simulation, and timing simulation. Each different type of simulation has
different speed/accuracy tradeoffs associated with it. The types are given in the order of least
detail to most detail, and consequently fastest to slowest. Note that, in general, two orders of
magnitude in speed are given up as the level of detail is improved.

3.4.1.1 Instruction-Level

The purpose of instruction simulation is to perform the dynamic operations specified in the
static representation of a program. This type of simulation is often extremely fast, on the
order of 100,000’s to 1,000,000’s of instructions simulated per second on a circa 1997 work-
station. In particular, it is often used to boot operating systems and debug software before
working hardware exists. Such simulators are written in high-level languages, and are easy
and inexpensive to develop and maintain. Unfortunately, these types of simulations provide
little information in terms of processor microarchitecture design except for program behavior
at the instruction level.

3.4.1.2 Cycle-Level

The purpose of cycle simulation is not only to perform the operations specified by a run of a
program, but to accurately measure the number of machine cycles performing such operations
takes according to the particular design modeled by the simulator. This type of simulation
is slow, on the order of 1,000’s to 10,000’s of instructions simulated per second on a circa
1997 workstation. In particular, it is often used by microarchitects to make decisions about
design features and strategies that affect the overall design of a processor. However, due to
the level of detail only small programs or parts of programs are usually simulated. In addi-
tion, such simulators are usually written in high-level languages (sometimes hardware design
languages), but are relatively more difficult and more expensive to develop and maintain.

3.4.1.3 Timing-Level

The purpose of timing simulation is not really to perform the operations specified by a pro-
gram or to count machine cycles, though it does this nevertheless. Instead, timing simulation
is used to obtain detailed estimates of the amount of time required for parts of the design to
perform their function. In particular, it is often used to estimate the actual cycle time of the
machine and identify critical paths within the design. This type of simulation is extremely
slow, on the order of 10°s to 100°s of instructions simulated per second on a circa 1997 work-
station. Only small code fragments are simulated in this environment. Such simulators are
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written in an extremely detailed fashion using a hardware description language that describes
operation at what is called the register transfer level.

3.4.2 Techniques

Usually, the simulation type must be matched to the simulation technique appropriate to sup-
port it for a usable simulation environment. Consider the architecture under investigation the
target machine, and the computer used to perform the evaluation the host machine. With
these two entities in mind, there are a two widely known methods for evaluating the char-
acteristics described above for the architecture to be studied. These are trace-driven and
execution-driven simulations.

3.4.2.1 Trace-Driven

A trace-driven simulation analyzes a trace of program execution gathered via software and/or
hardware means from the host while it executes a program. The trace information is used
to drive a simulation of a proposed architecture. This technique can be quite effective if the
target and the host are similar architectural organizations and if the target does not require
information about the interleaving of events that cannot be captured on the trace from the
host. In particular, speculation and out-of-order execution are not only difficult to capture
on the trace, but are often likely to differ radically between the host and the target. If the
instruction set architecture and the overall design of the target is similar to that of the host, a
reasonable degree of simulation accuracy is often possible.

3.4.2.2 Execution-Driven

An execution-driven simulation analyzes program execution by actually executing a program
is if it was running on the target machine. There are two common methods to perform this
type of analysis, as described below.

The first method is to directly execute each instruction of the program on the actual hard-
ware of the host machine with special software and/hardware mechanisms to handle cases
where the host and target are different. This technique can be quite accurate if the target and
the host are identical or nearly so. To some extent, differences between the target and the host
can be modeled by trapping to code that tracks desired events or by inserting such code inline,
directly into the target program binary. If this overhead is modest, the execution as measured
on the host machine may still be used to model the execution on the target machine. However,
when the target and the host machine are radically different and/or the desired events are fre-
quent, both the speed of simulation and the behavior modeled may be undesirable. Another
drawback of this approach is that the instruction set architecture of the target must match that
of the host.

The second method is to indirectly emulate each instruction of the program with a detailed
model of the target machine. In this case, the program runs on the host machine, but within
an environment (provided by software, hardware, or a combination of both) that provides the
appearance of the target machine. The simulation performs each instruction of a program
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and models the behavior of the proposed architecture. Such simulation has the advantage of
being able to obtain detailed information about the proposed architecture at varying degrees
of accuracy since most facets of the target may be emulated. Unfortunately, the increase
in accuracy comes at a decrease in speed. In addition, it may be non-trivial to support the
operating system, devices, etc that would be required to accurately model the target machine,
in terms of both simulation time and complexity. An advantage of this approach is that the
instruction set architecture of the target need not match that of the host (although in general
the endianness ought to be the same).

3.4.3 Correctness

Using the types and techniques described above, simulators of varying degrees of speed and
accuracy may be developed. In developing an experimental framework for a multiscalar
processor, both aspects are important, but accuracy is the most critical. Because a multiscalar
processor is in many ways a radical departure from existing processor designs, it is necessary
to clearly understand where it experiences performance gains and losses, as well as why it
exhibits this behavior. However, for the information collected by the simulator to be useful,
it must be correct. One of the most difficult aspects of building any simulated environment
is ensuring its correctness. The correctness of concern in this experimental framework takes
two forms.

First, the instruction and cycle counts as well as any other statistics from simulation ought
to be accurate. Here, accuracy is measured with respect to a real implementation of the target
architecture. Unfortunately, in this case of a novel processor architecture, no such implemen-
tation exists for comparison. Nevertheless, the assumptions made in modeling ought to be
good enough as to give a reasonable approximation of what an implementation of the target
would produce. For this reason, the simulator instantiates as many components that have a
significant effect on the execution of the actual processor as possible and allows their cycle
behavior to be configurable. Moreover, modeling most of the components makes it straight-
forward to model the interaction of the components as well.

Second, not only must cycle and instruction counts as well as other statistics be accurate,
the functional behavior of each part of the machine ought to be representative of its actual
behavior. This goal presents the problem of how to debug the simulator to figure out when
parts of the system are not functioning properly. Often in a processor that does speculation
and recovery, improper functioning of the design is masked by the machine’s ability to recover
from doing wrong work. This resilience makes the job of debugging especially difficult. For
instance, an executed program may produce the correct output, but may not have actually
executed the instructions in the intended manner. In this case, a functional bug was masked,
and likely a performance bug as well.

In general, no solution exists to deal with both of these problems in a rigorous manner.
Nevertheless, in an attempt to mitigate both of these problems, the simulator that is the basis
of the experimental framework for this work actually consists of two simulators that run
side by side. One simulation is an instruction-level simulation; the other is a cycle-level
simulation. The instruction-level simulation runs two orders of magnitude faster than the
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cycle-level simulation, so its added effect is minimal on the overall execution time. In a
straightforward integration, two copies of program data are required, one for each simulation.
This overhead in terms of memory is somewhat expensive, but not prohibitive.

The idea of running two distinct simulations is to allow them to check one another in as
many places as possible. Though multiscalar execution occurs in parallel and out-of-order,
it must conform to the serial in-order semantics of the program for each instruction that is
executed in the dynamic instruction sequence. While the cycle-level simulator provides the
parallel, out-of-order behavior, the instruction-level simulator provides the serial, in-order
behavior. Each instruction that executes in the cycle-level simulation is compared in detail
against the instruction-level simulation to ensure that the intended execution behavior is pro-
vided. Though this approach cannot catch all functional errors and identify all timing irregu-
larities, it can be a useful and powerful technique (even beyond this use, as described below).
In practice, it does indeed solve many difficult to detect functional and timing problems.

3.4.4 Performance

Though there is a clear need for detail and correctness, it still must be possible to perform
runs of the benchmarks (with the inputs described above) in a reasonable amount of time.
A straightforward way to improve the speed of an underlying simulation type and technique
chosen is to adapt the well known hardware monitoring technique of sampling to software
simulation. This approach has been used successfully for trace-driven cache simulation [45]
and processor simulation [74]. The idea behind sampling is to study the execution behavior
of selected parts of a program in order to obtain a representative measure of the execution
behavior of an entire program. The parts selected may be chosen in a uniform or non-uniform
manner as best fits the application being studied.

In the simulation environment described thus far, it is rather straightforward to incorporate
sampling. The basic approach may be described as follows. The instruction-level simulator is
run for the entire program to maintain the context of the program. The cycle-level simulator
is used to sample the cycle behavior of the program at regular intervals, at a frequency that
ensures the proper execution characteristics are captured. Some experimentation with this
method (in the context of this thesis work) has shown that a uniform 1 to 10 ratio, alternating
cycle-level simulation of 100,000 instructions and instruction-level simulation of 1,000,000
instructions, provides nearly an order of magnitude speed improvement with minimal impact
on the observed execution behavior.

An important aspect of sampling is whether to provide warm or cold processor state dur-
ing the periods when execution is not being sampled. Providing warm processor state requires
the instruction-level simulator to update critical cycle-level simulator components such as the
caches and predictors. Providing cold processor state allows the instruction-level simulator
to ignore the cycle-level simulator components. Because any updates involve overhead, the
simulation speed improvement using sampling is degraded to some extent. However, this
degradation is warranted if it is necessary to attain accurate results. Again, some experimen-
tation (in the context of this thesis work) has shown that having the instruction-level simulator
keep all processor components warm while it runs is an important factor in achieving similar,
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consistent sampled performance with respect to non-sampled runs.

Tables 3.7 and 3.8 compare the performance given as instruction per cycle for simulator
configurations with and without sampling for multiscalar processors running a single task per
processing unit (one-at-a-time) and running multiple tasks per processing unit all-at-once,
respectively, for the SPEC CINT95 benchmarks. Tables 3.9 and 3.10 provide the same in-
formation for the SPEC CFP95 benchmarks. In all of the tables, single task per processing
unit configurations are given as m2, m4, m8, and m16 where the number indicates how
many processing units; the multiple tasks per processing unit configurations (always for 4
processing units, the m4 part) are given as m4x2.one and m4x2.all for 2 tasks per processing
unit running one-at-a-time and all-at-once as well as m4x4.one and m4x4.all for 4 tasks per
processing unit running one-at-a-time and all-at-once. (The terminology of processing units,
single task and multiple tasks per processing unit, as well as one-at-a-time and all-at-once
will be discussed in later chapters.)

Overall, the percentage differences between the sampled and non-sampled results are neg-
ligible, in the range of 0% to 3% for almost all of the benchmarks. To be specific, this conclu-
sion is based on the percentage differences in harmonic means of performance for different
multiscalar configurations. In terms of the harmonic means, the values most prevalently used
throughout this work, the performance always differs by less than 2%. In terms of the bias
of these percentage differences, the performance is nearly always lower for sampled than for
non-sampled. So, the results using with sampling are slightly pessimistic compared to those
without sampling. Moreover, the magnitude of these percentage differences can be seen to
increase somewhat with the magnitude of processor performance.

3.4.5 Standard Configuration

The standard configuration of a multiscalar processor for simulation used through this thesis
is detailed in Table 3.11. Though the simulator may of course be configured to study a variety
of multiscalar processor aspects, these parameters are assumed for the various components of
the processor unless otherwise noted. In some cases, the terminology used here to describe
the configurations is not actually introduced until the corresponding chapter where the aspect
of the multiscalar processor being described is studied.

3.4.5.1 Instruction and Data Processing

The standard instruction and data processing configuration uses 2, 4, 8, or 16 processing
units running a single task or 4 processing units running 2 or 4 multiple tasks, one-at-a-time
or all-at-once. Each processing unit is configured with a 4-wide uniform, out-of-order issue
supported by a 16 entry in-flight queue and an 8 entry on-deck queue. The functional unit
latencies of the most common operations performed by the processing units (in terms of the
instructions executed) are given in Table 3.12. (Again, as above, this terminology will be
discussed in later chapters.)
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Processing Unit Configuration
SPI?;:J{;I;U % m2 m4 m8 m16
Benchmark Sample Pqnt Sample Pqnt Sample Pqnt Sample Pqnt
no | yes | Diff no | yes | Diff no | yes | Diff no | yes | Diff
099.go 131) 1.29]| -15%| 1.71| 1.69| -1.2%| 2.00| 1.97| -1.5%| 2.11| 2.07| -1.9%
124.m88ksm | 1.69| 1.69| 0.0%| 2.36] 2.35| -0.4%| 3.01| 2.99| -0.7%| 3.77| 3.75| -0.5%
126.gcc 140| 141 0.7%| 1.92| 1.92| 0.0%| 2.37| 2.35| -0.8%| 2.65| 2.60| -1.9%
129.compress | 1.73| 1.72| -0.6%| 2.44| 244| 0.0%| 3.10| 3.06] -1.3%| 3.58] 3.58| 0.0%
130.li 1.34| 1.33] -0.7%| 1.95| 1.91| -2.1%| 2.69| 2.63| -2.2%| 3.08| 2.98] -3.2%
132.ijpeg 2.39| 2.38| -0.4%| 3.68| 3.67| -0.3%| 4.96| 4.96| 0.0%| 5.87| 5.85| -0.3%
134.perl 159| 159| 0.0%| 2.34| 2.36] 0.9%| 3.16] 3.19] 0.9%| 3.88| 3.89] 0.3%
147.vortex 1.77| 1.77] 0.0%| 2.87| 2.87| 0.0%| 3.99| 3.97| -05%| 4.95| 4.90| -1.0%
HMEAN 1.60] 159 -0.3%| 2.29| 2.28| -05%| 2.94| 2.92| -0.9%| 3.40| 3.36| -1.3%

Table 3.7: Comparison of performance (given as instructions per cycle) with and without
simulator sampling for the SPEC CINT95 benchmarks. The simulator configurations model
2, 4, 8, and 16 processing units running a single task per processing unit.

Processing Unit Configuration
SPI?S,[;ZU% m4x2.one m4x2.all m4x4.one méx4.all
Benchmark Sample Pqnt Sample Pqnt Sample Pqnt Sample Pqnt
no | yes | Diff no | yes | Diff no | yes | Diff no | yes | Diff
099.go 1.83] 1.80] -1.6%| 1.93| 1.89| -2.1%| 1.83| 1.80| -1.6%| 1.97| 1.93| -2.0%
124.m88ksm | 2.70| 2.69| -0.4%| 2.86| 2.84| -0.7%| 2.81| 2.80| -0.4%]| 3.34]| 3.32| -0.6%
126.gcc 215| 213| -0.9%| 2.27| 2.23| -1.8%| 2.19| 2.17| -0.9%| 2.40| 2.34| -25%
129.compress | 2.79| 2.79| 0.0%]| 2.90| 2.88| -0.7%| 2.84| 2.86] 0.7%]| 3.05| 3.04| -0.3%
130.li 227| 2.24| -13%| 253| 2.48| -2.0%| 2.29| 2.25| -1.7%| 2.67| 2.62| -1.9%
132.ijpeg 4.01| 4.01] 0.0%| 428 428 0.0%| 4.04| 4.04| 0.0%| 458 457| -0.2%
134.perl 272 274 0.7%| 2.96| 2.95| -0.3%| 2.78| 2.79| 0.4%| 3.23| 3.18| -1.5%
147.vortex 3.40| 3.39] -0.3%| 3.63| 3.64| 0.3%| 3.57| 354| -0.8%| 4.05] 410] 1.2%
HMEAN 259| 257 -0.6%| 2.76] 2.73| -1.1%| 2.64| 2.62| -0.7%| 2.96] 2.93| -1.2%

Table 3.8: Comparison of performance (given as instructions per cycle) with and without
simulator sampling for the SPEC CINT95 benchmarks. The simulator configurations model
4 processing units running multiple tasks per processing unit.
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Processing Unit Configuration

SPEC CPU95
Floating Point m2 md m8 mi16

Benchmark Sample Pc_:nt Sample Pc_:nt Sample Pc_:nt Sample Pc_:nt

no | yes | Diff | no | yes | Diff | no | yes | Diff | no | yes | Diff

10l.tomcatv | 2.14| 2.15| 0.5%]| 3.26] 3.27| 0.3%| 4.72| 478 1.3%| 6.67| 6.87| 3.0%
102.swim 211( 211| 0.0%] 3.53| 3.50| -0.8%| 4.65| 4.60| -1.1%)| 5.77| 5.67| -1.7%
103.su2cor 232 2.32] 0.0%] 3.62| 3.60| -0.6%| 4.90| 4.91| 0.2%| 5.28| 5.19| -1.7%
104.hydro2d | 1.70| 1.69| -0.6%| 2.71| 2.70| -0.4%| 4.19| 4.17| -0.5%| 5.70| 5.66| -0.7%
107.mgrid 3.15( 3.15| 0.0%] 5.27| 5.27| 0.0%| 9.30| 9.05| -2.7%]15.30|14.79| -3.3%
110.applu 2.07| 2.06| -0.5%| 3.38| 3.36| -0.6%| 5.68| 5.60| -1.4%| 8.38| 8.30| -1.0%
125.turb3d 250 249| -04%| 4.32| 4.31| -0.2%| 6.75| 6.70| -0.7%| 9.27| 9.14| -1.4%
141.aps 1.80| 1.80| 0.0%| 2.48| 2.48| 0.0%| 3.35| 3.30| -1.5%| 4.15| 3.96| -4.6%
145.fpppp 1.85| 1.84| -0.5%| 2.91| 2.87| -1.4%| 3.95| 3.88| -1.8%| 4.39| 4.17| -5.0%
146.waveb 211 211| 0.0%] 3.38] 3.39] 0.3%| 5.01| 502| 0.2%| 6.21| 6.28] 1.1%
HMEAN 211( 211| -0.2%| 3.34| 3.33| -0.4%)| 4.87| 4.83| -0.8%| 6.21| 6.10| -1.8%

Table 3.9: Comparison of performance (given as instructions per cycle) with and without
simulator sampling for the SPEC CFP95 benchmarks. The simulator configurations model 2,
4, 8, and 16 processing units running a single task per processing unit.

Processing Unit Configuration
gliit?ngi%?ri m4x2.one m4x2.all m4x4.one méx4.all
Benchmark Sample Pc_:nt Sample Pc_:nt Sample Pc_:nt Sample Pc_:nt
no | yes | Diff no | yes | Diff no | yes | Diff no | yes | Diff
101l.tomcatv | 3.51| 3.56| 1.4%)| 4.38| 447| 21%| 3.54| 3.60] 1.7%| 599| 6.19| 3.3%
102.swim 3.89| 385| -1.0%| 4.56| 4.52| -0.9%| 3.96| 3.92| -1.0%| 5.36| 5.30| -1.1%
103.su2cor 3.82| 3.76| -1.6%| 4.81| 4.70| -2.3%| 3.81| 3.80| -0.3%| 5.01| 4.93| -1.6%
104.hydro2d | 3.10| 3.10| 0.0%]| 4.00] 3.98| -0.5%| 3.14| 3.13| -0.3%| 4.86] 4.83| -0.6%
107.mgrid 591| 5.82| -1.5%| 8.39| 8.22| -2.0%| 593| 5.82| -1.9%|10.01| 9.89| -1.2%
110.applu 3.68| 3.65| -0.8%| 5.26| 5.20| -1.1%| 3.68| 3.69| 0.3%| 6.13| 6.25| 2.0%
125.turb3d 4.76| 4.74| -04%| 592| 589| -0.5%| 4.76| 4.74| -0.4%| 6.49| 6.43] -0.9%
141.aps 2.63| 2.62| -04%| 3.21| 3.17| -1.2%| 2.67| 2.65| -0.7%| 3.68| 3.50| -4.9%
145.fpppp 3.25| 3.21| -1.2%| 3.83| 3.76| -1.8%| 3.26| 3.21| -1.5%| 4.02| 3.88] -3.5%
146.waveb 3.63| 3.63| 0.0%| 4.77| 477| 0.0%| 3.63| 3.64| 0.3%| 5.28| 527 -0.2%
HMEAN 3.65| 3.63| -0.5%| 4.62| 4.58| -0.8%| 3.67| 3.66| -0.4%| 5.30| 524| -1.3%

Table 3.10: Comparison of performance (given as instructions per cycle) with and without
simulator sampling for the SPEC CFP95 benchmarks. The simulator configurations model 4
processing units running multiple tasks per processing unit.
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Processing | 2, 4, 8, 16 using single task and 4x2, 4x4 using multiple tasks
Units 16 entry in-flight queue, 8 entry on-deck queue
4-wide uniform, out-of-order issue
Inter-Task path-based DOLC=7,3,6,8 path register
Predictor 64K -entry 2-bit counter, 4 target
Intra-Task global-pattern-based 16 bit pattern register
Predictor 64K -entry 2-bit counter, 2 target
Task 1 K-entry, 2-way associative, 64 byte task descriptor, Iru
Cache 1 cycle hit, 12 cycle missto unified, 50 cycle miss to main memory
shared storage, 1 bank, unified transaction bus
no block access for bus
lockup no concurrent access
Instruction || 64K-byte, 2-way associative, 32 byte block interleaved, Iru
Cache 1 cycle hit, 10 cycle missto unified, 50 cycle miss to main memory
shared storage / #bank, #bank = #processing unit, crossbar
same block access combining for crossbar
lockup-free 1 primary miss per bank, 3 secondary per primary
Register 4 register per cycle
File 1 cycle latency between adjacent register file
Data 64K -byte, 2-way associative, 32 byte block interleaved, lru
Cache 2 cycle hit, 10 cycle missto unified, 50 cycle miss to main memory
shared storage / #bank, #bank = #processing unit, crossbar
same block access combining for crossbar
lockup-free 8 primary miss per bank, 3 secondary per primary
Address 128 entry per bank, 32-way associative, block version
Resolution || byte disambiguation granularity
Buffer
Memory 16 entry per bank, 16-way associative, lru
Dependence
Table
Unified 4AM-byte, 2-way associative, 128 byte block interleaved, Iru
Cache 8 cycle + # 4 word transfer * 1 cycle hit, 50 cycle missto main memory
shared storage, 4 bank, split transaction bus
no block access combining for bus
lockup-free 4 primary miss per bank, 3 secondary per primary
Main N/A, N/A, 1024 byte interleaved
Memory 34 cycle + # 4 word transfer * 2 cycle access

shared storage, 4 bank, split transaction bus
no block access combining for bus
lockup per bank, no concurrent access per bank

Table 3.11: Standard configuration of a multiscalar processor for simulation.
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Integer Floating Point
Operation Latency | Operation Latency
Add/Sub 1 Sgle Prec Add/Sub 2
Shift/Logic 1 Sgle Prec Multiply 4
Multiply 4 Sgle Prec Divide 12
Divide 12 Sgle Prec Compare 2
Mem Load 3 Dble Prec Add/Sub 2
Mem Store 2 Dble Prec Multiply 5
Branch/Jump 1 Dble Prec Divide 18
Set/Compare 1 Dble Prec Comare 2
Move 1 Abs/Neg 1

Table 3.12: Latencies of functional unit operations for simulation.

