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Abstract

With each process generation, Moore’s law offers us an exponential growth in the
transistor budget on the chip. Technically, these extra transistors were used to improve
processor architecture speed by adding more complicated and simple pipelines and better
arithmetic and floating-point units. The futher advances included multi-core systems
which demanded larger on-chip caches to support the data demands. Larger last-level
caches are deployed across the chip to meet the increasing need for higher cache capacity
due to included CMPs in processing cores. LLCs play an important function in the cache
hierarchy by giving necessary data to hungry CMPs. SRAMs are not scalable and require
advancements in power, performance, and scalability. In order to deploy massive LLCs,
researchers are focusing on the construction of caches using alternative technologies
that have advantages over traditional SRAM. High scalability, lower leakage power, and
higher capacity in the same area footprint as SRAM are among the benefits of these
technologies. However, we must investigate the best of these alternatives because they
are not without flaws.

In order to control the leakage generated by SRAM based caches, researchers
have explored avenues in emerging eDRAM and STTRAM based designs. These new
memories come with their own challenges, in that eDRAM requires refreshing the data
at regular intervals while low retention STTRAM needs restores and refreshes. This
thesis aims to reduce the number of refreshes required for such type of last level caches.
Our goal is to address the reliability of data over the volatile caches by ensuring the
retention of data blocks. Here, we deal with volatile memory technologies’ challenges
and make them suitable candidates for cache hierarchy. Similarly, in STTRAM, the
asymmetrical read and write with the costly write operation. Thus, it can be addressed
by the relaxed versions of STTRAM.

Towards this aim, the thesis makes the following contributions: (1) In the first
contribution we note that eEDRAM based caches need to be refreshed at regular intervals

due to their volatile nature. Here we use content based information to decide which
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blocks can be avoided from refreshing. In particular, blocks has zero values need not
be refreshed. (2) Second contribution uses Coherence based messages to identify the
cache blocks which get loaded for getting written/updation by upper level caches. These
exclusively hold block get stale eventually Copies of such private blocks in the LLC
need not be refreshed as they will get updated in due course. (3) In our third contribution
we deal with volatile STTRAM caches. At deep sub-micron technology these caches
have read and write current values close to each other leading to read disturbance error
(RDE). This makes each read destructive forcing us to restore the data after every
read. We handle this by identifying read intensive blocks and moving them to a SRAM
buffer. Future reads will be served from the buffer thus saving read related restores. (4)
Our fourth contriution is deals with issues arising out from multi-retention STTRAM
caches. STTRAM caches can be optimised to reduce their write energy by reducing
their retention interval. This has disadvantage of blocks expiring at the end of retention
interval. To avoid this, we use coherence based messages to identify the best partition to
place a block. The idea behind this is that if the cache block is accessed before it expires
we can avoid refreshing that block. All proposals have saved considerable refreshes,
saved total energy as well as improved system performance.



Table of contents

Declaration v
Certificate vii
Acknowledgements ix
Abstract xi
List of figures Xix
List of tables XXV
1 Introduction 1
1.1 Chip Multi-Processors(CMP) . . . .. ... ... ... ... .... 2