3.4.5.2 Instruction Supply

The standard instruction supply configuration comprises two aspects, the hierarchical pre-
diction and the instruction memory. The hierarchical predictor consists of a single inter-task
predictor (for the whole processor) and multiple intra-task predictors (for each processing
unit). The instruction memory consists of a single task cache (for the whole processor) and
multiple instruction caches (for all of the processing units).

The inter-task predictor, one for the whole processor, is configured as a path-based design
that predicts among 4 targets. It uses a path register that contains D=7 addresses with L=6
bits from the latest address and O=3 bits from other addresses. The supplied address provides
C=8 bits from the control flow point being predicted. (This path-based predictor is specified
using the DOLC convention because its design is taken from a similar path based predictor
proposed by Jacobson, Bennett, Sharma, and Smith [37].) This configuration produces a total
of 32 bits which are split into two parts of 16 bits and XORed in order to index the 64K-entry
prediction state of 2-bit counters as well as other information used by the predictor.

The intra-task predictor, one for each processing unit, is configured as a global-pattern-
based design that predicts among 2 targets. It uses a pattern register that contains N=16 target
patterns with B=1 bits from each control flow point for a total of 16 bits. The pattern register
is XORed with the low order 16 bits of the supplied address from the control flow point being
predicted. This configuration produces 16 bits to index the 64K-entry prediction state of 2-bit
counters as well as other information used by the predictor.

The task cache, one for the whole processor, is configured as 1024 entries with 64 byte
task descriptor blocks using 2-way associativity and least recently used replacement. The task
cache is connected to the processing units via a unified transaction bus. The access latency
for the task cache is 1 cycle on hit. A miss to the next level unified cache is an additional
10 cycles without contention; a further miss to the main memory is an additional 50 cycles
without contention. The task cache is a lockup cache that allows no concurrent accesses.
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The instruction cache, shared among the processing units, is configured as 64K-byte with
32 byte blocks using 2-way associativity and least recently used replacement. As the storage
is shared among the processing units, it is divided evenly among a number of banks that is
equal to the number of processing units and interleaved by cache block. The processing units
are connected to the instruction caches via a crossbar, which allows combining of concurrent
accesses to the same cache block.

Each access to the instruction cache is for 4 contiguous instructions from a processing
unit for the address given. The access latency for the instruction cache is 1 cycle on hit. A
miss to the next level unified cache is an additional 10 cycles without contention; a further
miss to the main memory is an additional 50 cycles without contention. The instruction cache
is a lockup-free cache that supports unrestricted hits and supports 1 primary misses per bank
as well as 3 secondary misses per primary miss

3.4.5.3 Data Supply

The standard data supply configuration comprises two aspects, the register file and the data
memory. The register file consists of multiple register files (for each processing unit). The
data memory consists of multiple data caches and other specialized components (for all of
the processing units).

The individual register files of each processing unit are connected via a unidirectional
point-to-point communication ring. Each link of the ring has a bandwidth of 4 registers
per cycle with a latency of 1 cycle per transfer. Each register file contains 32 architected
integer and floating point registers. The renamed register storage provided is for all intents
and purposes unlimited since it supports whatever processing unit configuration is used. The
processing unit to register file bandwidth is also assumed to be sufficient to support whatever
processing unit configuration is used.

The data cache, shared among the processing units, is configured as 64K-byte with 32
byte blocks using 2-way associativity and least recently used replacement. As the storage is
shared among the processing units, it is divided evenly among a number of banks that is equal
to the number of processing units and interleaved by cache block. The processing units are
connected to the data caches via a crossbar, which allows combining of concurrent accesses
to the same cache block.

Each access to the data cache is for a word (or some part of a word) from a processing
unit for the address given. The access latency for the data cache is 2 cycles on hit (pipelined
where the pipeline is flushed on a miss). A miss to the next level unified cache is an additional
10 cycles without contention; a further miss to the main memory is an additional 50 cycles
without contention. The data cache is a lockup-free cache that supports unrestricted hits and
supports 8 primary misses per bank as well as 3 secondary misses per primary miss.

Each bank of the data cache is supported by two specialized components, an address reso-
lution buffer and a memory dependence table. Each address resolution buffer is configured as
128 entries with 32 byte cache block versions using 32-way associativity. Each entry contains
a number of versions equal to the number of processing units and provides disambiguation
among the versions at the granularity of a byte. Each memory dependence table is configured
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as 16 entries using 16-way associativity. Each entry contains prediction and synchronization
information about a dependent load-store pair.

3.4.5.4 Off-Processor Memory

The standard configuration of the off-processor memory comprises two aspects, the unified
cache (that directly supports the task cache, the instruction cache, and the data cache) and
the main memory. The off-processor memory is not studied explicitly in this thesis, though
it is assumed implicitly as an underpinning that supports the other processor aspects that are
studied.

The unified cache (shared among the task cache, instruction cache, and data cache) is
configured as 4M-byte with 128 byte blocks using 2-way associativity and least recently used
replacement. As the storage is shared, it is divided evenly among 4 banks and interleaved by
cache block. The task cache, instruction cache, and data cache are connected to the unified
cache via a split transaction bus.

The main memory is connected to the unified cache via a split transaction bus. The main
memory is divided into 4 banks interleaved by the page size (4 K-byte). Though the banks
of the main memory may have concurrent accesses among them, there are no concurrent
accesses per bank. Each access (miss or writeback) to the main memory from the unified
cache is for a cache block for the address given. The access latency for the main memory is
50 cycles without contention.

3.5 Summary

This chapter presented the experimental framework that is used for the study of a multiscalar
processor performed in this thesis.

The methodology used to study multiscalar processors provides an execution environment
that is a combination of software and hardware. The principle components are a production-
quality compiler that produces highly optimized code (the software) and a simulator that
models a wide range of processor designs as well as provides and gathers many statistics on
behavior and performance (the hardware).

The compiler is a modified version of GNU GCC 2.7.2 targeted to an enhanced version
of the MIPS instruction set architecture that does not include delay slots of any kind. The
simulator is execution-driven and models a multiscalar processor at the instruction-level as
well as the cycle-level. A detailed description of the standard configuration used throughout
this thesis was given above.

In addition to the tools used to study multiscalar processors, this chapter also presented
the benchmark programs, the SPEC CPU95 (or just SPEC95) suite. This benchmark suite
comprises both integer and floating point programs which represent a range of different types
of applications. Moreover, it is an apt choice for the purpose of this work since it is recog-
nized as a standard industry benchmark suite that provides a measure of compute-intensive
performance for the processor, memory hierarchy, and compiler.
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Chapter 4

|nstruction and Data Processing

This chapter studies the instruction and data processing of a multiscalar processor. Section 4.1
gives an overview of how tasks and processing units are used to perform instruction and data
processing. Section 4.2 explains how instruction-level parallelism is extracted in a multiscalar
processor using tasks and processing units. Section 4.3 identifies the processing phases with
respect to tasks that support the multiscalar model. Section 4.4 discusses the interaction of the
processing phases with the organization of tasks and processing units. Section 4.5 investigates
the design of the processing units that perform instruction and data processing. Section 4.6
provides an evaluation of these designs. Section 4.7 gives a summary of this chapter.

4.1 Overview

The instruction and data processing in a multiscalar processor is performed by a collection
of processing units. A processing unit is comparable to the execution core of a conventional
processor. It provides the execution resources (pipeline, functional units, reservations sta-
tions, reorder buffer, etc.) to perform the computation of a task. The multiple processing
units of a multiscalar processor, though separate, act as a single, aggregate processor. This
appearance is achieved by handling instruction and data processing for tasks so as to maintain
the appearance of program order among them.

41.1 Basics

A processing unit executes instructions at a task granularity. A task is assigned to a processing
unit for the lifetime of its execution. It executes all instructions on the assigned processing
unit using only the resources available to that processing unit. The execution of tasks is
speculative with respect to both the control and data relationships between instructions. Thus,
each processing unit buffers the modifications made during task execution to speculative state
and updates the architectural state when the control and data relationships have been resolved.

To mimic the program order that must be maintained among tasks, the tasks and process-
ing units may be organized as queue-like structures (either explicitly or implicitly), as shown
in Figure 4.1. The tasks are organized in an explicit task queue. That is, tasks are incorpo-
rated into a queue structure as predicted — with head and tail pointers indicating the oldest and
newest tasks — in order to maintain the program order among them. The tasks are assigned
to processing units one-to-one and mapped in numerical round-robin order, wrapping around
when the highest numbered processing unit has been assigned a task. In addition, tasks are
only removed from the queue at the head and added to the queue at the tail.
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Figure 4.1: The organization of tasks and processing units in a multiscalar processor.

Using this approach for the tasks, an implicit processing unit queue naturally arises be-
cause the processing units are subsequently allocated and deallocated in the same queue-like
manner as tasks are added and removed from the explicit task queue. An advantage of provid-
ing an implicit processing unit order that matches the explicit task order is that there is no need
to resort to tag comparisons to match the order among tasks and processing units. Though
this organization is straightforward, its lack of flexibility means that a multiscalar processor
may suffer from performance losses due to load balance, limited exposed parallelism, and/or
resource under-utilization.

4.1.2 Insights

The study of instruction and data processing provided in this chapter explores the interaction
between the tasks and the processing units that execute them in order to investigate these
sources of performance loss. In general, the amount of instruction-level parallelism that a
multiscalar processor is able to expose and exploit is influenced by the number and/or size of
the tasks that make up its instruction window as well as the manner in which the processing
units execute the instructions within the instruction window. In particular, the performance
that a multiscalar processor is capable of attaining with respect to its instruction window is
determined by various inter-task and intra-task aspects of the processing unit design.
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4.1.2.1 Inter-Task Aspect

For the inter-task aspect, this study addresses the mapping policy, which dictates how tasks
are assigned to processing units, and the running policy, which dictates how many tasks a
processing unit may run concurrently, as the key design choices. In terms of mapping policy,
two policies — round-robin and back-to-back — are described, but only the former is evaluated.
In terms of the running policy, two policies — one-at-a-time and all-at-once — are described
and evaluated. A variety of different organizations that support up to a total of 16 tasks and
16 processing units, running either a single task or multiple tasks per processing unit, are
considered to offer different cost-performance points.

Considering organizations that run a single task per processing unit, linear performance
improvements may be achieved as the number of tasks in concurrent execution are doubled,
assuming that tasks map round-robin and run one-at-a-time on the processing units. For
SPEC CINT95 programs, the harmonic mean of the instructions per cycle ranges roughly
from 1.50 to 3.50, using from 2 to 16 tasks and, as a result of the one-to-one assignment,
an equal number of processing units. For SPEC CFP95 programs, the harmonic mean of the
instructions per cycle ranges roughly from 2.00 to 6.00, using from 2 to 16 tasks and likewise
an equal number of processing units.

Considering organizations that run multiple tasks per processing unit, many different de-
signs using more tasks with less processing units or less tasks with more processing units are
possible. Yet, a configuration of 4 processing units running 4 tasks all-at-once per processing
unit (a total of 16 tasks) performs best and is able to nearly match (90%) the performance
of the configuration with the highest performance, 16 processing units running 1 task per
processing unit, but at a fraction of the cost (25%). In particular, for the SPEC CINT95 pro-
grams, the harmonic mean of the instructions per cycle reached roughly 3.00 (as compared
to 3.50); for the SPEC CFP95 programs, the harmonic mean of the instructions per cycle
reached roughly 5.50 (as compared to 6.00).

4.1.2.2 Intra-Task Aspect

For the intra-task aspect, this study addresses the instruction window, the instruction selection
and issue, as well as the instruction execution characteristics of the individual processing
units as key design choices. The performance improvements that may be realized using a
multiscalar processor depend to a significant extent on these particular microarchitectural
characteristics of the processing units. With respect to the results of this study, the overall
significance of these factors in terms of their impact on performance may be ranked roughly
as follows: the instruction selection and issue (first), the instruction execution (second), and
the instruction window (third). Clearly, all of these factors are inter-related in a processing
unit design choice. However, the relative performance ranges for the various configurations of
each factor support this relative ordering. The following description focuses on the individual
characteristics of each of the factors.

Considering the instruction selection and issue characteristics of the processing units,
performance grows steadily, for the SPEC CINT95 and SPEC CFP95 programs among both
in-order and out-of-order designs, with increases in issue width for all multiscalar processor
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configurations (1, 2, 4, 8, and 16 processing units) studied. Nonetheless, the rate of growth
rate going from 1-wide to 2-wide is more significant, roughly a 30% improvement, than go-
ing from 2-wide to 4-wide, roughly 10% improvement, for both integer and floating point
benchmarks. Moreover, in absolute terms, the out-of-order designs have approximately a
20% performance advantage over in-order designs of equal issue width. Due to the combined
effects of absolute performance difference and performance growth rate, there is a crossover
point (at 2-wide out-of-order and 4-wide in-order) where a lower issue width out-of-order
processing unit performs better than a higher issue width in-order processing unit; the differ-
ence at this crossover point is around 15%.

Considering the instruction execution characteristics of the processing units, the number
and type (classified as int/fp compute, memory, and control) of functional units associated
with each processing unit can have a direct impact on performance for multiple instruction
per cycle issue widths on both SPEC CINT95 and SPEC CFP95 programs. For issue widths
greater than 1 instruction per cycle (where number and type is actually a factor), a functional
unit configuration of 2 compute, 2 memory, and 1 control is needed to avoid constraining
execution and overall performance. Furthermore, using more than 2 of any type of functional
unit appears to offer no appreciable performance advantage. Moreover, the results of this
study indicate that one control functional unit is always sufficient, and that the number of
memory functional units is a somewhat more important factor than the number of compute
functions — with a key result being a 10% performance loss for 2-wide (out-of-order) issue
and an 15% performance loss for 4-wide (out-of-order) issue when the number of memory
functional units is decreased from 2 to 1.

Considering the instruction window characteristics of the processing units, the size of the
instruction window for each processing unit in a multiscalar processor has only small impact
on overall performance (unlike a conventional superscalar processors where it has a large im-
pact). With respect to the results of this study, a multiscalar processor with processing units
that support an instruction window of only 16 instructions in-flight (decoded and issued) and
8 instructions on-deck (decoded but not issued) achieves comparable performance to one with
processing units that support an instruction window of 64 instructions in-flight and 64 instruc-
tions on-deck. In particular, for SPEC CINT95 programs, the performance is identical, and
for the SPEC CFP95 programs, the performance is only about 10% different comparing these
small and large window designs. A key point of this study is that small window structures,
not only may support higher clock speeds than large window structures, but may also attain
levels of instruction-level parallelism comparable to large window structures for multiscalar
processors, despite this difference in size.

4.2 Instruction-Level Parallelism

With the overview of the instruction and data processing just presented in mind, it is worth
switching gears to consider how the characteristics of the task and processing unit organiza-
tions into performance in terms of instruction-level parallelism.

Recalling its basic approach to instruction and data processing, a multiscalar processor
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extracts instruction-level parallelism from a serial program by dividing it into tasks and ex-
ecuting these tasks in parallel on the different processing units of the processor. The tasks
provide the window on the dynamic instruction sequence from which a multiscalar proces-
sor may extract instruction-level parallelism to improve performance. The processing units
provide the execution engine on which this performance is obtained. A key aspect of perform-
ing instruction and data processing is the interdependence between the characteristics of the
tasks and the characteristics of the processing units with regard to extracting instruction-level
parallelism.

For a multiscalar processor, the aggregate performance in terms of instruction-level par-
allelism obtained from all tasks is the sum of the separate performances obtained by each
processing unit from its task. The usual means by which performance is improved in terms of
instruction-level parallelism is performing instruction and data processing with wider issue
in a bigger window. The wider issue is used to be able to perform more parallel operations at
the same time. The bigger window is used to be able to find more such operations to perform.
There are four interrelated factors involved in determining the issue and window capabilities
of a multiscalar processor: the number of tasks and the size of the tasks, and the number of
processing units and the power of the processing units.

The number of tasks and the size of each task dictate the size of the exposed window on
the dynamic instruction sequence that a multiscalar processor may provide. By increasing
the number of tasks, the size of each task, or both, the size of the exposed window may be
increased. The extent to which the exposed window may be exploited is determined by the
number of processing units and the power of each processing unit — the amount of instructions
that may be issued each cycle, whether the instructions may be selected out of program order,
and how far into the task to look ahead for the instructions. By increasing the number of
processing units, the power of each processing unit, or both, the extent to which the exposed
window is exploited may be increased.

4.3 Processing Phases

In order to understand where performance gains and losses occur in terms of instruction-
level parallelism, it is useful to break down instruction and data processing of tasks into
its constituent phases. The processing of a task may be described as consisting of several
phases (similar to the handling of an instruction in a pipeline) given as follows: predict,
assign, execute, resolve, commit, and perhaps squash. These phases account for the period of
instruction and data processing that takes place in the multiscalar processor from the entry to
the exit of a task. Within each task, these phases occur in the order given, except for squash
which may occur at any time during any phase (due to a dependence violation). Among
tasks, the predict and assign phases are performed in program order so tasks may be entered
in program order, and the commit phases are performed in program order so tasks may be
exited in program order. The advantage of performing these phases in program order is that
maintaining serial semantics, which otherwise might be quite complex, is simple. The other
processing phases need not be ordered among tasks (only within tasks).

Figure 4.2 shows the processing phases as tasks run in parallel on the processing units.
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Each phase is identified by its own shading pattern. For the purpose of illustration, it is
assumed that 4 tasks run in parallel on 4 processing units, and that the processing of all of
the tasks occurs at the same time and until all of the tasks have performed all phases of
processing. An actual multiscalar processor would not only begin new tasks in a pipelined
fashion, it would begin a new task at the end of the processing for an old task (not shown
in the figure). It is worth noting that instruction-level parallelism is exploited only during
the execute phase. During all of the other phases no instruction-level parallelism is exploited
because each of these phases represents overhead in some form or another associated with
handling computation in the form of tasks.

4.3.1 Predict

The predict phase is the part of processing in which the next task is predicted and is incorpo-
rated into the explicit task queue. At this point this next task has not actually been associated
with a particular processing unit. (This association is made in the next phase, when the task
is assigned to a processing unit.) As shown in part a) of Figure 4.2, it is a relatively small
part of overall task processing. The actions associated with this processing phase must occur
in-order among tasks. That is, the next task cannot perform them until after the previous task
has performed them.

4.3.2 Assign

The assign phase is the part of processing in which the oldest task in the explicit task queue
that has not been associated with a processing unit is assigned to a processing unit for exe-
cution. (If only one task is predicted at a time, then the oldest task not yet associated with a
processing unit is the newest task predicted.) As shown in part a) of Figure 4.2, it is a rela-
tively small part of overall task processing. The actions associated with this processing phase
must occur in-order among tasks. That is, the next task cannot perform them until after the
previous task has performed them.

4.3.3 Execute

The execute phase is the part of processing in which the instructions that constitute the com-
putation of a task are executed. Though the execute phase is the only phase where processing
extracts instruction-level parallelism, even in this phase there may be stalls due to control
and/or dependences within and among tasks. As shown in part a) of Figure 4.2, it is a rela-
tively large part of overall task processing (as it must be to keep overhead losses from dom-
inating instruction-level parallelism gains) so long as the task size is relatively large. The
actions associated with this processing phase may (and usually do) occur out-of-order among
task. Thus, a task can perform them before, during, as well as after the next and/or previous
tasks perform them.
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4.3.4 Resolve

The resolve phase is the part of processing in which the control and data dependences that
may have been speculated during the execution of a task are resolved. At this point, all
of the instructions of a task have been executed. The update from the speculative to the
architectural state is all that remains, but it cannot be performed until it is certain that all
control and data dependences have been resolved. As shown in part a) of Figure 4.2, it may
be a relatively small part, as for Task0 and Task2, or a relatively large part, as for Task1 and
Task3, of overall task processing, depending on the situation. The actions associated with
this processing phase may (and usually do) occur out-of-order among task. Thus, a task can
perform them before, during, as well as after the next and/or previous tasks perform them.

435 Commit

The commit phase is the part of processing in which the update from the speculative to the
architectural state is performed. This update may occur once all earlier control and data
dependences have been resolved. In general, these dependences are known to be resolved
after all earlier tasks have performed their commit phases, and the task has become the head
of the explicit task queue. In part a) of Figure 4.2, it is shown as being a relatively small
part of overall task processing. However, it might be a relatively large part, depending on
how the updates are performed. The actions associated with this processing phase must occur
in-order among tasks. That is, the next task cannot perform them until after the previous task
has performed them.

4.3.6 Squash

The squash phase is the part of processing in which any incorrect speculative execution that
may have occurred is discarded, and the processor is reset to the proper state to continue exe-
cution. All of the other phases of processing are performed in the order described. However,
the squash phase may occur at any time during the other phases in response to a dependence
violation. In part b) of Figure 4.2, a dependence violation at the end of TaskO0 has converted all
phases in Taskl, Task2, and Task3 beyond the dependence violation into the squash phase.
Though the squash phase is an insignificant part of overall task processing in the absence of
dependence violations, it may be a significant part in their presence, whether the dependence
violations are due to incorrect control as well as data speculation.

4.4 Concerns/Challenges

To improve performance, a multiscalar processor needs to maximize the amount of time it
spends extracting instruction-level parallelism and to minimize the amount of time it spends
handling task overhead. In terms of the processing phases, a multiscalar processor needs the
execute phase to dominate the other phases in terms of overall time. This condition may not
guarantee a multiscalar processor extracts instruction-level parallelism, but it does guarantee
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that it has the opportunity to do so. In general, the processing phases do exhibit behavior
where task overhead takes away from useful execution.

For the discussion that follows, the specific example of Figure 4.2 is used to make this
point. In part a), the predict and assign phases of processing as well as the commit phase of
processing are relatively small. The squash phase shown in part b) of the figure is relatively
big, but is usually avoided with proper handling of control and data dependences. Under
the assumption that dependence violations are infrequent, the squash phase is not of much
concern here. However, the fact that the resolve phase is often nearly as big (and sometimes
bigger) than the execute phase, as for Taskl and Task3 in the figure, is of particular concern.

The relationship between the resolve and execute phases may be attributed to the combi-
nation of assigning tasks to processing units one-to-one and performing the commit phase of
processing in program order. There is an interaction between these aspects of a multiscalar
processor that may represent a significant obstacle to exposing and exploiting instruction-
level parallelism if not handled properly. Of course, there are means of overcoming this
obstacle, but it is necessary to understand the concern before factoring these means into the
design of a multiscalar processor.

4.4.1 Exposing Instruction-Level Parallelism

Once the number of processing units is fixed and tasks are assigned one-to-one to them, the
exposed window on the dynamic instruction sequence is determined by the size of the tasks.
If the tasks are big, as in the floating point benchmarks described in Chapter 3, then few
processing units may expose a big window. However, if the tasks are small, as in the integer
benchmarks described in Chapter 3, then many processing units may be needed to expose a
big window.

With an average task size of approximately 60 instructions for the floating point bench-
marks, 4 processing units may expose a window of approximately 240 instructions (signif-
icantly bigger than the window exposed by conventional processors). With an average task
size of approximately 10 instructions for the integer benchmarks, 4 processing units may
expose a window of approximately 40 instructions (comparable to the window exposed by
conventional processors).

There are primarily two ways to increase the size of the exposed window for instruction-
level parallelism: run the same number of bigger tasks or run more tasks (as many as needed
according to the task size).

It may not be straightforward to simply divide a program into bigger tasks, since there
are both software and hardware aspects involved with respect to this process. For instance,
bigger tasks may require more task exits than can be specified by the compiler or handled
by the processor. In addition, a more fundamental difficulty is that the size of the tasks is
influenced by the program from which the tasks are made. Some programs may be well
suited for providing big tasks (such as floating point codes), while others may be well suited
for providing small tasks (such as integer codes). Thus, it may be that the actual size of tasks
cannot be manipulated in an arbitrary manner.

Assuming that manipulating task sizes is not a general means to increase the size of the
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exposed window, the other straightforward alternative of simply running more tasks may be
appropriate. However, running more tasks is not without complications. Due to the assigning
of tasks to processing units one-to-one, it is necessary to provide more processing units to
run more tasks. In particular, a processing unit must be provided for each task. In the worst
case, this approach may require the use of perhaps a huge number of the processing units.
For example, while only ten tasks would be needed to open a thousand instruction window if
each task was a hundred instructions, a hundred tasks would be needed if the tasks were ten
instructions.

4.4.2 Exploiting Instruction-Level Parallelism

It might be that providing more processing units to run more tasks solves any problems with
respect to exposing instruction-level parallelism. Yet, even if the cost of providing additional
processing units is acceptable — it may be an order of magnitude in the situation described
above — the assigning of tasks to processing units one-to-one in conjunction with performing
the commit phase of processing in program order may still pose difficulty with respect to
exploiting instruction-level parallelism.

If there is variability in task sizes and/or execution times, small tasks may go to their
resolve phase well in advance of big tasks. However, because the commit phases must be
performed in program order among tasks, a task remains in its resolve phase until all earlier
tasks have gone through their commit phases. As is the case for Taskl and Task3 in part a)
of Figure 4.2, the resolve phases are comparable in size to the execute phases for the tasks.
Yet, during its resolve phase no instruction-level parallelism may be exploited from a task. If
the other tasks in their execute phases were available, the non-useful resolve phases might be
overlapped with other useful execute phases.

Even if tasks remain in their execute phases, the extent to which instruction-level paral-
lelism may be exploited might be limited by dependences within or among tasks that stall
execution on processing units. In this case, there may be resources available that might be
used to exploit instruction-level parallelism from other tasks, but that cannot be used in this
way due to the one-to-one assigning of tasks to processing units. Yet, even if the execution
is not stalled on the processing unit, the capacity for instruction-level parallelism on pro-
cessing units might not be fully utilized by one task (similar to what has been observed in
conventional processors [94]).

4.5 Processing Unit Design

In terms of processing unit design there are obvious considerations with respect to how many
processing units to provide and what type of processing units to provide. However, with
respect to the concerns/challenges, the two specific difficulties in exposing and exploiting
instruction-level parallelism need to be addressed as part of processing unit design. The first
is the difficulty associated with performing the commit phase of processing in program order
among tasks. The second is the difficulty associated with assigning tasks to processing units
one-to-one.
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This section addresses the concerns/challenges for each of these problems in order to
consider how to pursue a processing unit design that is free from obvious performance limi-
tations. Two solutions are proposed to solve the problems. Then, the most promising solution
is described in relation to how it fits into the processing unit design. This description presents
the solution in two parts, according to whether it factors into extracting instruction-level par-
allelism from an inter-task perspective (among tasks) or from an intra-task perspective (within
tasks).

4.5.1 Concerns/Challenges

The way that processing unit design might handle these two difficulties is to solve either of
the problems or to solve both of the problems. In order to choose among these options, it is
necessary to consider what design changes are involved as well as what problems are solved
by such design changes.

Though it may be possible to consider allowing tasks to perform their commit phases out
of program order to avoid unproductive waiting in their resolve phases, a mechanism to do
so merely provides a level of indirection. In some manner, the speculative to architectural
state updates must be performed in program order to guarantee precise interrupts. Moreover,
the organization (described earlier) of tasks and processing units that maintains order among
them is sure to be disrupted by this approach. As old tasks may commit at any point in the
explicit task queue, new tasks must be assigned to arbitrary processing units. As a result, the
ordering that provided the implicit processing unit queue is broken, so an alternative means of
ordering tasks and processing units is required. Such a change is likely to make maintaining
serial semantics more complex. Moreover, this solution does not address the window size
difficulty of running more tasks without providing equally more processing units, nor does it
address the difficulty that processing units may be unable to exploit enough instruction-level
parallelism in their execute phases to be fully utilized.

Rather than change the fundamental aspect of handling the commit phase of tasks, it
may be more straightforward to consider breaking the one-to-one assignment by executing
multiple tasks rather than a single task on each processing unit — providing a many-to-one
assignment. This approach addresses the window size difficulty directly by allowing as many
tasks as can be supported on each processing unit to run. It addresses the difficulty of under-
utilized processing units by providing more tasks and hence more instructions from which
to exploit instruction-level parallelism. This approach addresses the unproductive waiting
by tasks in their resolve phases indirectly by allowing tasks to overlap such idle time with
useful work, rather than by performing the commit phases of processing out of program
order. Though changing the assignment of tasks to processing units offers a more complete
solution to these problems than does performing commit phases out of program order, it is
not a panacea. Ultimately, the number of tasks that may be assigned to a processing must
be fixed, meaning the extent to which the many-to-one assignment may combat difficulties
exposing and exploiting instruction-level parallelism must be limited. The use of many-to-
one assignment may be viewed as a special case (for multiscalar processors) of the general
concept of load balance (for multiprocessors [52]).
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4.5.2 Inter-Task Perspective

From the inter-task perspective, this study of processing unit design focuses on how to extract
as much instruction-level parallelism as possible among tasks using many-to-one assignment
of tasks to processing units.

45.2.1 Many-To-One Mechanism

The concept of many-to-one assignment of tasks to processing units may be handled via
the incorporation of a multithreading mechanism into the design of the processing units [43,
94]. Using multithreading, the cost of supporting many tasks is proportional to the cost of
providing additional resources for each task within a processing unit, rather than to the cost
of providing an additional processing unit for each task. So long as the overheads associated
with multithreading can be contained, and the cost of the additional resources is small relative
to the cost of an additional processing unit, this many-to-one mechanism is an attractive one
from a cost-performance perspective.

The effective use of multithreading in a multiscalar processor, though, still requires that
the fundamental difference between multiscalar processors and conventional multithreaded
processors be addressed. That is, unlike most uses of multithreading, the threads (vis-a-vis
tasks) of a multiscalar processor are not independent. However, the multiscalar mechanisms
can be relied upon to handle the dependences between tasks, so long as the application of
multithreading to the processing units remains within the framework of the multiscalar model.

The policy with regard to running tasks on processing units for the multithreading mech-
anism is not of particular concern for the multiscalar model, so long as it only involves the
amount of concurrency that is supported between the tasks assigned to a processing units.
The multithreading mechanism must ensure that tasks do not interfere with one another and
are executed as if independent, since the multiscalar model can ensure that control and data
dependences among tasks are handled properly if this behavior is provided.

The policy with regard to mapping tasks to processing units for the multithreading mech-
anism is of concern due to assumptions in the multiscalar model that not only ensure the
dependences among tasks are handled properly, but also ensure that the dependences may be
handled in a straightforward manner. Therefore, it is advantageous to restrict the multithread-
ing policy of which tasks are mapped to which processing units, such that the organization of
tasks and processing units (already described) is not disrupted. Otherwise, handling control
and data dependences might become complicated.

4.5.2.2 Mapping Policy

Though the assignment of tasks to processing units may be many-to-one, the policy about
which tasks are mapped to which processing units requires further consideration.

The mapping policy does not determine that tasks are assigned to processing units many-
to-one, but instead it determines which tasks may be mapped to which processing units in the
many-to-one assignment. For a one-to-one assignment of tasks and processing units, the sit-
uation is straightforward. The tasks are assigned to processing units one-to-one and mapped
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in round-robin numerical order, wrapping around when the highest numbered processing unit
has been assigned a task (as described earlier). Recall that the advantage of this policy is that
the order among tasks and processing units may be maintained easily.

For the many-to-one mapping of tasks and processing units, the situation is more involved.
Though the mapping might be performed arbitrarily, this policy is undesirable because it
breaks down the organization of explicit task ordering and implicit processing unit ordering
that allows control and data dependences to be handled in a straightforward manner. The
key constraint that preserves such an organization is that adjacent tasks must be mapped to
adjacent processing units or to the same processing unit. Even with this constraint, a range of
different mapping policies are possible. However, only the two simple policies, round-robin
and back-to-back, shown in Figure 4.3, are considered here.

The round-robin mapping policy is an extension of the mapping policy used for one-to-
one assignment. It performs the same mapping of tasks to processing units in numerical
round-robin order, wrapping around as needed. However, in contrast to one-to-one assign-
ment, this process does not stop once each processing unit has been assigned one task. In-
stead, this process continues until each processing unit has been assigned as many tasks as it
can handle. As illustrated in part a) of Figure 4.3, not only is TaskO mapped to Proc UnitO,
so is Task4. Similarly, Taskl and Task5 are mapped to Proc Unitl, Task2 and Task6 are
mapped to Proc Unit2, and Task3 and Task7 are mapped to Proc Unit3. For this mapping
policy, concurrent execution with the next processing unit may begin as soon as the current
processing unit has been assigned one of its tasks.

The back-to-back mapping policy is also an extension of the mapping policy used for
one-to-one assignment. It performs the mapping of tasks to processing units in numerical
order, wrapping around as needed. However, rather than assign only one task as the process
moves from processing unit to processing unit, it assigns as many tasks as a processing unit
can handle. Thereby, a consecutive sequence of tasks is mapped to each processing unit.
As illustrated in part b) of Figure 4.3, not only is TaskO mapped to Proc Unit0, so is Taskl.
Similarly, Task2 and Task3 are mapped to Proc Unitl, Task4 and Task5 are mapped to Proc
Unit2, and Task6 and Task7 are mapped to Proc Unit3. For this mapping policy, concurrent
execution with the next processing unit may not begin until the current processing unit has
been assigned all of its tasks.

The round-robin mapping policy spreads the dynamic instruction sequence across the
processing units. In contrast, the back-to-back mapping policy clusters the dynamic instruc-
tion sequence on processing units. Moreover, unlike the back-to-back mapping policy, the
round-robin mapping policy results in the same tasks running on the same processing units
for many-to-one assignment as for one-to-one assignment. If the compiler is successful at
dividing the dynamic instruction sequence into tasks that are mostly independent, then the
back-to-back policy might tend to serialize execution (working against the compiler), while
the round-robin policy might tend to parallelize execution (working with the compiler). In
light of these observations and the fact that initiation of concurrent execution may be delayed
for the back-to-back policy as compared to the round-robin policy, only the round-robin pol-
icy is used for this study.
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4.5.2.3 Running Policy

The running policy determines the amount of concurrency with respect to the overlap of the
tasks. Lower concurrency might mean lower cost with lower performance. Higher concur-
rency might mean higher cost with higher performance. Because an actual design probably
lies somewhere in between low cost and high cost, it is useful to consider what might be
achieved at the extremes in order to set a range for this policy choice. The two ends of the
running policy spectrum are shown in Figure 4.4. The conservative, low cost approach shown
in part a) of the figure is called one-at-a-time. The aggressive, high cost approach shown
in part b) of the figure is called all-at-once. Both approaches use the round-robin mapping
policy (described above). Though this study limits its consideration to the following two
approaches, many others (e.g. switching tasks on instruction or data cache misses and even
control or data mispredictions) are possible, making this area of multiscalar processing a
fertile one for further consideration.

The one-at-a-time running policy does not allow any overlap of task execute phases. How-
ever, other processing phases may be overlapped, except for the predict and assign phases as
well as the commit phases which still must be performed in program order. It primarily
attacks the problem of unproductive resolve phase waiting (load balance), and secondarily
attacks the problem of limited exposed window size (parallelism). It has no effect on the
under-utilization of processing units during the execute phase (since tasks do not execute at
the same time). As can be seen in part a) of Figure 4.4, the one-at-a-time policy allows the
execute phases of later task to overlap the resolve phases of earlier tasks. For this policy,
older tasks are always run before newer tasks to ensure forward progress. This policy is con-
sidered conservative because it seems to imply relatively straightforward changes be made
to a conventional processing core. It may be described as essentially a form of coarse-grain
multithreading at the task level.

The all-at-once running policy allows overlap of all task processing phases, except for
the predict and assign phases as well as the commit phases which still must be performed in
program order. It handles all problems considered as concerns/challenges. To be specific, it
attacks the problems of unproductive resolve phase waiting (load balance), limited exposed
window size (parallelism), as well as under-utilization of processing units during the execute
phase (since tasks execute at the same time). As can be seen in part b) of Figure 4.4, the all-at-
once policy allows the execute phases of earlier and later tasks to overlap. Likewise, it allows
the execute phases of later to tasks to overlap the resolve phases of earlier tasks. For this
policy, older tasks always have priority over newer tasks for any processing unit resources to
ensure forward progress and to avoid undue delay of older tasks by newer tasks. This policy
is considered aggressive because it seems to imply relatively more involved changes be made
to a conventional processing core. It may be described as essentially a form of processor
coupling [43] or simultaneous multithreading [94].

4.5.3 Intra-Task Perspective

From the intra-task perspective, this study of processing unit design focuses on how to extract
as much instruction-level parallelism as possible within each task running on a processing unit



Dynamic

Instruction

Sequence
Task0

Taskl

Task2

Task3
Task4
Task5

Task6
Task7

[]]] Predict
Assign
|| Execute
&2 Resolve
Commit
i Squash

o Proc
UnitO

- +[| Proc | -
Unitl

| Proc
Unit2

Implicit Proc Unit Queue

-~ Proc
Unit3

xxxxxxxxxx

Task2

I

Task3

Task6

Head Explicit Task Queue
<;|'"""" EEEEEEEEE
Task0 " Taskl
5 >
Taskd| | Tasks

— Task7

a) Running tasks on processing units one-at-a-time.

Implicit Proc Unit Queue

Proc

Unit2

|

-~ Proc
Unit3

Explicit Task Queue

.+ Proc | - =[] Proc
Unit0 Unitl
| |
Head
<;IIIIIIIIIII REaREEEES
TaskO0 ——
= Taskl
Taskd > 1045

I
I

— Task3
T Task7

xxxxxxxxxx

xxxxxxxxxx

b) Running tasks on processing units all-at-once.

Figure 4.4: Running multiple tasks on each processing unit.

s Tail

Tail

71



72

using dynamic instruction scheduling.

4.5.3.1 Dynamic Instruction Scheduling

If instruction-level parallelism exists and can be exploited within tasks, then it may serve to
reduce the execution time of individual tasks and/or to shorten the critical path through a se-
quence of tasks. The most common means of exploiting such instruction-level parallelism in
state of the art processors is dynamic instruction scheduling. The basic method by which dy-
namic instruction scheduling is performed involves collecting instructions into an instruction
window, determining which instructions are independent, and issuing those instructions (not
necessarily in program order and possibly many at a time) to functional units for execution.
To what extent instruction-level parallelism may be exploited within tasks depends on the
size of the instruction window that can be exposed within a task, whether the instructions of
the window need not be selected in strict program order, and how many of these instructions
may be issued and executed each cycle.

45.3.2 Microarchitecture

In light of the demands that dynamic instruction scheduling may place upon processing units,
it is clear that a variety of factors must be considered in choosing their microarchitecture
characteristics. As processing units are similar to conventional processors, it is natural to
lever mainstream processor technology for their design. The ubiquitous superscalar processor
cores in modern high performance processors are a natural choice for this purpose. Moreover,
superscalar processors are a well understood (based on a body of knowledge covering the past
20 years) and commercially viable (based on the present microprocessor offerings) design
strategy. This choice should not be misconstrued as a requirement, though. The multiscalar
model is flexible in terms of the strategy used to perform the computation of tasks.

Nevertheless, the focus here is on the use of processing units based on superscalar tech-
niques. Both academia [1, 55,58, 68, 69, 81, 86, 89, 95] and industry [18, 31-36, 61,77, 79,
82,91-93] have considered a wide range of different superscalar designs to implement dy-
namic instruction scheduling. The performance of these designs as well as their costs in ideal
and real implementations varies widely. Yet, because most of these techniques are applicable
to the processing units of a multiscalar processor, the details of the design are not as impor-
tant as the basic characteristics in terms of the size of the instruction window, the capability
to select instructions, and the capacity to issue and execute multiple instructions. The design
studied here is a straightforward one representative of the designs studied by academia and
industry, but not based on any microarchitecture in particular.

Figure 4.5 illustrates the superscalar microarchitecture of the processing units (similar
to that described in [83]). The major steps of instruction processing performed by the mi-
croarchitecture are (1) prediction and instruction memory access, (2) decode and dependence
analysis, (3) dispatch and issue, (4) execution and data memory access, and (5) reorder and re-
tire. Underlying the microarchitecture is a pipelined implementation where specific pipeline
stages may or may not be aligned with the major steps of instruction processing. The simple
pipeline shown in Figure 4.6 is assumed in this study. Each of the major steps described is
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performed in a distinct pipeline stage: F, D, I, E, R. Each stage takes a cycle, except for E,
which may take multiple cycles (as indicated by the loop back above it).
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Figure 4.5: Microarchitecture of processing units.
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Figure 4.6: Pipeline underlying microarchitecture of processing units.

45.3.3 Instruction Window

The instruction window design adopted for the processing units is a fairly straightforward
one. A dynamic path through a task is speculated via prediction (Predict in Figure 4.5).
The instructions on this path are brought into the processor through the instruction memory
interface (Inst Mem Xface in Figure 4.5). The supplied instructions are fed into the pipeline
to be decoded and to have their dependences analyzed (Decode and Analysis in Figure 4.5).
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From the decode and dependence analysis process, the control and data (register and memory)
dependences are mapped to processor structures that ensure their proper resolution. At this
point, the instructions are ready to be dispatched into the instruction window. The instruction
window is handled by two principal structures: the in-flight queue and the on-deck queue.
Instructions are dispatched into both queues, since each serves a different purpose.

Though most state of the art processor designs contain such structures (in some form or
another), there is no consistent nomenclature for them. This work names these structures
and defines their characteristics as follows. The in-flight queue (In-Flight in Figure 4.5)
maintains the program order among instructions to allow them to be reordered and retired
after execution. The on-deck queue (On-Deck in Figure 4.5) holds instructions until their
operands are available for execution, at which point instructions may be selected and issued
to the functional units for execution. The on-deck queue may be made much smaller than the
in-flight queue yet still retain very high performance. The reason is that only a portion of the
instructions in the machine are being scheduled; the other instructions in the machine are in
various (possibly different) stages of execution. Moreover, because this structure is usually a
critical timing path of a processor implementation, the smaller the queue, the faster the clock
that can be supported [64].

45.3.4 Instruction Selection and Issue

Using the instruction window established for each task via the in-flight queue and the on-deck
queue, instructions are selected and issued to the functional units for execution. There are two
basic strategies to select instructions from the window: in-order or out-of-order. An in-order
processor must select instructions in the order they appear in the program. An out-of-order
processor may select instructions from anywhere in the instruction window subject only to
the constraints of the dependences between them. In both instruction selection strategies,
instructions are usually allowed to complete their execution out-of-order to accommodate
different latencies for different operations. In general, out-of-order processors allow greater
scheduling flexibility and thereby provide higher performance than in-order processors [38].

Among the instructions selected, it may be possible to issue many of them at the same
time. The number of instructions a processor may issue each cycle is referred to as its issue
width. In order to issue multiple instructions it must be ascertained that the instructions
have no control, data, or structural hazards that prevent their concurrent issue. The checks
that must be performed to ensure that these conditions are met increase in complexity as the
issue width and the instruction window size increase [64]. In addition, the amount of register
operand bandwidth that must be provided through the register file interface (Reg File Xface
in Figure 4.5) increases as the issue width increases. As the clock cycle time may be tied to
these factors, multiple instruction issue may need to be applied in a judicious manner to avoid
an undue impact on the overall performance of the processor.

45.3.5 Instruction Execution

To support the issue of multiple instructions each cycle, the execution resources of the proces-
sor are usually divided into different functional units (FU in Figure 4.5) based on the type of
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operation performed. The functional units perform the operation specified by an instruction;
a load or a store operation is performed through the data memory interface (Data Mem Xface
in Figure 4.5). The number and type of the functional units often determines the flexibility
with which scheduling decisions may be made as well as the amount of concurrency that may
be exploited within the processor. Because functional units incur cost in terms of chip area
and communication paths to route data to and from them, it is important to factor how many
and what types are needed as part of the dynamic instruction scheduling.

45.3.6 Many-To-One Impact

The impact of the many-to-one assignment of tasks to processing units need not be a fun-
damental change in the processing unit microarchitecture described thus far. The principal
change is that some processing unit resources may need to be duplicated. (Other resources
in the instruction supply and data supply may need to be duplicated as well, but these are not
discussed here.) The extent to which these resources need to be duplicated depends on the
running policy used for multithreading. For the conservative one-at-a-time policy described
above, only duplicate program counters are needed. The rest of the processing unit need not
be changed since each task executes one-at-a-time and does not share resources with other
tasks. On the other hand, for the aggressive all-at-once policy described above, duplicate
in-flight and on-deck queues are provided in addition to duplicate program counters to differ-
entiate between the instruction windows of each task. The instructions issued may be taken
selected from any combination of the instruction windows, though priority is given to older
tasks over newer tasks. Because the instructions do share resources, each instruction is given
a unique task tag to identify the instruction window to which it belongs.

4.6 Processing Unit Evaluation

The processing unit evaluation is divided into three parts to better understand the individual
as well as the collective influence of processing unit design factors.

First, an inter-task study is performed that focuses on the extent to which inter-task
instruction-level parallelism is extracted by different processing unit designs. For this inter-
task study, the evaluation involves varying the number of tasks and the number of processing
units to explore the range of performance delivered by the straightforward one-to-one and the
more involved many-to-one task to processing unit assignment strategies.

Second, an intra-task study is performed that focuses on the extent to which intra-task
instruction-level parallelism is extracted by different processing unit designs. For this intra-
task study, the evaluation involves varying the characteristics of the processing units to ex-
plore the range of performance delivered by different instruction window, instruction selec-
tion and issue, and instruction execution configurations.

Finally, the processing unit designs from the inter-task and intra-task studies are put to-
gether to focus on the extent to which instruction-level parallelism is extracted overall by
different processing unit designs. To study the overall performance, the evaluation involves
varying the characteristics of the processing units as well as the numbers of tasks to investigate
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how different inter-task/inter-task configurations extract different amounts of instruction-level
parallelism from the dynamic instruction sequence.

4.6.1 Metrics

The fundamental metric with which to evaluate processing performance is time. For the
framework in which this evaluation is performed, time must be measured in terms of number
of cycles, rather than elapsed wall-clock time because the actual cycle time in not modeled in
the simulator used for these studies. Yet, the number of cycles as measured by the simulator
is a somewhat inconvenient metric because many benchmarks are used for the evaluation,
each with its own input that runs for a different number of instructions. Moreover, the num-
ber of cycles does not provide a direct indication of the amount of instruction-level parallel
execution achieved by a particular configuration under study.

A more intuitive metric that correlates with performance as a result of instruction-level
parallel execution is the number of useful instructions completed per cycle (or just instructions
per cycle). Since a particular benchmark is always run for the same number of instructions (as
a result of using the same benchmark binary and the same benchmark input), the instructions
per cycle is an appropriate metric for the performance. Each benchmark is simulated for a
complete run with its specified input to provide the steady state instructions per cycle. With
so many benchmarks, though, it is difficult to identify performance trends looking at each of
the individual benchmarks.

Therefore, this evaluation provides the performance in terms of instructions per cycle
as the unweighted harmonic mean (HMEAN) for each of the two groups of benchmarks,
SPEC CINT95 and SPEC CFP95, respectively. Though each benchmark executes for a dif-
ferent number of instructions, the instructions per cycle should not be weighted because each
benchmark program is meant to be representative of a particular type of (integer or floating
point) application independent of the number of instructions it executes for its particular input.
Moreover, the harmonic mean (HMEAN) is the correct mean (as opposed to the arithmetic
or geometric) because instructions per cycle is inversely proportional to program execution
time.

4.6.2 Inter-Task Study

In order to isolate the effect of inter-task instruction-level parallelism in a multiscalar proces-
sor, the processing units used for this part of the evaluation are fixed with 4-wide out-of-order
characteristics. With these processing unit characteristics, the task assignment (one-to-one
and many-to-one) and task mapping (one-at-a-time and all-at-once) policies for these pro-
cessing units are varied among those described earlier. In addition, since only the processing
units are studied here, the other multiscalar processor components are fixed to the standard
configuration as given in Table 3.11 of Chapter 3.
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4.6.2.1 One-To-One Assignment

The straightforward task to processing unit assignment strategy (discussed in the earlier text
on processing unit design) assigns tasks to processing units one-to-one. Figures 4.7 and 4.8
show the performance obtained for each of the SPEC CINT95 and SPEC CFP95 benchmarks
as the total number of tasks and likewise (since the assignment is one-to-one) the total number
of processing units is increased.

The thick dashed line in the figures indicates the harmonic mean of the instructions per
cycle for all of the benchmarks, and the thin lines (each with a unique marker) in the figures
indicate the instructions per cycle for each individual benchmark. (Throughout the rest of
this thesis only the means for the integer and floating point benchmarks are reported in or-
der to make it easier to identify the performance trends without the distraction of individual
benchmark differences.)

Considering all of the figures, notice that as the number of tasks is doubled, performance
grows steadily for all of the integer programs and for all of the floating point programs.
Nonetheless, it is particularly significant that performance is only increasing at a linear rate,
while the cost in terms of the number of processing units to deliver this performance is in-
creasing at an exponential rate.

As shown in Table 4.1, the overall performance of the processor for one-to-one assign-
ment indeed increases with more processing units, but the performance per processing unit
decreases. The information in the table confirms the concerns/challenges postulated earlier
with respect to instruction-level parallelism. That is, high performance depends on expos-
ing instruction-level parallelism with many tasks, but exploiting it via one-to-one assignment
incurs high cost but low return per processing unit.

One-To-One HMEAN Insts Per Cycle
Proc Unit SPECINT95 SPECFP95
Config Overal | PerPU | Overal | Per PU
1 1.25 1.25 1.36 1.36
2 1.60 0.80 2.11 1.05
4 2.28 0.57 3.33 0.83
8 2.93 0.37 4.84 0.60
16 3.36 0.21 6.09 0.38

Table 4.1: Overall performance and performance per processing unit for one-to-one assign-
ment (running a single task per processing unit, with the total number of tasks equal to the
number of processing units).
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4.6.2.2 Many-To-One Assignment

The alternative task to processing unit assignment discussed in the processing unit design
assigns tasks to processing units many-to-one in order to address the cost-performance draw-
backs of the one-to-one assignment. The processing units are of exactly the some configura-
tion as before, except for modifications necessary to support the many-to-one multithreading
mechanism as well as the one-at-a-time and all-at-once running policies. Only the round-
robin mapping policy is used for this study. Figures 4.9 and 4.10 show the performance
obtained for each of the SPEC CINT95 and SPEC CFP95 benchmarks as the total number
of tasks is increased. However, in contrast to the earlier figures (Figures 4.7 and 4.8), there
are multiple harmonic mean lines, each of which represents a configuration of the process-
ing units where the number of processing units for each line remains fixed, but the number of
tasks per processing unit is increased (and the total number of tasks) moving left to right along
the line in graph. The dashed lines indicate processing units configured with the one-at-a-time
running policy. The solid lines indicate processing units configured with the all-at-once run-
ning policy.

Notice in the figures, that performance increases as the number of tasks per processing
unit (though not the number of processing units) is doubled. However, for the one-at-a-time
running policy, the improvement seems to fall off much past two tasks assigned per processing
unit. For instance, looking at the dashed line in the 2.one case, the curve stops rising above
4 total tasks, which is 2 tasks per processing unit; for the dashed line in the 4.one case, the
curve stops rising above 8 total tasks, which again is 2 tasks per processing unit. For the
all-at-once running policy, the improvement is linear or nearly linear, though it too seems to
fall off, but past 4 tasks assigned per processing unit. For instance, looking at the solid line in
the 1.all case, the curve stops rising above 4 total tasks, which is 4 tasks per processing unit;
likewise, for the solid line in the 2.all case, the curve stops rising above 8 totals tasks, which
as before is 4 tasks per processing unit.

Moreover, the all-at-once running policy outperforms the one-at-a-time running policy
in general. Furthermore, the gap between the two policies increases as the number of tasks
assigned per processing unit increases (more pronounced for floating point than for integer
benchmarks). With a fixed number of tasks, in particular 16 tasks as shown in Table 4.2,
the overall performance of the processor using many-to-one assignment increases with more
processing units, and though the performance per processing unit still decreases, the value
is improved over the case for the one-to-one assignment shown in Table 4.1 (by a smaller
amount for integer programs and a larger amount for floating point programs). Note that the
16 processing unit performance is the same in both tables since with only 16 tasks each pro-
cessing unit is only assigned 1 task in both cases. The 2, 4, and 8 processing unit performance
is different in the many-to-one assignment table than in the one-to-one assignment table be-
cause processing units are only assigned a single task in the one-to-one case, but are assigned
multiple tasks in the many-to-one case.

An important question to consider is how does many-to-one assignment using some num-
ber of processing units, compare to one-to-one assignment using more, less, or the same
number of processing units. One way to find an answer, for the particularly interesting case
when each runs the same number of tasks, is to look in the Figures 4.9 (for integer) and 4.10
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Many-To-One HMEAN Insts Per Cycle
Proc Unit SPECINT95 SPECFP95

Config Overal | PerPU | Overall | Per PU
1Al 1.55 1.55 2.57 2.57
2.0ne 1.92 0.96 2.39 1.19
2.4l 2.21 1.10 3.79 1.90
4.0ne 2.62 0.65 3.66 0.91
4.4l 2.99 0.75 534 1.34
8.0ne 3.14 0.39 5.17 0.65
8.l 3.29 0.41 5.95 0.74
16.0ne 3.36 0.21 6.09 0.38

Table 4.2: Overall performance and performance per processing unit for many-to-one assign-
ment (running multiple tasks per processing unit, with a total number of 16 tasks distributed
equally across the processing units).

(for floating point) at a vertical slice for a particular number of tasks (indicated at the bottom
of the vertical slice). The top marker of the vertical slice indicates the performance for the
one-to-one assignment of tasks to processing units. For a fixed number of tasks, the highest
performance is attained when each task runs on its own processing unit. However, by moving
down the vertical slice and examining other marks, it may be seen what level of performance
may be attained using an equal number of tasks, but using fewer processing units running
them one-at-a-time or all-at-once (according to the line with which the marker is associated).

The markers beneath the top marker indicate the performance for different many-to-one
assignment configurations. Consider the vertical slices in the integer and floating point figures
associated with 16 tasks. For the integer benchmarks, performance increases as the running
policy is changed from one-at-a-time to all-at-once (e.g. the 4.all line is above the 4.one line),
and as the number of processing units is increased (e.g. the 8.one line is above the 4.one, and
the 8.all line is above 4.all line). For the floating point benchmarks, performance increases
as the number of processing units is increased (e.g. the 8.one line is above the 4.one, and the
8.all line is above 4.all line), but it requires twice as many processing units running one-at-
a-time to attain nearly (but not quite) the same performance as for all-at-once (e.g. the 8.one
line is slightly below the 4.all line).

4.6.3 Intra-Task Study

In the same way as for the inter-task study, the effect of intra-task instruction-level parallelism
is isolated from that of inter-task for this part of the study. In order to do so, the task assign-
ment policy is fixed as one-to-one, and the task running policy is fixed as one-at-a-time (for
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a single task per processing unit). The characteristics of the processing units are varied to re-
flect the aspects of dynamic instruction scheduling being studied. The rest of the multiscalar
processor components are maintained in the standard configuration shown in Table 3.11 of
Chapter 3.

4.6.3.1 Instruction Window

The design of the instruction window in relation to dynamic instruction scheduling may have
a significant impact on the amount of instruction-level parallelism that may be extracted as
well as the clock frequency of the processor. In particular, there is usually a trade-off between
the instruction window size and the clock frequency of its design; the smaller the window, the
faster the clock, and the lower the parallelism; the larger the window, the slower the clock, and
the higher the parallelism. However, a multiscalar processor does not extract instruction-level
parallelism in exactly the same as a superscalar processor, so performance is not as sensitive
to the window size.

The performance of a multiscalar processor is influenced primarily by the size of the
collective instruction window provided by all of its processing units, and only secondarily by
the size of the instruction window for each individual processing unit. That is, the instruction
window of each processing unit in a multiscalar processor need only support the execution of
a task, so it may not need to be as big as that of a superscalar processor in order to achieve
most of its performance potential. Based on much empirical observation, the size of the in-
flight queue need be no bigger than the average task size, and for a particular in-flight queue
size, the on-deck queue need be no bigger than half the in-flight queue size.

Figures 4.11 and 4.12 show the harmonic mean of the instructions per cycle of the SPEC
CINT95 and SPEC CFP95 benchmarks for a range of individual processing unit window
configurations. The performance is reported as a stacked bar for multiscalar processors using
different number of processing units (1, 2, 4, 8, and 16 here). The number of processing
units for the processor is varied to indicate what (if any) effect this factor has on the perfor-
mance with different processing unit window configurations. That is, the focus is on individ-
ual processing unit window configurations with different in-flight queue and on-deck queue
characteristics, given as FxD, where F is the in-flight queue size and D is the on-deck queue
size.

Consider the in-flight queue. For the integer benchmarks, there is little effect from using
larger in-flight queues. The reason for this behavior is that the integer tasks are relatively
small and fit within a small in-flight queue. Thus, there is nothing to be gained by increasing
the size of the in-flight queue. However, for the floating point benchmarks, there is modest
improvement from using larger in-flight queues. Because the floating point tasks are relatively
big, the larger in-flight queue allows the processing unit to expose more instructions from a
task and thereby provides more opportunities to exploit instruction-level parallelism within a
task.

Consider the on-deck queue. For the integer benchmarks, there is some effect from using
larger on-deck queues. If the on-deck queue is very small, only a few instructions, then it is
easily clogged by only a few dependent instructions which stall issue. Even though integer
tasks are relatively small, the instructions within the tasks may be quite dependent. Likewise,
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for the floating point benchmarks, there is some effect from using larger on-deck queues.
Though the instructions within floating point tasks may not be as dependent as those in integer
tasks, the floating point operations are usually of longer latency than integer operations. As a
result, instruction issue may be prone to clog because dependent instructions tend to remain
in the on-deck queue longer.

Overall, there is not a significant advantage in using bigger in-flight queues and/or on-
deck queues for the instruction window over small ones. Since integer tasks are small, the
size of the window is not of much concern. However, since floating point tasks are big, the
window size is somewhat of a performance factor, but not a critical one. In this work, the
multiscalar designs focus on windows with fairly small in-flight and on-deck queues since
the benefits of supporting a fast clock are assumed to outweigh the small improvements in
instruction-level parallelism afforded by the larger in-flight and on-deck queues.

4.6.3.2 Instruction Selection and Issue

The key characteristics that are usually the focus with respect to dynamic instruction schedul-
ing are the number of instructions that may be issued at the same time and whether these
instructions are selected from the instruction window in-order or out-of-order. The character-
istics of the processing units are varied from in-order to out-of-order selection using uniform
(any type of instruction) issue of 1, 2, or 4 instructions each cycle. In addition, it is important
to focus on the effects of these two aspects in relation to the total number of processing units
that make up the multiscalar processor. Thus, each processing unit configuration is evaluated
in a multiscalar processor of 1, 2, 4, 8, and 16 processing units. The results of these con-
figurations are shown in Figures 4.13 and 4.14 for the SPEC CINT95 and the SPEC CFP95
benchmarks, given as S.ul, where S is io for in-order or oo for out-of-order selection, and I is
a uniform issue width of 1, 2, or 4 instructions.

The overall performance in terms of instructions per cycle increases as the multiple issue
capabilities of the processing units are increased from 1 to 2 to 4 issue for both in-order and
out-of-order selection designs. The out-of-order designs outperform the in-order designs for
equal issue width in all cases. If the instruction selection and issue capabilities are considered
together, it can be seen that there is a steady increase in performance going from left to right
in the figures. However, the rate of performance increases is higher as the issue width is
increased for out-of-order versus in-order processing units. As a result, the 2-wide out-of-
order and the 4-wide in-order represent what appears to be a break even point, where it might
be more advantageous to use out-of-order selection than to increase multiple issue for in-
order selection. Moreover, this effect on overall performance is amplified as the number of
processing units increases.

4.6.3.3 Instruction Execution

The instruction selection and issue capabilities described above assume uniform issue across
the functional units of the processing unit. However, most traditional superscalar processors
are not designed with uniform issue characteristics. Instead the processor has a collection of
functional units where often no single type of operation can take advantage of the entire issue
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width of the processor. To focus on how this factor impacts performance, the functional units
may be classified into three broad categories: compute, memory, and control. The compute
functional units are those that perform any integer or floating point arithmetic operations. The
memory functional units are those that perform loads and stores. The control functional units
are those that perform all branches and procedure calls. This classification is more general
than that of an actual processor where compute functional units consist of different types
for different arithmetic operations, for integer and floating point operations at the very least.
Nevertheless this classification is specific enough that the mix of these functional units may
be varied to see the impact on overall performance.

The configurations of the functional units studied are given in Table 4.3. For these con-
figurations, there are always at least as many compute functional units as there are memory
functional units. Though it is relatively simple to provide more compute functional units, it
is relatively complex to provide more memory functional units. In an actual design, the dif-
ficulty of dynamic memory disambiguation and the need for more ports on the memory stor-
age to be accessed usually incurs significant cost. Therefore, in terms of cost-performance
compute functional units are cheap and memory functional units are expensive. The control
functional units are not really given much concern in these configurations.

| Number of Functiona Units
. ssue
Config Width Category
Compute | Memory | Control
ul 1 1 1 1
h2 2 1 1 1
uh2 2 2 1 1
u2 2 2 2 2
g4 4 1 1 1
hg4 4 2 1 1
h4 4 2 2 1
ug4 4 4 1 1
uh4 4 4 2 1
u4 4 4 4 4

Table 4.3: Configurations of functional units.

One control functional unit suffices in this study because both integer and floating point
tasks contain relatively few control flow instructions. Only the uniform configurations have
more than 1 control functional unit. In varying the number of functional units of different
types, the goal is to observe how much of the instruction execution must be devoted to any
particular functional unit category to achieve performance comparable to the uniform case.
For all of the configurations, the processing units are assumed to be of an out-of-order design
since these give a broader range of performance for different issue widths. The relative results
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are similar if in-order designs are used.

The results in Figures 4.15 and 4.16 show the harmonic means of the instructions per cycle
for SPEC CINT95 and SPEC CFP95 benchmarks with the configurations given in Table 4.3.
Each configuration is evaluated in a multiscalar processor of 1, 2, 4, 8, and 16 processing
units. The uniform 1-wide issue results may be used as a baseline for comparison. The
trends observed in these results apply to the integer and floating point benchmarks alike.
The most significant observation to be made from the data is that the provision of at least 2
memory functional units per processing unit are needed to attain the best performance. All
2-wide issue configurations perform appreciably below uniform 2-wide because none have
2 memory functional units. Only the 4-wide configurations with 2 memory functional units
perform as well as uniform, though the 4 memory functional units provided by uniform 4-
wide are more than is needed. For the compute functional units, the results indicate that
there is at least some improvement in providing a number of compute functional units equal
to at least half of the issue width; however, providing more than half give no appreciable
performance improvement. Overall, the results indicate that there is a significant increase
in going form 1-wide to 2-wide issue, but only a marginal increase in going from 2-wide to
4-wide issue.

4.6.4 Putting It All Together

This section combines both the inter-task and intra-tasks aspects of processing units to con-
sider what performance may be achieved with different configurations. These results are
presented in terms of the number of tasks that are supported by a processor configuration. In
particular, the break down divides the configurations into those that support 4 tasks, 8 tasks,
or 16 tasks. The break down in terms of tasks is a matter of presentation convenience because
there are so many configurations to consider. It is possible to compare results for configura-
tions supporting a different number of tasks by comparing across the figures. Nevertheless,
it may be difficult to draw definitive performance conclusions about different configurations
with so many parameters changing at the same time.

The results are shown in the collection of figures as follows. Figures 4.17 and 4.18 show
the results for configurations of 4 tasks on the SPEC CINT95 and SPEC CFP95 benchmarks,
respectively. Figures 4.19 and 4.20 show the results for configurations of 8 tasks on the
SPEC CINT95 and SPEC CFP95 benchmarks, respectively. Figures 4.21 and 4.22 show the
results for configurations of 16 tasks on the SPEC CINT95 and SPEC CFP95 benchmarks,
respectively. The results are based on runs with processing units in the standard configuration
summarized in Table 3.11 of Chapter 3. However, the characteristics of instruction selection
and issue are varied to reflect different processing unit designs. To be specific, both in-
order and out-of-order instruction selection coupled with uniform 1-wide, 2-wide, or 4-wide
instruction issue is studied.

The y-axis of the figures represents the harmonic mean of instructions per cycle. The x-
axis of the figures represents the overall instruction selection and issue characteristics of the
processor, given as O.S, where O is the overall number of instructions that may be issued (per
processing unit issue width multiplied by the number of processing units), and S is whether
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instructions are selected in-order, io, or out-of-order, 0o by the processing units. Each line on
the graphs is given an identifier of NxT.run, where N is the number of processing units, T
is the number of tasks run on each processing units, and run is the policy by which tasks are
run on the processing units, one for one-at-a-time or all for all-at-once. The use of a dashed
line indicates that the processing units run tasks one-at-a-time; the use of a solid line indicates
that the processing units run tasks all-at-once. Though the figures show the results for all runs
to give the full perspective on performance, the discussion that follows is directed toward the
middle of the overall issue characteristics represented, not the low end or the high end.

4.6.4.1 Same Number of Tasks

It is straightforward to consider processor configurations that support the same number of
tasks. In comparing in-order overall characteristics with out-of-order overall characteristics,
out-of-order outperforms in-order for the same issue width. Usually, an out-of-order config-
uration outperforms an in-order configuration with 2 times the issue width, and sometimes 4
times the issue width. For instance, in Figure 4.21, 4x4.one for 8.00 overall issue character-
istics outperforms the 8x2.all for 16.i0 overall issue characteristics as well as 16x1.one for
32.i0 overall issue characteristics. Moreover, the trends indicate that, for the same overall is-
sue characteristics, a configuration that supports many-to-one, running all-at-once is superior
to a configuration that supports many-to-one, running one-at-a-time; which in turn is superior
to a configuration that supports one-to-one, running one-at-a-time.

In comparing the configurations with the same overall issue characteristics that support
many-to-one, running all-at-once, it is usually the case that 4 tasks per processing unit out-
performs 2 tasks per processing unit for lower overall issue characteristics. For example, in
Figure 4.22, 4x4.all significantly outperforms 8x2.all for 8.00 overall issue characteristics.
On the other hand, 2 tasks per processing unit outperforms 4 tasks per processing unit for
high overall issue. For example, in Figure 4.22, 8x2.all performs slightly better than 4x4.all
for 16.00 overall issue characteristics. To some extent, 8 tasks per processing unit exhibits
similar behavior with respect to 4 tasks per processing unit, but in general the difference be-
tween the two is less significant for low overall issue characteristics and more significant for
high overall issue characteristics. In general, 16 tasks per processing unit performs below
other many-to-one, running all-at-once configurations.

In comparing the configurations with the same overall issue characteristics that support
many-to-one, running one-at-a-time, there seems to be a balancing act between the number
of processing units and the number of tasks per processing unit. Usually, the advantage of
mapping many tasks per processing unit diminishes as the overall issue width increases. For
instance, in Figure 4.19, 4x2.one clearly outperforms 8x1.one for 8.io overall issue character-
istics but performs slightly worse for 16.00 overall issue characteristics. The crossover points
seem to favor more processing units over more tasks per processing unit once the issue width
of the processing units is above 1-wide issue. Furthermore, the differences seem to be more
pronounced for the floating point benchmarks than for the integer benchmarks. In general,
the configurations that support one-to-one, running one-at-a-time seem to perform poorly on
the integer programs but are fairly competitive on the floating point programs for the same
overall issue characteristics.



2.50

2.00

1.50

HMEAN Insts Per Cycle

1.00

0.50

Figure 4.17: Harmonic mean of IPC using 4 tasks for SPEC CINT95 benchmarks.

—eo—1x4.dll --=--2x2.0ne —a— 2x2.dl --x--4x1.0ne

X
X
T T T T T T T T T T T T T
D I
© &6 © 6 © 6 © 6 3 @ T 9 T 9
o o o

Overadl Issue Characteristics

92



4.00

3.50

3.00

2.50

2.00

HMEAN Insts Per Cycle

1.50

1.00

0.50

Figure 4.18: Harmonic mean of IPC using 4 tasks for SPEC CFP95 benchmarks.

—e—1x4.al --=--2x2.0ne ——2x2.dl -- *x--4x1.0ne

X
P
o
T T T T T T T T T T T T T

o el A A o B o - - B -~~~ S SR
" 5 = o = 5 = 5 © © N N & .
© &8 © &6 © 6 © o6 3 @ T @ T 9

o o o

Overall Issue Characteristics

93



3.00

2.50

N
o
S

1.50

HMEAN Insts Per Cycle

1.00

0.50

Figure 4.19: Harmonic mean of IPC using 8 tasks for SPEC CINT95 benchmarks.

—e— 1x8.4dll --®--2x4.0ne —a—2x4.4l
--x%--4x2.0ne —e—4x2.4al --+--8x1.0ne

oIy

B NN A A 0 0B P W WD D
Oa.oa.oa.om_mw[\)h-b
o o o S g 8 ¢ § & 8

Overall Issue Characteristics

94



—e— 1x8.4dll --®--2x4.0ne —a—2x4.4l
--x%--4x2.0ne —e—4x2.4al --+--8x1.0ne
5.00
¥
450
4,00 Y
3.50
Q
[&]
6)
E 3.00
w0
7))
=
% 2.50
=
T
2.00 :
4!"
1.50 .
.
1.00 o
0.50 I I I I I
P2 NN A~ 00 ww
© 8 0 8 0 8 o 8 & 5 = o = o
© &8 © g © o5

Overall Issue Characteristics

Figure 4.20: Harmonic mean of IPC using 8 tasks for SPEC CFP95 benchmarks.

95



—e—1x16.all --=--2x8.one —a—2x8.dl --x--4x4.0ne

—x—4x4.dl --e--8x2.one ——8x2adl ----- 16x1.0ne
3.50
3.00
2.50
Q
[&]
6)
)
E 2.00
5
=
T
1.50
1.00
0.50
o A T T B T < = O~ = S B -
© 8 © 8 0 89 8 5 o 5 g 5 o
© &6 © & © ©&

Overal Issue Characteristics

Figure 4.21: Harmonic mean of IPC using 16 tasks for SPEC CINT95 benchmarks.



—e—1x16.al --=--2x8.o0ne —a—2x8.4dl --x--4x4.0one
—x—4x4.dl --e--82.0one ——8x2dl ----- 16x1.one
6.00
5.50
5.00
4.50
2 400
[&]
6)
& 350
[%))]
1)}
=
% 3.00
=
I 250
2.00
1.50
1.00
0.50 I I I I I I I I I I I I I
i -
08080808585858

Overdl Issue Characteristics

Figure 4.22: Harmonic mean of IPC using 16 tasks for SPEC CFP95 benchmarks.

97



98
4.6.4.2 Different Number of Tasks

It is somewhat involved to consider processor configurations that support a different number
of tasks. One way to do so is to consider performance ranges and identify what configurations
achieve similar performance. Even taking this approach, there are still many different config-
urations with similar performance. Yet, if the focus is on a specific range, then the number
of configurations to consider is small enough that some of the more noteworthy ones may be
contrasted. The configurations identified are only meant to point out that there are many ways
to achieve comparable performance in a multiscalar processor, not to suggest which ways are
the most cost-effective. Such a determination is beyond the scope of this work.

Considering the integer benchmarks, the range of performance below 1.50 instructions
per cycle is too low of an overall issue to be of interest for this discussion. Likewise, the
range of performance above 2.50 instructions per cycle is only possible with many tasks
and/or high issue. So, for the purpose of this discussion, the range of 1.50 to 2.50 instructions
per cycle is a suitable one to consider. Overall, for the integer benchmarks, configurations
with 4 processing units running tasks one-at-a-time for one-to-one mappings (no other option
exists) and running all-at-once for many-to-one mappings achieve the best performance over
the range of issue characteristics that may be supported by them.

At the low end of the range, around 1.50 instructions per cycle, 1 4-wide out-of-order
processing unit running 8 tasks all-at-once provides comparable performance to 4 1-wide out-
of-order processing units running 4 tasks one-at-a-time. At the middle of the range, around
2.00 instructions per cycle, 4 1-wide in-order processing units running 4 tasks one-at-a-time
provides comparable performance to 16 1-wide in-order processing units running 16 tasks
one-at-a-time. At the high end of the range, around 2.50 instructions per cycle, 4 2-wide
out-of-order processing units running 8 tasks all-at-once provides comparable performance
to 8 2-wide in-order processing running 16 tasks all-at-a-once.

Considering the floating point benchmarks, the range of performance below 3.00 instruc-
tions per cycle is too low of an overall issue to be of interest for this discussion. Likewise,
the range of performance above 4.50 instructions per cycle is only possible with many tasks
and/or high issue. So, for the purpose of this discussion, the range of 3.00 to 4.50 instructions
per cycle is a suitable one to consider. Overall, for the floating point benchmarks, config-
urations with 4 processing units running tasks one-at-a-time for one-to-one mappings and
running all-at-once for many-to-one mappings nearly always achieve the best performance
over the range of issue characteristics that may be supported by them.

At the low end of the range, around 3.00 instructions per cycle, 2 4-wide out-of-order
processing units running 4-tasks all-at-once provides comparable performance to 8 1-wide
in-order processing units running 16 tasks one-at-a-time. At the middle of the range, around
3.75 instructions per cycle, 4 4-wide in-order processing units running 16 tasks all-at-once
provides comparable performance to 8 4-wide in-order processing units running 8 tasks one-
at-a-time. At the high end of the range, around 4.50 instructions per cycle, 4 4-wide out-
of-order processing units running 8 tasks all-at-once provides comparable performance to 16
2-wide in-order processing units running 16 tasks one-at-a-time.
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4.7 Summary

This chapter studied instruction and data processing of a multiscalar processor. The basics of
how a multiscalar processor exposes and exploit instruction-level parallelism using multiple
tasks and processing units was explained. To this explanation was added a discussion of the
processing phases performed during the lifetime of a task. Using these concepts, the outlook
for performance gains and losses was established and the techniques that might be needed to
improve the interaction of tasks and processing units were identified. In particular, a mul-
tiscalar processor may suffer from performance losses due to load balance, limited exposed
parallelism, and/or resource under-utilization. All of these factors were then considered in
term of the processing unit design. A comprehensive description of processing unit design
was given with the details divided among inter-task and intra-task aspects.

4.7.1 Inter-Task Aspect

For the inter-task aspect, the issues of mapping policy, which dictates how tasks are assigned
to processing units, and running policy, which dictates how many tasks a processing unit may
run concurrently, were identified as key design choices. In terms of mapping policy, two
policies — round-robin and back-to-back — were described, but only the former was evaluated.
In terms of the running policy, two policies — one-at-a-time and all-at-once — were described
and evaluated.

In terms of the inter-task aspect, it was found that linear performance improvements may
be achieved as the number of tasks in concurrent execution were doubled, assuming that tasks
were assigned one-to-one to processing units. For SPEC CINT95 programs, the harmonic
mean of the instructions per cycle ranged roughly from 1.5 to 3.5, using from 2 to 16 tasks
using and, as a result of the one-to-one assignment, an equal number of processing units. For
SPEC CFP95 programs, the harmonic mean of the instructions per cycle ranged roughly from
2.0 t0 6.0, using from 2 to 16 tasks and likewise an equal number of processing units.

Though the performance results were consistent with performance expectations, the mod-
est performance improvement as well as the steady decline in resource utilization relative to
the cost, called for the consideration of alternative processing unit designs. The root cause
of the load balancing difficulties was deemed to be in the processing unit design rather than
in the multiscalar execution model. As a result, a new processing unit design that supported
many-to-one task to processing unit assignment was examined as an alternative with more
desirable cost-performance properties.

Such a design may lever techniques similar to traditional multithreading to allow each
processing unit to execute multiple tasks at the same time. Though the design was based on
traditional multithreading, the handling of control and data dependences had to be adapted
to support the multiscalar execution model since tasks, unlike threads, cannot be assumed to
be control or data independent. A variety of different organizations that supported up to a
total of 16 tasks and 16 processing units, but offered different cost-performance points were
considered.
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After studying the different multithreading organizations, it was determined that a con-
figuration of 4 processing units running 4 tasks all-at-once per processing unit (a total of 16
tasks) was able to nearly match (90%) the performance of the configuration with the highest
performance, 16 processing units running 1 task per processing unit, but at a fraction of the
cost (25%). In particular, for the SPEC CINT95 programs, the harmonic mean of the instruc-
tions per cycle reached roughly 3.0 (as compared to 3.5); for the SPEC CFP95 programs, the
harmonic mean of the instructions per cycle reached roughly 5.5 (as compared to 6.0).

4.7.2 Intra-Task Aspect

For the intra-task aspect, the instruction window, the instruction selection and issue, as well
as the instruction execution characteristics of the individual processing units were identified
as key design choices. In terms of the intra-task aspect, the performance improvements that
may be realized depend on the particular microarchitectural characteristics of the processing
units. It is easiest to describe how performance was impacted by focusing on each character-
istic (among instruction window, instruction selection and issue, and instruction execution)
in turn. For the instruction window, the effects of different in-flight and on-deck configu-
rations were described and evaluated. For the instruction selection and issue, the impact of
multiple instruction issue and dynamic instruction scheduling were described and evaluated.
Finally, for the instruction execution, the effects of the number and type of functional units
on execution was described and evaluated.

First, the instruction window of each processing unit does affect the performance, but not
to as great an extent as in conventional superscalar processors, since a multiscalar processor
extracts instruction-level parallelism via the collective windows of all of the processing units
rather than via the individual window of one processing unit (as a superscalar processor does).
As a result, a multiscalar processor using processing units each with an instruction window of
only 16 instructions in-flight (decoded) and 8 instructions on-deck (decoded, but not issued),
achieved comparable performance to an instruction window of 64 instructions in-flight and
64 instructions on-deck. In particular, for SPEC CINT95 programs, the performance was
the same, and for the SPEC CFP95 programs, the performance was only about 10% less
comparing these small and large window designs.

Second, the instruction selection and issue for each of these windows was varied among
in-order and out-of-order characteristics for issue widths of 1, 2, and 4 instructions per cycle.
It was found that performance grows steadily, for both SPEC CINT95 and SPEC CFP95
programs for both in-order and out-of-order designs. Furthermore, the growth rate going
from 1-wide to 2-wide is more significant than going from 2-wide to 4-wide, for both the
in-order and out-of-order designs. These performance characteristics were observed among
multiscalar processor configurations of 1, 2, 4, 8, and 16 processing units, with the effects
on overall performance more significant for more processing units. Moreover, in comparing
the in-order with the out-of-order designs it was observed that the out-of-order growth rate is
higher than the in-order growth rate. As a result, there is a crossover point (at 2-wide out-of-
order and 4-wide in-order) in terms of performance, where a lower issue width out-of-order
processing unit performs better than a higher issue width in-order processing unit.
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Third, the instruction execution capability in terms of numbers of different types of func-
tional units per processing unit has a direct impact on performance, for both SPEC CINT95
and SPEC CFP95 programs. For this characteristic, the functional units of a processing unit
were classified as handling compute (integer and floating point), memory, and control instruc-
tions. The number of functional units of each type was varied for issue widths of 1, 2, and
4 instructions per cycle and compared with designs using uniform (able to execute any type)
functional units. For both the SPEC CINT95 and SPEC CFP95 programs, it was observed
that for multiple instruction per cycle issue widths, the availability of at least 2 computation
and 2 memory functional units was necessary to provide performance comparable to that of
uniform functional units, for the 2-wide and 4-wide issue widths; the use of only 1 control
functional unit was sufficient in all cases. These observations indicated that a processing
unit must be provided with at least 2 memory and computation functional units for effective
execution.
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Chapter 5
| nstruction Supply

The instruction and data processing in a multiscalar processor must be supported by appro-
priate instruction and data supplies, since effective extraction of instruction-level parallelism
requires a plentiful amount of both. The next chapter will study the data supply portion. This
chapter studies the instruction supply of a multiscalar processor, with the first half concen-
trating on background and the second half on design and evaluation.

Section 5.1 gives an overview of the components, hierarchical predictor and instruction
memory, used to supply tasks and instructions for instruction and data processing. Section 5.2
explains program sequencing in multiscalar processors. Section 5.3 discusses the instruction
supply requirements of multiscalar processors. Section 5.4 reflects on concerns/challenges in
designing the instruction supply components.

Section 5.5 investigates hierarchical predictor design for the instruction supply. Section
5.6 provides an evaluation of the hierarchical predictor designs. Section 5.7 investigates
instruction memory design for the instruction supply. Section 5.8 provides an evaluation of
the instruction memory designs. Section 5.9 gives a summary of this chapter.

51 Overview

The instruction supply in a multiscalar processor is provided by a collection of predictors and
caches to support the processing units, as shown in Figure 5.1. Each of the individual com-
ponents is similar to its counterpart in conventional processors. However, the organization
is somewhat different to provide support for the multiscalar concept of dividing the dynamic
instruction sequence into tasks and executing these tasks on multiple processing units in par-
allel.

5.1.1 Basics

The instruction supply relies on control flow prediction and instruction memory access, like
a conventional processor. Yet, each of these mechanisms involves an inter-task aspect and
an intra-task aspect, unlike a conventional processor. The components of the control flow
prediction and the instruction memory may be classified according to what role, either inter-
task or intra-task, that each plays in supplying instructions to the processing units.

The inter-task portion of the instruction supply exposes the sequence of tasks that consti-
tute the window on the dynamic instruction sequence and establishes the order among tasks
in concurrent execution. The intra-task portion of the instruction supply exposes the dynamic
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Figure 5.1: The organization of the instruction supply components and the processing units
in a multiscalar processor.

instruction sequence of each task individually, and among all tasks collectively the dynamic
instruction sequence of the program.

5.1.1.1 Inter-Task Components

The inter-task components of the instruction supply consist of an inter-task predictor (the
control flow prediction component, Inter Pred, in the figure) and a task cache (the instruction
memory component, Task $$$$, in the figure). The inter-task predictor and the task cache
are accessed at the same time with the address of the current task. The inter-task predictor
speculates the task exit of the current task from among those identified by the compiler. The
task cache is accessed to obtain the task descriptor (provided by the compiler), for the current
task.

Using static control information in the task descriptor and perhaps dynamic control in-
formation maintained by the processor, the address which corresponds to the entry point for
the next task is determined. (Furthermore, using static register data information in the task
descriptor, the register dependence linkages are set up for the next task, as discussed in the
next chapter; the memory dependence linkages are handled using dynamic memory data in-
formation, as discussed in the next chapter.) This process repeats each cycle, moving through
the program in this manner task-by-task.
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5.1.1.2 Intra-Task Components

The intra-task components of the instruction supply consist of intra-task predictors (the con-
trol flow prediction components, Intra Pred, in the figure) and instruction caches (the instruc-
tion memory components, Inst $$$$, in the figure). The intra-task predictors are comparable
to those used in conventional processors. Likewise, the instruction caches are similar to those
used in conventional processors, but their organization must provide enough bandwidth to
support all of the processing units. The connectivity between the processing units and the
instruction caches provided by the instruction interconnect (Inst Interconnect in the figure)
is the main determinant of how the bandwidth is provided and with what latency.

Using its own intra task predictor, each processing unit speculates the path it follows as it
executes a task and provides the instruction addresses for this path. Then, using these instruc-
tion addresses, each processing unit accesses the instruction caches, which are maintained
as either a private or shared organization depending on the interconnect, to obtain the actual
instructions that make up its task(s). This process repeats each cycle, with processing units
moving through tasks in this manner instruction-by-instruction.

5.1.2 Insights

The combined behavior of the control flow prediction and instruction memory mechanisms
determines the characteristics of program sequencing and the performance that may be ob-
tained in terms of the instruction supply. Overall, the hierarchical instruction supply of a mul-
tiscalar processor using multiple program counters alleviates the bottlenecks associated with
the sequential instruction supply of conventional processors using a single program counter.
Though there is a logical distinction between the inter-task components and the intra task
components, it is more convenient for the purposes of this study to make a logical distinction
instead between the hierarchical predictor and the instruction memory, and then make the
distinction between the inter-task aspect and the intra-task aspect within the context of each
mechanism.

5.1.2.1 Hierarchical Predictor

The design and evaluation of the hierarchical predictor performed in this chapter demon-
strates that both the inter-task and intra-task aspects can be provided using components based
on existing prediction technology. In this study, the design of the hierarchical predictor is
considered in terms of using several well-known (address-based, path-based, global-pattern-
based, and self-pattern-based) as well as perfect prediction schemes for both inter-task and
intra-task predictors. First, the inter-task and intra-task predictors are evaluated in isolation
of one another using each of these predictor designs to determine the best scheme for each.
Second, the best inter-task scheme and the best intra-task scheme are used to examine the ef-
fect of the hierarchical predictor on overall performance when different amounts of prediction
state devoted to each predictor.

Comparing the inter-task and intra-task predictors generally, both inter-task and intra-task
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prediction can be important performance factors. Nonetheless, the results of this study in-
dicate (in reference to the SPEC CINT95 programs where there is appreciable performance
differences among both inter-task and intra-task predictors, rather than the SPEC CFP95 pro-
grams where there is none) that the overall performance is more sensitive to the inter-task
than to the intra-task prediction accuracy. In addition, comparing the predictors studied with
perfect predictors, there is considerable performance improvement possible (as much as 35%)
for the SPEC CINT95 benchmarks, but almost none for the SPEC CFP95 benchmarks. More-
over, the potential improvement increases with the number of concurrent tasks supported by
a multiscalar processor and is more significant for inter-task than for intra-task predictors.

Comparing the different prediction schemes studied for inter-task and intra-task predic-
tors specifically — path-based, global-pattern-based, self-pattern-based, and addressed-based
— the path-based and the global-pattern-based schemes consistently performed best across the
range of SPEC CINT95 and SPEC CFP95 programs for both inter-task and intra-task predic-
tion. On the basis of these results as well as other considerations of design complexity, this
study identifies the combination of a path-based inter-task predictor with a global-pattern-
based intra-task predictor as the best hierarchical predictor design for the multiscalar proces-
sors considered in this thesis. Furthermore, with respect to this hierarchical predictor design,
varying the amount of prediction state from 8K-entry to 64K-entry for each individual predic-
tor (inter-task and intra-task) shows no appreciable difference in prediction accuracy among
these sizes.

5.1.2.2 Instruction Memory

The design and evaluation of the instruction memory performed in this chapter demonstrates
that both the inter-task and intra-task aspects of the instruction memory can be provided
using components based on existing cache technology — a task cache for inter-task and an
instruction cache for intra-task. Thus, for the experiments in this study, both the task cache
and instruction cache are evaluated in terms of miss rate, effective access latency, and overall
impact on performance for a variety of sizes and associativities. Moreover, the instruction
cache is evaluated using two different high-bandwidth organizations, interleaved shared cache
and duplicated private cache, as well as a hybrid organization using both private and shared
caches. To complement these experiments, this study also considers ideal versions of the task
and instruction caches in order to gauge the magnitude of performance improvement possible
via instruction memory access.

With respect to the miss rate oriented cache experiments, both task and instruction caches
exhibit typical cache-like behavior. That is, the miss rate of either cache decreases steadily as
the cache size increases, leveling off once the working set fits into the cache. Likewise, the
use of associativity (with diminishing returns as with the cache size) improves the miss rate
of either cache, with most of the improvement moving from 1-way associativity to 2-way as-
sociativity and only somewhat of an improvement moving from 2-way to 4-way associativity.
However, it is significant to note that private and shared instruction cache organizations only
provide comparable performance when the individual storage of each private cache is com-
parable to the overall storage of the shared instruction cache. The hybrid instruction cache
is able to mitigate this situation somewhat, with more success for less processing units (with
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the break-even point around 4 processing units).

With respect to the latency oriented cache experiments, both task and instruction caches
may play a significant role in terms of degrading the overall processor performance. That is,
as the effective access latency increases, either due to an increase in access time to service
misses or due to an increase in access time to service hits, overall performance decreases. In
particular, the performance for the SPEC CINT95 benchmarks drops off far more significantly
than for the SPEC CFP95 benchmarks. Moreover, this behavior is far more pronounced in
the task caches than it is in the instruction caches. In fact, instruction caches with relatively
low miss rates, are capable of tolerating relatively high effective access latencies, while task
caches are not, regardless of their miss rates.

Overall, the results of this study indicate that both task and instruction caches can be
important performance factors. Nevertheless, comparing the two, the results suggest that per-
formance is more sensitive to the task cache behavior than to the instruction cache behavior.
Such behavior may be explained by the fact that task cache accesses expand the overall in-
struction window in a serial, dependent manner, while instruction cache accesses expand the
individual instruction windows of only their corresponding processing unit in a parallel in-
dependent, manner. Moreover, the substitution of ideal task and instruction caches for real
ones offers no discernible performance improvement so long as the real task and instruction
caches are not extremely small in size. Thus, according to the results of this study, there is
no clear need for radical changes to conventional cache designs in order to provide effective
instruction memory access for a multiscalar processor.

5.2 Program Sequencing

With the overview of the instruction supply just presented in mind, it is worth switching
gears to consider what is the motivation for using this alternative hierarchical approach to the
instruction supply instead of the traditional sequential approach.

The cycle of instruction address generation and instruction memory access used to sup-
ply instructions (alluded to above in terms of the inter-task and intra-task components of a
multiscalar processor) is often referred to as program sequencing. In a conventional proces-
sor (such as a superscalar processor), program sequencing is usually performed with a single
program counter.

This program counter tracks the point to which the instruction supply mechanism has
progressed in the dynamic instruction sequence. The program counter is advanced through
the static representation of the program according to the dynamic path of execution. As the
program counter is advanced, the instruction memory is accessed to obtain the instructions
(and perhaps other information) that constitute the dynamic instruction sequence for the path
of execution.

In processor implementations that exploit instruction-level parallelism dynamically, pro-
gram sequencing is usually driven by aggressive control flow prediction and expeditious in-
struction memory access. The goal in this case is to build up a window on the dynamic
instruction sequence from which to find instructions for concurrent execution. The control
flow prediction speculates the dynamic path of program execution. The instruction memory
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access delivers the instructions (and perhaps other information) on this speculated dynamic
path to the processor.

The components that perform control flow prediction and instruction memory access must
usually be designed for high-bandwidth and low-latency operation so that many instructions
may be supplied quickly to the processor. These characteristics are often needed to allow a
dynamically scheduled processor to expose a window on the dynamic instruction sequence
of sufficient magnitude to exploit significant amounts of instruction-level parallelism.

5.2.1 Single versus Multiple Program Counters

The actual form that the demand for high-bandwidth and low-latency in the instruction supply
takes depends on the operation of the processor.

A conventional processor, such as a superscalar processor, uses a single program counter
to perform program sequencing because it views the dynamic instruction sequence as a single
region. Assuch, a conventional processor follows a single flow of control and exposes a single
window on the dynamic instruction sequence.

In contrast, a multiscalar processor divides the dynamic instruction sequence, and there-
fore views it as multiple regions (specifically, as tasks in this work). It uses multiple program
counters, one per task, to perform program sequencing in these regions. As such, a mul-
tiscalar processor follows multiple flows of control and exposes multiple windows on the
dynamic instruction sequence.

Though instruction bandwidth is usually increased for both approaches by predicting mul-
tiple control flow points per cycle and accessing multiple instruction cache blocks per cycle,
the design of the components to do so may be quite different according to whether a single
program counter or multiple program counters are used.

5.2.1.1 Using a Single Program Counter

Using a single program counter, as in a superscalar processor, the goal of the instruction sup-
ply is to deliver a single contiguous stream of instructions to the processor each cycle. In order
to increase the bandwidth with which instructions are supplied, it is necessary to increase the
length of the stream. The length of the instruction stream may be increased by predicting
several consecutive control flow points and performing several instruction memory accesses
each cycle. However, the mechanisms needed to do so using a single program counter may
be involved due to the serial nature of performing these operations, from both control flow
prediction and instruction memory access standpoints.

A typical control flow predictor is designed to predict only one control flow point per cy-
cle. Some attention has been given to predictor designs that perform two or more successive
predictions per cycle [19, 103], but these schemes seem to be limited to at most two or three
predictions per cycle. Moreover, these schemes often provide multiple predictions at the cost
of lower accuracy and/or higher complexity. Ultimately, the control flow predictor must sup-
port more predictions per cycle than these schemes do. However, a straightforward extension
of these schemes to perform an arbitrary number of predictions per cycle appears to be diffi-
cult, implying entirely new prediction schemes may be required for single program counter
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sequencing. In addition, it is likely that such complex predictors may entail long prediction
latency as compared to simpler alternatives. Yet, even if multiple predictions per cycle can
be made in an effective and efficient manner, there are still complications with regard to the
instruction memory accesses driven by them.

Though it is relatively straightforward to support multiple instruction memory accesses
per cycle with an appropriate cache organization, there are complications with forming a
single contiguous stream from the instructions delivered by multiple arbitrary cache accesses.
The layout of instructions in the static program does not usually match the dynamic path of
execution. Therefore, in order to turn multiple cache accesses into a contiguous stream of
instructions, the instructions returned from the caches must be merged and arranged properly.
In general, this operation requires an extensive alignment and reduction network that may be
both complex and slow. There has been some work on this problem [16,102], but as with
multiple predictions, it seems to be limited to at most two are three accesses per cycle, with
latency increasing according to the number of accesses handled. Trace caches have been
proposed to keep the latency of merging and arranging off of the critical path by caching
contiguous instruction traces [76], but their utility remains an open question because the
practical restrictions on trace length may limit the bandwidth and the actual hit rate of the
trace cache may limit its effectiveness.

5.2.1.2 Using Multiple Program Counters

Using multiple program counters, as in a multiscalar processor, the goal of the instruction
supply is to deliver multiple contiguous streams of instructions to the processor (for each of
the processing units) each cycle. In order to increase the bandwidth with which instructions
are supplied, it is necessary to increase the length of the streams, to increase the number
of streams, or both. Due to the complexities already described with increasing the length
of a single stream, it is preferable to increase the number of streams, which for a multi-
scalar processor implies an increase in the number of tasks and/or processing units. This
strategy provides a balanced approach in which increases in instruction and data processing
are matched with increases in instruction supply. Moreover, the mechanisms needed to do
so are straightforward due to the parallel nature of performing control flow prediction and
instruction memory access in an independent manner among the multiple program counters.

Of course, this type of parallel program sequencing (at the intra-task level) does require
some serial program sequencing (at the inter-task level) to provide the initial values (task
entry points) for the multiple program counters. However, the mechanisms involved for the
serial part are comparable to those used in conventional processors and need only perform
one control flow prediction and instruction memory access per cycle. Moreover, for the par-
allel part, the complex mechanisms developed to support multiple consecutive operations for
control flow prediction and instruction memory access may be replaced with simple mech-
anisms to support a single control flow prediction and instruction memory access per cycle.
To be specific, these simple mechanisms may be replicated, one for each program counter,
to perform multiple control flow predictions and instruction memory accesses in a parallel
rather than a serial manner. In this way, the potential complexity and latency difficulties of
increasing instruction bandwidth that plague single program counter sequencing may be held
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in check.

5.3 Multiscalar Requirements

In order to clarify the abstract concept of using multiple program counters, it is helpful to
describe in concrete terms the multiscalar requirements for the instruction supply.

5.3.1 Control Flow Prediction

As illustrated in Figure 5.2, inter-task (Inter Pred in the figure) predictions are performed
in a pipelined fashion one after another. Thus, the inter-task components of the hierarchi-
cal predictor need only support one control flow prediction per cycle. Since each inter-task
prediction provides another program counter (task entry) for sequencing, it triggers a string
of intra-task (Intra Pred in the figure) predictions that are performed one after another for a
particular task, but in parallel with the predictions for other tasks. Thus, the intra-task com-
ponents of the hierarchical predictor must support multiple control flow predictions per cycle,
one for each task. However, as described earlier, each sequence of predictions is independent
and may be performed by individual intra-task predictors that need only support one control
flow prediction per cycle.

Inter
+Pred

Intra | I nter
 Pred yPred

Intra | Intra | I nter
. Pred § Pred §Pred

Intra | Intra | Intra | Inter
y Pred § Pred | Pred 4 Pred

Intra | Intra | Intra | Intra | I nter
v Pred ¢ Pred | Pred | Pred  Pred
Intra | Intra | Intra | Intra
v Pred ¢ Pred | Pred | Pred

Figure 5.2: The control flow prediction requirements to support a multiscalar processor.
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5.3.2 Instruction Memory Access

As illustrated in Figure 5.3, task cache (Task $$$$ in the figure) accesses are performed in
a pipelined fashion one after another, corresponding to the inter-task predictions. Thus, the
inter-task components of the instruction memory need only support one instruction memory
access per cycle. Since each task cache access provides another task for sequencing, it triggers
a string of instruction cache (Inst $$$$ in the figure) accesses, corresponding to the intra-task
predictions, that are performed one after another for a particular task, but in parallel with the
accesses for other tasks. Thus, the intra-task components of the instruction memory must
support multiple instruction memory accesses per cycle, one for each task (or processing unit
if multiple tasks are assigned). However, as described above, each sequence of instruction
memory accesses is an independent stream and may be serviced by an appropriate cache
organization without the need to merge and arrange the instructions returned from the multiple
accesses into a single contiguous stream, as is needed for conventional processors.
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Figure 5.3: The instruction memory access requirements to support a multiscalar processor.

54 Concerns/Challenges

The combined behavior of the control flow prediction and instruction memory access mech-
anisms determine the characteristics of program sequencing and the performance that may
be obtained in terms of the instruction supply. Overall, the hierarchical instruction supply
of a multiscalar processor using multiple program counters alleviates the bottlenecks associ-
ated with the sequential instruction supply of conventional processors using a single program
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counter. Nevertheless, there are still some concerns/challenges associated with an instruction
supply of this design that must be addressed to ensure it functions effectively and efficiently.

5.4.1 Hierarchical Predictor

A side-effect of dividing the dynamic instruction sequence into tasks is that the control flow
points of the program are divided as well. Consequently, the control flow points seen by the
multiple predictors of a multiscalar processor do not correspond in number and/or sequence
to the control flow points seen by the single predictor in a conventional processor. Moreover,
the characteristics of the control flow points that are seen are different depending on whether
the inter-task predictor or the intra-task predictors are involved.

At the inter-task level, predictions are not made for individual control flow points. Tasks,
in general, are bounded by multiple control flow edges (otherwise tasks would be little more
than basic blocks). Thus, the inter-task predictor selects from among multiple (more than
two) control flow targets. At the intra-task level, because control flow is divided amongst
many processing units, the intra-task predictors observe only discontinuous portions of the
control flow behavior of a program. These differences raise concern about the accuracy with
prediction may be performed.

In the case of static prediction schemes, these factors ought to have little effect. However,
in the case of dynamic prediction schemes, which rely on the record of control flow behavior,
prediction accuracy might suffer. The observable control flow from the inter-task viewpoint
is the outcome of selected (not usually adjacent) control flow points. The observable control
flow from the intra-task viewpoint is the remaining control flow points between those selected
as task boundaries. Thus, the inter-task and intra-task prediction decisions may have to be
made from incomplete information; only the control flow record of tasks which executed on
the particular processing unit can be easily maintained.

Considering the role speculation plays in multiscalar execution, the accuracy is an im-
portant factor for overall performance. The inter-task prediction mechanism must be very
accurate to give good performance. Poor inter-task control flow prediction limits the extent
of the dynamic window of instructions, decreasing the exposed parallelism across tasks. The
intra-task prediction mechanism can tolerate inaccuracy, but accuracy is still an important
factor for good performance. Poor intra-task control flow prediction delays the execution of
individual tasks, and thereby aggravates control and data dependences between tasks, increas-
ing the execution time overall.

5.4.2 Instruction Memory

With respect to the instruction memory, the concern is simply the bandwidth and latency of
access. Obviously, the use of cache memory is the best known method to increase bandwidth
and/or to decrease latency. So long as spatial and/or temporal locality exists in the dynamic
instruction sequence, caches represent an effective technique for this purpose. However, in
a multiscalar processor, there are two types of access, inter-task and intra-task. Because
each type of access has different characteristics from one another as well as from the type of
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accesses performed in conventional processors, there is some concern about the design of the
caches to service them.

5.4.2.1 Task Cache

The task cache that services the inter-task accesses is relatively straightforward because it
need only support a single access per cycle. Nonetheless, the task cache is the critical path
in terms of exposing the sequence of tasks that constitute the dynamic instruction sequence.
The bandwidth to the cache is not a concern, but the latency to the cache certainly might be
because task assignment can only continue at the rate task descriptors can be made available
from the task cache. An increase in the task cache access latency can have a multiplicative
effect on the number of processing unit cycles spent as idle time when the processor must
wait to assign tasks to execute.

The impact of these idle processing units cycles on overall performance depends in part
on the tasks themselves and in part on their execution. If the tasks are big relative to the idle
cost, then the idle cost may be only an insignificant fraction of the overall execution time.
However, if the tasks are small relative to the idle cost, then the processing unit idle time
may dominate the execution time. Moreover, the frequency of events such as dependence
violations can influence the impact of the idle processing unit cycles. To be specific, such
events cause the sequence of task to be flushed from the processor. Therefore, regardless of
whether tasks are big or small, the processor must incur the latency of task re-assignment to
the processing units.

5.4.2.2 Instruction Cache

The instruction caches that service the intra-task accesses are somewhat more involved be-
cause of the need to support multiple accesses per cycle. In particular, the concern is how
to make the trade-off between hit rate and hit latency in providing adequate bandwidth to
the processing units using (two widely studied high-bandwidth cache organizations) either a
shared instruction cache scheme (of interleaved caches) or a private instruction cache scheme
(of duplicated caches). The nature of multiscalar execution is such that not all instructions
from the dynamic instruction sequence factor into the instruction memory access character-
istics of an individual processing unit. Each processing unit only executes the portion of the
dynamic instruction sequence represented by its task.

As aresult, the instruction memory access characteristics of private caches, one connected
to each processing unit, may be quite different from those of shared caches connected to all
processing units. To be specific, accesses of the same instructions may miss in different
private caches and/or replacements of instructions may occur before a profitable reuse. In
contrast, though the accesses may hit in the shared caches, there is an inherent latency of
traversing the interconnect in such an organization as well as the additional latency due to
handling conflicts with multiple accesses to the same cache. However, instruction memory
accesses may occur in parallel among processing units and may be pipelined within a pro-
cessing unit, so the overall performance may not be as sensitive to instruction cache latency
as to task cache latency.
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5.5 Hierarchical Predictor Design

Up to this point, the control flow in a program has not been differentiated in any particular
way. However, there are usually many different types of control flow in a program: condi-
tional branches, unconditional branches, indirect jJumps, procedure calls, procedure returns,
etc. As different types of control flow exhibit different types of behavior, no single mecha-
nism suffices for all cases. A comprehensive prediction mechanism relies on a collection of
techniques to provide the best performance: (i) branch prediction for conditional branches
[48,54, 66, 80, 103], (ii) call/return stack for procedure calls and procedure returns [42], and
(iii) branch target buffer for indirect changes in control [12, 48].

The focus in this work is on predictors as unified mechanisms to generate addresses for
instruction memory accesses. As a result, these predictor components are considered collec-
tively as parts of a comprehensive control flow prediction mechanism rather than individually
as separate mechanisms (though all of the different types of control flow are handled as ap-
propriate). Recall, that a multiscalar processor employs a hierarchical prediction mechanism,
with a single inter-task predictor for all processing units that drives multiple intra-task pre-
dictors for each processing unit.

The inter-task aspect of hierarchical prediction was originally reported in the literature by
Pnevmatikatos, Franklin, and Sohi [70], and later by Jacobson, Bennett, Sharma, and Smith
[37]. The intra-task aspect, on the other hand, has not been reported in the literature. The
hierarchical predictor designs studied here consider the two aspects as parts of one prediction
mechanism. Moreover, as this work shows in the evaluation, both the inter-task and intra-task
aspects of hierarchical prediction are important factors in terms of processor performance.

The components used to design the inter-task and intra-task predictors may be taken from
existing technology, though modifications and different organizations are necessary to adapt
them for use in the hierarchical predictor of a multiscalar processor. To show this adaptation,
the hierarchical predictor design is considered in two parts. First, the basic control flow
prediction concepts and components are discussed with respect to the schemes studied in this
work. Second, the modifications necessary to adapt the schemes for use in the inter-task
predictor or the intra-task predictors of a multiscalar processor are described.

5.5.1 Control Flow Prediction

A comprehensive control flow prediction scheme provides a means of generating addresses
in order to allow a processor to move through a program control flow graph in a speculative
manner. The basic components of such a scheme are shown in Figure 5.4. A supplied address
is provided to an index mechanism which constitutes the first level of prediction. The index
produced by this mechanism is used to access the prediction state which makes up the second
level of prediction. An entry (or possibly several entries depending on the organization of the
prediction state) driven by a simple automaton performs a prediction based on target, address,
and type information maintained as part of the prediction state. Each of these major aspects
of control flow prediction are described in the text that follows.

Before moving on to this description, it is worth pointing out that control flow prediction
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has its basis in branch prediction. (The principal distinction is that control flow prediction
predicts addresses not just the directions of branches.) One of the first studies of branch
prediction techniques, performed by Smith [80], investigated using static heuristics as well as
simple automata to select between taken and not taken paths of conditional branches. Branch
prediction later evolved into so-called two-level branch predictors as proposed by Yeh and
Patt [103] as well as Pan, et al [66]. These designs are widely considered to be the most
accurate forms of branch prediction and have been implemented in some form in almost all
major microprocessors.

5.5.2 Index Mechanism

The first level of control flow prediction is the index mechanism that provides an index into the
second level. The index mechanism is a hashing function of some kind, simple or complex,
that takes a control flow stream, divides it into sub-streams, and attempts to direct each sub-
stream to a predictor that best captures its behavior. A number of basic strategies (with
a plethora of variations) have been proposed. Figures 5.5, 5.6, and 5.7 illustrate the best
known index mechanisms from the literature. The descriptions that follow review these index
mechanisms and discuss the intuition behind them. These mechanisms are described in terms
of their basic workings, not their specific implementation details. References to consult for
this information are provided where relevant in the text.

5.5.2.1 Address-Based

An address-based (identified as addr) index mechanism is a simple hashing function that
divides the control flow stream based on the program counter associated with a particular
control flow point. An illustration of this approach is given in Figure 5.5. The figure shows
I bits from the supplied address being XORed with I bits from an optional skewing mask
to produce an index to the prediction state. This approach, originally described by Smith
[80], ideally forms one sub-stream for each static control flow point in the program. The
intuition behind this divider is that each control flow point should have its own predictor
because the characteristics and past history of this control flow point are a good predictor of
its future behavior. More complex approaches that further subdivide the control flow stream
(as described below) can provide a finer decomposition to increase predictability.

5.5.2.2 Pattern-Based

A pattern-based index mechanism divides streams based on the patterns of taken and not
taken outcomes associated with some number of preceding control flow points. One strategy
to divide streams for a particular control flow point based on patterns is to use some number
of the last instances of its own execution. This approach, originally described by Yeh and Patt
[103], does not exploit any correlation to other control flow points. Instead, it is designed to
exploit repeating patterns in the execution of a single control flow point. Hence, this approach
is referred to as a self-pattern-based (identified as spat) index mechanism.
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Another strategy to divide streams for a particular control flow point based on patterns is
to use some number of preceding control flow point executions (whether the same or different
instructions). This approach, referred to as a global-pattern-based (identified as gpat) index
mechanism and originally described by Pan, So, and Rahmeh [66], divides streams differently
than the self-pattern approach. The intuition behind this approach is that sections of code
deal with related information, so control flow points dependent on a particular condition are
likely to be placed near control flow points for related conditions. Exploiting the correlation
between these conditions may lead to more accurate prediction [104, 106].

An illustration of this approach is given in Figure 5.6. The figure shows N target patterns
assembled in a pattern register. Each target pattern provides B bits, for a total of I bits,
which are XORed with I bits from the supplied address (a technique introduced by McFarling
with the gshare predictor [53]) to produce an index to the prediction state . Each successive
prediction shifts its target pattern into the pattern register such that the target patterns of
the earliest predictions occupy the highest numbered positions in the pattern register. The
difference between a self-pattern-based and a global-pattern-based design is whether a single
or multiple pattern registers are used. The self-pattern-based strategy uses multiple pattern
registers, ideally one for each control flow point. The global-pattern-based strategy uses a
single pattern register, one for all control flow points.

5.5.2.3 Path-Based

A path-based (identified as path) index mechanism divides streams for a particular control
flow point based on the execution path associated with some number of preceding control
flow points. A path differs from a pattern because it comprises the program counter addresses
of the control flow points, not the directions (taken or not taken) chosen as a result of their
execution. This approach was originally studied by Nair [59]. The intuition behind this
approach is that the use of program counter addresses of control flow points creates a more
accurate representation of program control flow than do execution patterns of control flow
point directions. Creating a better representation of program control flow may provide a
better association between control flow points and predictors that capture their behavior.

An illustration of this approach, in particular the scheme developed by Jacobson, Bennett,
Sharma, and Smith [37], is given in Figure 5.7. The figure shows D control flow point ad-
dresses assembled in a path register. The supplied address provides C bits from the control
flow point being considered, the latest address in the path register provides L bits, and the
other addresses in the path register provide O bits. Depending on the total number of bits
provided, the collection of bits is separated into a number of parts of | bits each and XOR
folded that many times to produce an index to the prediction state. Each successive predic-
tion shifts its address into the path register such that the addresses of the earliest predictions
occupy the highest numbered positions in the path register.

5.5.3 Prediction State

The second level of control flow prediction is the prediction state that provides the actual
prediction. The prediction state comprises target, address, and type information as well as



118

automata to control updates to the prediction state. This collection of prediction state may be
organized as a single structure [105] or as multiple structures [14]. The choice, however, is
an implementation decision whose impact on overall performance depends on the specifics
of the implementation. The purpose of this description is to explain the components of the
prediction state in basic terms, so no distinction is made between these two choices.

5.5.3.1 Target

The target component of the prediction state records a target identifier for control flow points
that select between two or even several possible control flow paths. In conventional control
flow prediction designs this component is used to indicate the taken or not taken path for
conditional branches for a prediction and is usually given implicitly by the automata used
(discussed below). In a multiscalar control flow prediction design it is used to indicate one
of many possible task exits identified by the compiler and is usually given explicitly with the
automata used. It is not strictly needed for other control flow types that can only direct control
flow along one path as a result of their execution. All indirect forms of control flow do not
require this component since these instructions can only follow one control path as a result
of their execution, even though each execution may direct control flow to different program
locations (i.e., a jump through a register has only one target, but the target may correspond to
many program locations depending on the register value).

5.5.3.2 Address

The address component of the prediction state provides the address to which control flow is
directed in advance of the actual calculation of this address by the associated control flow
instruction. In general, there is some delay between the time a control flow point is encoun-
tered and the time the address to which it redirects control is computed. Keeping the address
associated with prior behavior of a control flow point allows expeditious prediction of its
control flow address when it is encountered again. For most control flow types, the address is
just maintained in a structure that is accessed as needed. However, for procedure returns, the
address is best maintained in a return address stack since this structure captures the behavior
of procedure calls and returns with much greater accuracy [42] than a branch target buffer.

55.3.3 Type

The type component of the prediction state allows the control flow prediction to differentiate
between different types of control flow points. Because different types of control flow exhibit
different types of behavior (e.g. a conditional branch as compared to a procedure return), no
single strategy suffices for all cases. Knowing the type of the control flow to be predicted
allows the appropriate action to be taken during control flow prediction. For instance, know-
ing that the control flow to be predicted is a procedure return may allow the predictor to
choose the return address stack instead of the branch target buffer as the source for a pre-
dicted address. The type information must usually be provided before the control flow point
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is encountered to be of profitable use. This type information may maintained in a structure or
determined in some other more speculative fashion.

5.5.3.4 Automata

The automata component of the prediction state in a sense drives the other three compo-
nents since it directs updates to the other prediction state components. The most widely used
automaton is the saturating up/down counter. The counter is incremented (not beyond its
maximum value) on correct predictions and is decremented (not beyond its minimum value)
on incorrect predictions. Above some threshold counter value, the confidence in the existing
information in the prediction state is strengthened. Below this threshold, the confidence in
the existing information is weakened and at some point replaced with new information.

5.5.4 Multiscalar Considerations

A hierarchical predictor (one using multiple program counters) may be designed from se-
quential predictors (ones using a single program counter) in a straightforward manner. The
inter-task portion of the predictor consists of a sequential predictor based on one of the de-
signs described above. Likewise, each intra-task portion of the predictor consists of such a
sequential predictor as well. Each sequential predictor is in turn modified in a few simple
respects (as described below) to accommodate specific differences from its old role as an
individual sequential predictor to its new role as part of a hierarchical predictor.

The main difference in these roles is that the number and sequence of control flow points,
as seen by the index mechanism and prediction state of the predictor, are changed. Each
predictor now has an incomplete view of the control flow that led to the control flow point
that must be predicted. In the case of inter-task predictions, there are gaps (possibly large) in
the observed control flow points. In the case of intra-task predictions, only short sequences
of control flow points are seen. In addition, because there are multiple intra-task predictors,
the gaps between these short sequences may contain a considerable number of control flow
points.

5.5.4.1 Inter-Task Predictor

The existence of gaps in observed control flow points (because of arbitrary internal task con-
trol flow) means that the inter-task predictor must accommodate multiple targets for each
control flow point predicted. With respect to traditional prediction, multiple targets implies
more than two. The hierarchical predictors studied in this thesis handle at most four targets.
The changes to the index mechanism to support multiple targets are minor for pattern-based
designs and only involve increasing the number of bits used to represent a target pattern in
the pattern register and the distance of the shift when a target is put into the pattern register.
The index mechanisms for path-based and address-based designs require no changes.

The target component of the prediction state must likewise support an increased number of
bits for the target identifier. In addition, the address and type components must be replicated
for each of the multiple targets. Because the multiscalar processor organizations studied
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in this thesis rely on the compiler to provide the type and address information in the task
header inserted directly into the program binary, this information is maintained in a separate
task cache (already described) rather than in the prediction state. The prediction state does,
however, still maintain addresses for indirect control flow (which cannot be provided by the
compiler) and a return address stack for function returns. The automata component does not
require any change.

5.5.4.2 Intra-Task Predictor

The intra-task predictor itself does not require any change to its index mechanism or predic-
tion state since the control flow predictions it performs are similar to those it was intended
for in conventional processors. Nevertheless, because only short sequences of control flow
points are seen by the intra-task predictor, it is difficult to achieve any correlation with preced-
ing control flow points, whether the same or different instructions; these preceding control
flow points are seen by the inter-task predictor or by another intra-task predictor. Without
correlation of some kind, an intra-task predictor that uses a sophisticated index mechanism
may not work as well as intended or in the worst case may perform worse than if a simple
index mechanism is used. A means of addressing this issue is to incorporate some inter-
task information into the intra-task information in hopes of achieving a profitable degree of
correlation.

A basic approach that is applicable to all combinations of inter-task and intra-task index
mechanisms is to use the index produced by the inter-task index mechanism as an additional
input to the XOR operation performed by the intra-task index mechanism. This approach
offers only a limited amount of correlation, though, since the inter-task information does not
really become a part of the intra-task information. Nonetheless, this approach is the only
option, unless both the inter-task and the intra-task predictors use correlation based on the
behavior of the most recent preceding control flow points, as path-based and global-pattern-
based approaches do. The address-based and self-pattern-based approaches do not maintain
control flow history in a way that it can be incorporated into an intra-task predictor or in a
way that it can be incorporated into from an inter-task predictor.

Using just a combination of path-based and/or global-pattern-based predictors, though,
a more sophisticated approach incorporating inter-task information into the intra-task infor-
mation may be constructed. In the straightforward cases where the inter-task and intra-task
predictors are of the same type, the inter-task path/pattern register information (from the time
the prediction for a task is made) is copied into the intra-task path/pattern register associated
with the execution of the task. Thus, the intra-task predictor simply appears to be a continua-
tion of the inter-task predictor. In the more complex cases where the inter-task and intra-task
predictors are not of the same type, these approaches are not always applicable. Specifically,
an inter-task global-pattern-based predictor cannot provide enough information to fill the path
register for an intra-task path-based predictor. Ironically, an inter-task path based predictor
provides too much information to fill the pattern register for an inter-task global-pattern-based
predictor. However, the index produced by the path-based predictor may be used instead to
fill the global-pattern-based predictor.
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5.6 Hierarchical Predictor Evaluation

The hierarchical predictor evaluation is divided into three parts to better understand the indi-
vidual as well as the collective influence of hierarchical predictor design factors.

First, an inter-task study is performed to focus on the extent to which inter-task prediction
affects the execution of the processor. Second, an intra-task study is performed to focus
on the extent to which intra-task prediction affects the execution of the processor. For both
studies, the evaluation involves varying the prediction schemes for the inter-task and intra-
task predictors to explore the range of behavior with the path-based, global-pattern-based,
self-pattern-based, and address-based alternatives described earlier.

To separate inter-task from intra-task effects, each of these aspects of hierarchical predic-
tion is studied in isolation of the other by using a perfect prediction mechanism for the aspect
not under consideration. Thus, for the inter-task portion of the study, a perfect mechanism is
used for intra-task prediction, and similarly for the intra-task portion of the study, a perfect
mechanism is used for inter-task prediction. For the most part, the inter-task and intra-task
predictors are independent of one another, so this approach does reflect the expected charac-
teristics of the predictors when combined.

The third part of the evaluation puts together the results of the inter-task and the intra-
task studies to select the best combination of schemes, matching the best inter-task predictor
with the best intra-task predictor, for further evaluation. In particular, this part studies the
behavior of the predictor overall and its impact on processor performance (with no perfect
mechanisms of any kind). In addition, this part of the evaluation examines the effect of the
amount of predictor state on the behavior of the predictors by varying the amount devoted to
each type of predictor for a full range of inter-task and intra-task designs.

5.6.1 Metrics

The metric of most significance for the hierarchical predictor (as for any processor compo-
nent) is its impact on processor performance. As a result, the actual processor performance
given as the harmonic mean (HMEAN) of instructions per cycle (discussed in Section 4.6.1)
is provided for this evaluation. Even so, it is still often useful to consider a non-performance
oriented metric to compare the behavior of different predictors. Thus, this evaluation also
provides the misprediction ratio — the number of mispredictions per prediction performed by
the predictor — of the various hierarchical predictor configurations studied.

The misprediction (and the prediction) counts are based on those observed for the use-
ful tasks and the useful instructions from a program execution run. Any predictions beyond
a misprediction are not counted as a part of the misprediction ratio. This misprediction ra-
tio is given as the unweighted arithmetic (as opposed to the harmonic or geometric) mean
(AMEAN) for each of the two groups of benchmarks, SPEC CINT95 and SPEC CFP95, be-
cause the misprediction ratio is proportional to the program execution time; it should not be
weighted because each benchmark program is meant to be representative of a particular type
of (integer or floating point) application independent of the number of instructions it executes
for its particular input.
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5.6.2 Inter-Task Study

This part of the hierarchical predictor evaluation isolates the effect of the inter-task predictor
from the intra-task predictor by using an intra-task predictor which provides perfect prediction
accuracy. Since only the hierarchical predictor is under consideration, the other components
of a multiscalar processor are held constant as given by the standard configuration shown in
Table 3.11 of Chapter 3.

5.6.2.1 Configurations

One configuration from each of the four strategies described earlier are considered for the
index mechanism of the inter-task predictor. The amount of the prediction state is not varied
in this study, but will be in the overall consideration of the hierarchical predictor. Thus,
for this part of the evaluation, each index mechanism produces a 16-bit index for the 64K-
entry prediction state (described below); that is, 1=16 from Figures 5.5, 5.6, and 5.7. In all
descriptions below, an address is shifted right 2 bits (since addresses are word aligned, and
this portion of the address provides no useful information).

For the address-based, addr, design, the low order 16 bits of the supplied address are
used as an index; no skewing mask is used, so no XOR operation is performed. For the
pattern-based designs, the pattern register contains N=8 target patterns with B=2 bits from
each pattern for a total of 16 bits. For the self-pattern-based, spat, design, 1K pattern reg-
isters are provided and indexed with the low order 10 bits of the supplied address; no XOR
operation is performed. For the global-pattern-based, gpat, design, one pattern register is
provided and XORed with the low order 16 bits of the supplied address. For the path-based,
path, design, the path register contains D=7 addresses with L=6 bits from the latest address
and O=3 bits from other addresses. The supplied address provides C=8 bits from the control
flow point being considered. This configuration produces a total of 32 bits which are split
into two parts of 16 bits and XORed.

Much of the inter-task control flow information is provided by the compiler in the form
of task descriptors inserted into the code. These task descriptors are held in the task cache,
which maintains addresses and a type specifier for each of the four possible task targets. A
common task cache configuration of 1024 entries with 64 byte task descriptors using 2-way
associativity and least recently used replacement supports the evaluation of each predictor
type. The task cache eliminates the need to maintain addresses for non-indirect control flow
and types for all control flow in the inter-task prediction state. The rest of inter-task control
flow information is maintained as part of the prediction state. A common 64K-entry inter-
task prediction state configuration accessed via the index provided is used to evaluate each
predictor type. Each entry of the inter-task prediction state contains a 2-bit predicted target
identifier for one of the four possible targets, a predicted address for indirect control flow
(aligned, so minus the two low-order bits), and a 2-bit saturating up/down counter with pre-
dicted target or address replacement occurring upon update if the counter is zero (roughly 34
bits per entry).
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5.6.2.2 Results

Figures 5.8 and 5.9 give the inter-task misprediction ratios for different prediction schemes
for the SPEC CINT95 and the SPEC CFP95 benchmarks, respectively. All of the predictors
provide nearly the same prediction accuracy regardless of the processing unit configuration
studied, though the spat design seems to have somewhat higher accuracy (fewer mispredic-
tions) with smaller numbers of tasks. (This effect is related to tasks, not processing units,
since the 4 processing unit designs running multiple tasks suffer degraded accuracy.)

For the integer benchmarks, path is almost always the most accurate design, but gpat is
nearly as accurate. The other designs, addr and spat, are consistently less accurate (more
mispredictions), sometimes by a significant amount, 0.12 compared to 0.06 mispredictions
per prediction. For the floating point benchmarks, the addr design stands out as being less
accurate than the other designs, though the absolute amount is only about 0.04 compared to
0.02 mispredictions per prediction. The path and gpat designs have the same behavior as for
the integer benchmarks. However, the spat design sometimes performs somewhat better or
somewhat worse than these design depending on the number of tasks.

Figures 5.10 and 5.11 give the performance in instructions per cycle with each of the
different inter-task predictors for the SPEC CINT95 and the SPEC CFP95 benchmarks, re-
spectively. In addition to each of the predictor designs studied, the performance using a per-
fect inter-task prediction mechanism, perf, is shown. For the floating point benchmarks, the
performance is nearly the same regardless of the predictor design used, even for the perfect
predictor. In contrast, for the integer benchmarks, performance correlates with the mispredic-
tion ratios. Yet, the impact of the prediction accuracy is clearly dependent on the number of
tasks that run in parallel as well as the policy with which the tasks are run (for the configura-
tions that support multiple tasks per processing unit).

In particular, the gap between the performance using predictors of different accuracy in-
creases as the number of tasks run in parallel increases. The 2 processing unit configuration
(m2) shows little difference in performance between the more and less accurate predictors,
even for the perfect predictor. However, the 16 processing unit configuration (m16) shows a
difference in performance of 0.50 instructions per cycle or 17% between the more and less
accurate predictors, with an even greater difference for the perfect predictor of 1.50 instruc-
tions per cycle or 50%. The same kind of performance difference is seen in going from 2 to
4 tasks running per processing unit and in going from running these tasks one-at-a-time to
all-at-once.

5.6.3 Intra-Task Study

As in the inter-task study, the effect of the intra-task predictor is isolated from the inter-
task predictor. This isolation is accomplished in the same way as for the inter-task; that
is, the inter-task predictor is made to have perfect prediction accuracy, while the various
alternatives for the intra-task predictor are evaluated. Again, as in the inter-task study, the
standard configuration shown in Table 3.11 of Chapter 3 is assumed for the other components
of a multiscalar processor since only the hierarchical predictor is under consideration here.
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Figure 5.8: SPEC CINTO95 inter-task misprediction ratio for different inter-task prediction
schemes.
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schemes.
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Figure 5.10: SPEC CINT95 performance for different inter-task prediction schemes.
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Figure 5.11: SPEC CFP95 performance for different inter-task prediction schemes.
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5.6.3.1 Configurations

One configuration from each of the four strategies described earlier are considered for the
index mechanism of the intra-task predictor. The amount of prediction state for each intra-
task predictor is not varied in this intra-task study (just as it is not in the inter-task study).
For this part of the evaluation, each index mechanism produces a 16-bit index for the 64K-
entry prediction state (described below); that is, 1=16 from Figures 5.5, 5.6, and 5.7. In all
descriptions below, an address is shifted right 2 bits (since addresses are word aligned, and
this portion of the address provides no useful information). All predictors are configured in
the same manner as described for the inter-task study except for the differences described
below.

The pattern register for the pattern-based designs holds twice as many target patterns with
half as many bits from each pattern because intra-task target identifiers are only a single
bit (taken or not taken); in the terminology used in the inter-task description, the pattern
register contains N=16 target patterns with B=1 bit from each pattern for a total of 16 bits.
As described earlier, inter-task information is incorporated into the intra-task information to
improve control flow correlation. Since the inter-task control flow information is provided by
a perfect prediction mechanism for the intra-task study, it is assumed that the path register
from the path-based design is used to hold the control flow addresses of all recent control
flow points.

The inter-task information is used in conjunction with all of the intra-task predictors.
For the address-based, addr, and self-pattern-based, spat designs, the index provided by
the inter-task index mechanism is XORed with the index provided by the intra-task index
mechanism. For the global-pattern-based, gpat, design, the index provided by the inter-task
index mechanism is written into the intra-task pattern register when the task is assigned. For
the path-based, path, design, the inter-task path register is written into the intra-task path
register when the task is assigned.

None of the intra-task control flow information is provided by the compiler as for the
inter-task control flow. Thus, all intra-task control flow information is maintained within the
prediction state. A 64K-entry intra-task prediction state configuration accessed via the in-
dex provided is used to evaluate each predictor type. Each entry of the intra-task prediction
state contains a 1-bit predicted target identifier for one of two possible targets (for conditional
branches), a predicted address (aligned, so minus the two low-order bits), an encoded con-
trol flow type field, and a 2-bit saturating up/down counter with predicted target or address
replacement occurring upon update if the counter is zero (roughly 35 bits per entry).

5.6.3.2 Results

Figures 5.12 and 5.13 give the intra-task misprediction ratios for different prediction schemes
for the SPEC CINT95 and the SPEC CFP95 benchmarks, respectively. All of the predictors
provide somewhat lower prediction accuracy (more mispredictions per prediction) as more
processing units are used, except for the case of 2 processing units (m2) which goes against
this trend. The spat design is particularly influenced by this effect, with the prediction accu-
racy changing from 0.10 or 0.25 mispredictions per prediction for integer and from 0.02 to
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0.06 mispredictions per prediction for floating point in going from 2 to 16 processing units,
while the path, gpat, and addr designs change by less than 0.01 mispredictions per predic-
tion (in absolute terms) for both integer and floating point. (Unlike the inter-task case, this
effect in this intra-task case is related to processing units not tasks, since the 4 processing unit
designs running multiple tasks do not suffer degraded accuracy.)

For the integer benchmarks, gpat is almost always the most accurate design, but path
and addr are nearly as accurate. The spat design is consistently less accurate, sometimes
by a significant amount, nearly as much as 0.20 mispredictions per prediction. For the float-
ing point benchmarks, The path and gpat designs have the same behavior as for the inte-
ger benchmarks. However, the addr design has somewhat lower prediction accuracy, about
0.01 mispredictions per prediction, compared to these two for the floating point benchmarks
though it had comparable accuracy on the integer benchmarks. The spat is consistently less
accurate than the other designs, but not as much so on the floating point as on the integer
programs.

Figures 5.14 and 5.15 give the performance in instructions per cycle with each of the
different intra-task predictors for the SPEC CINT95 and the SPEC CFP95 benchmarks, re-
spectively. In addition to each of the predictor designs studied, the performance using a
perfect intra-task prediction mechanism, perf, is shown. As for the inter-task predictor, the
performance on the floating point benchmarks is nearly the same regardless of the intra-task
predictor design used, even for the perfect predictor. As before, for the integer benchmarks,
performance correlates with the misprediction ratios. While the impact of the prediction ac-
curacy is clearly dependent on the number of tasks that run in parallel as well as the policy
with which the tasks are run (for the configurations that support multiple tasks per processing
unit), it much less so for intra-task than for inter-task predictors.

Just as for the inter-task predictor, the gap between the performance using intra-task pre-
dictors of different accuracy increases as the number of tasks run in parallel increases. The 2
processing unit configuration (m2) shows little difference in performance between the more
and less accurate predictors, even for the perfect predictor. However, the 16 processing unit
configuration (m16) shows a difference in performance of 0.50 instructions per cycle or 13%
between the more and less accurate predictors, with an even greater difference for the perfect
predictor. The same kind of performance difference is seen in going from 2 to 4 tasks running
per processing unit and in going from running these tasks one-at-a-time to all-at-once, but it
is a very small difference. Furthermore, the difference overall is much smaller for intra-task
than for inter-task prediction, even though the prediction accuracy between more and less
accurate predictors is much larger, 0.15 to 0.20 mispredictions per prediction for intra-task
predictors and only 0.06 mispredictions per prediction for inter-task predictors.

5.6.4 Overall

Overall, the inter-task and intra-task studies indicate that performance is more sensitive to
the prediction accuracy the more aggressive the processor design used (as far as the number
of processing units, the number of tasks, and/or the policy for running multiple tasks per
processing unit). Moreover, performance is more sensitive to the prediction accuracy of the
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Figure 5.12: SPEC CINT95 intra-task misprediction ratio for different intra-task prediction
schemes.
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schemes.
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Figure 5.14: SPEC CINT95 performance for different intra-task prediction schemes.
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inter-task predictor than the intra-task predictor. This behavior is consistent with the fact
that parallelism is exposed among processing units by the inter-task predictor and within an
individual processing unit by the intra-task predictor.

Up to this point, the hierarchical predictor has not been evaluated with real mechanisms
for both the inter-task and the intra-task prediction. In the earlier studies, a perfect mechanism
was used for the aspect not under consideration. Sometimes in the studies there are several
predictors that perform nearly as well. Nonetheless, for the purpose of an overall evaluation,
only one predictor type is chosen for each aspect of hierarchical prediction. For the inter-task
aspect, the path predictor is chosen as the best mechanism. For the intra-task aspect, the gpat
predictor is chosen as the best mechanism.

5.6.4.1 Configurations

Using the combination of a path-based inter-task predictor and global-pattern-based intra-
task predictors chosen from the results of the inter-task and intra-task studies, a range of a
hierarchical predictor designs may be evaluated. In particular, the amount of prediction state
that is devoted to each aspect of hierarchical prediction is varied to study the effect that this
parameter of the predictor has on prediction accuracy as well as overall performance. Recall
that for the inter-task and intra-task studies, all predictor designs used a 64K-entry prediction
state for each predictor, where an inter-task entry was roughly 34 bits and an intra-task entry
was roughly 35 bits. For this part of the evaluation, the prediction state for the inter-task
predictor as well as the intra-task predictors is varied among 8K-entry, 16K-entry, 32K-entry,
and 64K-entry to evaluate hierarchical predictors that comprise the cross-product of these
sizes (a total of 16 different configurations).

The inter-task and intra-task predictors are configured similarly as described in the earlier
studies. For the path-based, path, inter-task design, the path register is maintained exactly as
described in the inter-task study (D=7, L=6, O=3, C=8). The index is produced in the same
way as well to provide 16 bits with which to access the prediction state. However, only the
number of bits needed for the amount of state are used for an index. The 8K-entry prediction
state uses the low 13 bits, the 16K-entry prediction state uses the low 14 bits, the 32K-entry
prediction state uses the low 15 bits, and the 64K-entry prediction state uses all 16 bits. For
the global-pattern-based gpat intra-task design, the pattern register and index are provided
exactly as described for the intra-task study. Again, though, only the number of bits needed
for the amount of prediction state, as described above for the inter-task index, are used for the
intra-task index.

5.6.4.2 Inter-Task Results

The inter-task results are gathered in two steps. First, to study different inter-task predictor
sizes for a range of processing unit configurations, the results focus on designs where the
intra-task prediction state is fixed to 64K-entry, while the inter-task prediction state is varied
as 8K-entry, 16K-entry, 32K-entry, and 64K-entry. Second, once the trends for different
processing configurations have been established, the results focus on one processing unit
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configuration, 16 processing units, to study different inter-task predictor sizes in conjunction
with different intra-task predictor sizes.

Figures 5.16 and 5.17 give the misprediction ratio and the performance in instructions per
cycle, respectively, with each of the different inter-task predictor sizes for the SPEC CINT95
benchmarks. The misprediction ratio increases steadily as the inter-task predictor size is
halved. However, the magnitude of this difference is not that significant. Comparing the
smallest (8K-entry) to the largest (64K-entry) predictor, the difference is less than 0.012 mis-
predictions per prediction. Moreover, the overall performance shows relatively insignificant
differences between the different predictor sizes, though the differences do increase as the
number of tasks in concurrent execution is increased (as described earlier).

Figures 5.18 and 5.19 focus on the 16 processing unit configuration for the SPEC CINT95
results just described. In the earlier results, the intra-task prediction state was fixed at 64K-
entry. Now, the intra-task prediction state is varied among 8K-entry, 16K-entry, 32K-entry,
and 64K-entry as well. The inter-task misprediction ratio is not influenced by the changes
to the intra-task predictor size, as expected if the two types of prediction are more or less
independent. However, the overall performance does change because it is dependent on the
behavior of both predictors. As shown in the figure, there is a steady increase in performance
as the intra-task predictor size is increased which is fairly constant as the inter-task predictor
size is increased. Overall, the performance difference between the smallest (8K-entry inter-
task and intra-task predictors) and the largest (64K-entry inter-task and intra-task predictors)
combined designs is around 0.20 instructions per cycle or somewhat less than a 10% increase.

Figures 5.20 and 5.21 give the misprediction ratio and the performance in instructions per
cycle, respectively, with each of the different inter-task predictor sizes for the SPEC CFP95
benchmarks. The misprediction ratio does not show significant and/or consistent differences
as the inter-task predictor size is halved. Note that, for the scale of the graph, the magnitude
of these differences is only around 0.001 mispredictions per prediction comparing the small-
est (8K-entry) to the largest (64K-entry) predictors. Nonetheless, there does seem to be an
overall trend that the misprediction ratio decreases as the number of tasks in concurrent ex-
ecution. Looking at the overall performance, there is no distinguishable differences between
the different predictor sizes.

Figures 5.22 and 5.23 focus on the 16 processing unit configuration for the SPEC CFP95
results just described. In the earlier results, the intra-task prediction state was fixed at 64K-
entry. Now, the intra-task prediction state is varied among 8K-entry, 16K-entry, 32K-entry,
and 64K-entry as well. The inter-task misprediction ratio is not influenced by the changes
to the intra-task predictor size, as expected if the two types of prediction are more or less
independent. Note again that, for the scale of the graph, the magnitude of these differences
is less than 0.0005 mispredictions per prediction comparing the smallest (8K-entry) to the
largest (64K-entry) inter-task predictors. Though, the overall performance is dependent on
the behavior of both predictors, it does not change much here because the intra-task prediction
accuracy does not change much for different intra-task predictor sizes (as discussed next).
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Figure 5.16: SPEC CINT95 inter-task misprediction ratio for different inter-task predictor

sizes.
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Figure 5.20: SPEC CFP95 inter-task misprediction ratio for different inter-task predictor
sizes.
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5.6.4.3 Intra-Task Results

The intra-task results are gathered in two steps (as for the inter-task results). First, to study
different intra-task predictor sizes for a range of processing unit configurations, the results fo-
cus on designs where the inter-task prediction state is fixed to 64K-entry, while the intra-task
prediction state is varied as 8K-entry, 16K-entry, 32K-entry, and 64K-entry. Second, once
the trends for different processing configurations have been established, the results focus on
one processing unit configuration, 16 processing units, to study different intra-task predictor
sizes in conjunction with different inter-task predictor sizes.

Figures 5.24 and 5.25 give the misprediction ratio and the performance in instructions
per cycle, respectively, with each of the different intra-task predictor sizes for the SPEC
CINT95 benchmarks. The misprediction ratio increases steadily as the intra-task predictor
size is halved, though the magnitude of this difference is not very significant. Comparing
the smallest (8K-entry) to the largest (64K-entry) predictor, the difference is less than 0.025
mispredictions per prediction. The differences between the different predictor sizes remain
constant even as the prediction accuracy changes for different processing unit configurations.
Moreover, the overall performance shows no significant differences between the different
predictor sizes, though the differences do increase somewhat as the number of processing
units is increased (as described earlier).

Figures 5.26 and 5.27 focus on the 16 processing unit configuration for the SPEC CINT95
results just described. In the earlier results, the inter-task prediction state was fixed at 64K-
entry. Now, the inter-task prediction state is varied among 8K-entry, 16K-entry, 32K-entry,
and 64K-entry as well. The intra-task misprediction ratio is not influenced much by changes
to the inter-task predictor size. However, the intra-task predictor is somewhat dependent
on the inter-task predictor because of the global control information provided for each task
(described earlier). As a result of this dependence, there is a slight trend towards better
intra-task predictor accuracy for all predictor sizes as the inter-task predictor size is increased
(presumably because a bigger inter-task predictor provides better global control information).
Again, overall performance is dependent on the behavior of both predictors. As shown in the
figure, there is a steady increase in performance as the inter-task predictor size is increased
that is fairly constant as the intra-task predictor size is increased.

Figures 5.28 and 5.29 give the misprediction ratio and the performance in instructions per
cycle, respectively, with each of the different intra-task predictor sizes for the SPEC CFP95
benchmarks. The misprediction ratio does not show significant differences as the intra-task
predictor size is halved, though there is a consistent trend that the misprediction ratio in-
creases as the intra-task predictor size decreases. Note that, for the scale of the graph, the
magnitude of these differences is around 0.002 mispredictions per prediction comparing the
smallest (8K-entry) to the largest (64K-entry) predictors. Looking at the overall performance,
there is no distinguishable differences between the different predictor sizes.

Figures 5.30 and 5.31 focus on the 16 processing unit configuration for the SPEC CFP95
results just described. In the earlier results, the inter-task prediction state was fixed at 64K-
entry. Now, the inter-task predictor size is varied among 8K-entry, 16K-entry, 32K-entry, and
64K-entry as well. The intra-task misprediction ratio is not influenced by the changes to the
inter-task predictor size in any significant and/or consistent manner, even though the intra-task
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Figure 5.24: SPEC CINTO95 intra-task misprediction ratio for different intra-task predictor

sizes.
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predictor has some dependence on the global control information (described earlier) provided
by the inter-task predictor. The reason for this behavior is that the intra-task predictor is hardly
influenced much by changes to its own size let alone changes to the inter-task predictor size.
Note again that, for the scale of the graph, the magnitude of these differences is less than
0.0002 mispredictions per prediction comparing the smallest (8K-entry) to the largest (64K-
entry) intra-task predictors. The overall performance differs by less than 0.01 instructions per
cycle or a negligible percentage among intra-task predictor sizes for each inter-task predictor
size.

5.7 Instruction Memory Design

The instruction memory must support two distinct types of access, inter-task and intra-task, in
accordance with the way addresses are provided by the hierarchical predictor. As discussed
earlier, the inter-task accesses are serviced by the task cache, while the intra-task accesses
are serviced by the instruction caches. The reference characteristics of the two are somewhat
different from those of caches used in conventional processors, but nonetheless may be ac-
commodated in a straightforward manner (except perhaps for the scale) with adaptations of
existing techniques.

5.7.1 Cache Memory

A cache is a small, fast buffer in which a system tries to keep those parts of the contents of a
larger, slower memory that will be used soon. The purpose of a cache is to improve system
cost/performance by providing the capacity of the large, slow memory with close to the access
time of the small, fast cache. An overview of caching can be found in [78]. Caches are used in
nearly all microprocessor implementations today because of their ability to decrease effective
access time as well as to reduce traffic to other levels of the memory hierarchy.

Much work has focused on miss rates as related to overall size, associativity, block size,
indexing function, and replacement policy (to name the most well-studied aspects) for caches
that provide bandwidth of only a single access per cycle. This type of work is certainly
relevant to the instruction memory design, for both the task cache and the instruction caches,
though it is necessary to consider additionally the effects of providing bandwidth of multiple
accesses per cycle for the instruction caches. Moreover, the demands placed on the instruction
memory by a multiscalar processor require further attention to the access latency for the both
the task cache and the instruction caches.

The task cache is relatively straightforward because it only services at most a single access
per cycle. Therefore, the access latency can simply be varied to see the effect on overall
performance. However, the instruction caches are more involved because of their need to
service multiple accesses per cycle, (at least) one from each processing unit. The use of
a high-bandwidth cache organization can provide multiple accesses per cycle, but there are
trade-offs in terms of miss rate and access latency depending on the design. (This study does
not go into the detail to consider the relationships between access latency and cache size,
associativity, etc.)



142

L1
56 RN
[
| | LO $55$ | |
Proc . mm Proc Proc . mm Proc
Unit Unit Unit Unit
a) multi-ported cache. b) multi-level cache.
[ [
| | Crossbar | |
Proc . Proc Proc . n Proc
Unit Unit Unit Unit
C) interleaved cache. d) duplicated cache.

Figure 5.32: High-bandwidth cache organizations.

5.7.2 High-Bandwidth Cache Organizations

High-bandwidth cache organizations are well-developed in the literature and in practice. The
common approaches, illustrated in Figure 5.32, are multi-ported, multi-level, interleaved, and
duplicated [88]. According to the order listed, these organizations provide a progression from
more centralized, with higher access latency and lower miss rates, to more decentralized, with
lower access latency and higher miss rates.

Though both multi-ported and multi-level designs are described below, these approaches
are not well suited for use in a multiscalar processor since neither scales well to many ports
for the kinds of cache sizes studied here. (The multiscalar processor designs considered might
need to scale up to perhaps 16 ports for 16 processing units with total cache sizes up to 128K-
byte.) The interleaved and duplicated designs, referred to as shared and private respectively
here, fit within the design constraints of the instruction memory.

5.7.2.1 Multi-Ported

A multi-ported cache organization provides high-bandwidth access using a brute force ap-
proach, as shown in part a) of Figure 5.32. Each processing unit is provided its own data path
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to every entry in the cache, implemented by either replicating the entire cache structure (one
single-ported cache for each port) or multi-porting the individual cache cells. Since every
entry of the cache is accessible from each port of the device, this design provides bandwidth
in a uniform fashion.

The capacitance and resistance load on each access port increases as the number of ports
or entries is increased, resulting in longer access latency [99]. In addition, this design has a
large area due to the many wires and comparators needed to implement each port. The area
of a multi-ported device is usually proportional to the square of the number of ports [39].

This organization ought to provide ideal bandwidth and access characteristics for a given
cache size. However, the drawbacks with respect to its access latency and implementation
area considerations, make it an unsuitable choice for the multiscalar processors consider in
this study. Yet, it is sometimes used as a standard by which to gauge the performance of other
organizations.

5.7.2.2 Multi-Level

A multi-level cache organization provides high-bandwidth and low-latency access by exploit-
ing locality in program references, as shown in part b) of Figure 5.32. When an entry from a
base cache (L1 cache) is referenced, it is placed into a small upper-level cache (LO cache). If
the LO cache offers a good (enough) miss rate, then it may reduce the bandwidth demand on
the L1 cache enough such that it can be designed with only one port [41].

When an access misses in the LO cache, it must forward the request to the L1 cache,
where L1 cache access port contention, L1 cache access latency, and L1 cache miss latency
may increase the latency of the access. Since the L0 cache is small, it may be possible to use a
highly associative design to improve the hit rate of the LO while keeping the L1 associativity
constant.

The LO cache is a multi-ported cache with enough ports to handle all simultaneous re-
quests from the processor. The additional area overhead of this organization is concentrated
in the implementation of the LO cache, which for small sizes and few ports should be much
smaller than the L1 cache, but for large size and many ports degenerates to a multi-ported
cache. A variant of this approach, a hybrid between the next two organizations described, is
considered later.

5.7.2.3 Interleaved

An interleaved cache employs an interconnect to interleave the storage among multiple shared
cache banks, as shown in part ¢) of Figure 5.32. Each cache bank can independently service
some number (often one) of requests per cycle. This organization provides high-bandwidth
access as long as simultaneous accesses map to different banks. When accesses map to the
same bank, a so-called bank conflict, stalls may occur. The mapping between addresses
and the cache banks is defined by the bank selection function. This function influences the
distribution of the accesses to the banks, and hence, the bandwidth delivered by the device.
A common function is to interleave cache blocks based on the low-order bits of the accessed
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cache block address; various other functions have been proposed (such as those described in
[72]), but are not considered further here.

This organization ought to have better latency and area characteristics than a multi-ported
organization, especially for large caches [100]. While the interconnect, usually a full cross-
bar, adds some latency to the access path, this latency may be mitigated by the shorter access
latency of the smaller, single-ported banks. The area overhead is concentrated in the inter-
connect; for a full crossbar, the implementation area is usually proportional to the square of
the number of access ports. In an actual design, there may be different trade-offs in terms of
size and access time depending on the number of ports and the implementation technology.

5.7.2.4 Duplicated

A duplicated cache provides high-bandwidth access by associating a private cache with each
processing unit, as shown in part d) of Figure 5.32. Each private cache can independently
service requests. In contrast to the interleaved approach, there are no bank conflicts or in-
terconnect problems. However, because each cache is a private copy, it is unclear to what
extent spatial and/or temporal locality may be exploited from the reference stream. That is,
(i) accesses of a cache block may miss in each of the private caches, and (ii) replacements of
a cache block may occur before a profitable reuse.

It may be possible to compensate for this behavior with the right choices in associativity,
cache block size, and overall cache size. Nevertheless, the need to support multiple copies
of a cache block in each of the private caches likely means poor overall utilization of the
cache storage available as well as possible concerns about keeping these copies consistent
(though not for read-only accesses such as those of the instruction caches). Despite these
problems, a duplicated cache organization ought to provide the lowest access latency among
the organizations described.

5.7.3 Multiscalar Considerations

The caches used for the instruction memory are really not much different from the designs of
conventional processors. As a result, there are no major modifications of the cache designs
needed to support a multiscalar processor. Nevertheless, there are a few considerations worth
pointing out with respect to the task cache and instruction caches studied here in the context
of multiscalar processors.

5.7.3.1 Task Cache

The task cache provides expeditious access to task summary information generated by the
compiler. This cache supports only a single access per cycle (as part of inter-task sequencing),
but must deliver high-bandwidth in terms of the number of words supplied by each access,
since a task descriptor may be quite large. Recall the task descriptor contains both control
and data information about the task. A task cache block is equal in size to the task descriptor
(described in an earlier chapter), which for this implementation is 64 bytes. Moreover, each
task cache access provides the entire task cache block.
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The reason for this behavior is that both the control part and the data part of the task de-
scriptor must be available before the task assignment may continue. In order for inter-task
sequencing to take the next step through the control flow graph, it needs the summary in-
formation about its most recent step. This dependence is a by-product of the design choice
to allow the compiler (rather than the hardware) to orchestrate control flow and data flow
among the tasks. Because the hardware is designed to rely on the compiler to provide ad-
dresses for many of the task exits and to coordinate register communication among tasks, it
cannot continue to assign tasks without this information and must stall in such cases.

5.7.3.2 Instruction Cache

The instruction caches provide expeditious access to the actual instructions of the program.
These caches support multiple accesses per cycle (at least one per cycle from each processing
unit as part of intra-task sequencing), but need only deliver a few words for each access,
dividing the 