1.2 Cache Memory . .. ... .. . .. ... 4

1.3 Scope of Power Consumption. . . . . . ... ... .. ......... 4
1.3.1 StaticPower . .. ... ... ... ... .. .. ... ... 5

1.3.2 DynamicPower. . . . . . ... ... .. ... ... ..., 6

1.4 Exploring On-Chip Last Level Caches . . . . . . . ... ... ... .. 6

1.5 Emerging Memory Technologies for Caches . . . . . . . ... ... .. 7

1.6 Motivation . . . . . . . . ... e e e e 8

1.7 Thesis Objectives . . . . . . . . . . . . o 10

1.8 Thesiscontributions . . . . . . . . . ... L 11

1.8.1 Refresh Optimisation through Dynamic Reconfiguration based
policyineDRAM . . ... ... ... ... ... ....... 11

1.8.2 A Private Block-based Refresh Management technique with
Skipping Zero DataBlocks . . . . . . ... ... ... ... 12



Xiv

Table of contents

1.8.3 Read Disturbance Error mitigation using Coherence And Tem-

poral Locality STT-RAM Caches . . . . ... ... ... ... 13

1.8.4 Coherence Aware Refresh Operation Optimization and block
Placement in Multi-retention STT-RAM Caches . . . . . . . .. 14
1.9 Summary . . .. .. ... 15
1.10 Organizationof Thesis . . . . . .. ... ... ... ... .. ..... 16
Background 19
2.1 Volatile Memory Based Caches . . . . . . . ... ... ......... 20
2.1.1  Static Random Access Memory (SRAM) . .. ... ... ... 20
2.1.2  Dynamic Random Access Memory (DRAM) . . ... ... .. 21
2.1.3 Embedded-Dynamic Random Access Memory (e€DRAM) . . . 22
2.2 Non-Volatile Memory Based Caches . . . . .. ... ... ....... 25
2.2.1 Volatile STTRAM Caches . . . .. ... ... .. ....... 25
222 STTRAMOperations . . . . . . . . . .o v v ... 26
2.3 Terms Related to Refresh Operations . . . . . ... .. ... ...... 27
23.1 RetentionTime . . .. .. ... ... ... .. ......... 27
2.3.2 Refreshing Mode in Volatile Caches . . . . . . ... ... ... 27
2.3.3 Embedded-DRAMRefresh. . . . . ... ... ... .. .... 28
2.3.4 Volatile-STTRAM Refresh . . . . . .. ... ... ... .... 29
2.3.5 Multi-Retention STTRAM . . . . . ... ... ... ... ... 29
2.4 Challenges to Employ Volatile Caches . . . . . ... ... ....... 30
2.5 CacheCoherence . . . . .. ... ... ... .. 30
2.5.1 Inclusive and exclusivecaches . . . . . . ... ... ... ... 30
2.5.2 Whatiscoherence? . . . . .. .. ... 31
2.5.3 Write-Update and Write-Invalidate Caches . . . . . . .. ... 32
2.5.4 Write-Through and Write-Back Caches . . . . ... ... ... 33
2.5.5 Snooping Protocol (Snoopy) . . . . . . . ... ... ... 34
2.5.6 Directory Based Protocol . . . . . ... ... ... ... ... 34
2.5.7 MESI Coherence Protocol . . . . .. ... ... ........ 35
2.6 Reducing Refresh OperationsineDRAM . . . . ... ... ... ... 38
2.6.1 Memory Access Pattern Based Policies . . . . ... ... ... 38
2.6.2 Work related to Temperature based eDRAM Refresh Architecture 42
2.6.3 Work related to Hybrid eDRAM Refresh Architecture . . . . . 45
2.7 Works exploiting Presence of Zero Valued Data Blocks . . . . . .. .. 46
2.8 Existing Work Related to Relaxed STTRAM (Volatile-STTRAM) . .. 49

2.8.1 Existing work related to Read Disturbance Error in STTRAM . 49



Table of contents XV

2.8.2 Existing work related to Multi-Retention STTRAM . . . . . . . 51

3 Refresh Optimisation through Dynamic Reconfiguration Based Policy in

eDRAM 55
3.1 Introduction . . . . . . .. . ... 55
3.2 Motivation and Background . . . . ... ... ... ..., 58
3.2.1 Prevalance of Zero DataBlocks . . . .. ... .. ... .... 58
3.2.2 Periodic Round Robin Refresh(PRR) . . .. .. ... ... .. 58
3.3 Proposed Architecture . . . . ... ... L Lo 60
3.3.1 Zero Detection Logic(ZDL) . . . ... ... ... ....... 60
332 LLCArchitecture . . . . . . . .. .. ... 60
3.4 Proposed Methodology . . . . .. ... ... .. ... ... ... ... 62
3.4.1 Fixed Partition Base Refreshing . . . . ... ... ... ... .. 63

3.4.2 Reconfiguration of Zero Value Partition based on number of
ZeroBlocks . . . . .. Lo 68
3.4.3 Reconfiguration of Zero Value Partition Based on Miss Rate . . 70
3.4.4 Ilustration of ZVPresizing . . . ... ... ... ... .... 71
3.5 Experimental Methodology . . . . . . .. ... ... ... .. ..., 72
3.6 Resultsand Analysis . . . .. ... ... ... ... ... ... ... 74
3.6.1 RefreshCounts . . ... ... ... ... ... ......... 75
3.6.2 Comparison with Other techniques . . . . . . . ... ... ... 76
3.6.3 Performance . ... ... .. ... ... ... 77
3.6.4 Energy Consumption . . . . . . . ... ... ... ....... 78
3.6.5 Reconfiguration Interval Based Analysis. . . . ... ... ... 78
3.6.6 Analysis on smaller Cache Size . . . .. ... ......... 79
3.6.7 Analysis based on Retention Time . . . . . .. ... ...... 81
3.7 Overhead Analysis . . . . . . . . . . . ... .. .. 84
3.8 Summary . ... e 84
4 Coherence based Refresh Optimization in eDRAM caches 87
4.1 Introduction . . . . . . . . . . .. e 87
42 Background . . . . ... L 88
421 PrivateBlocks . . . ... ... oo 89
4.2.2 Changes to the MESI protocol . . . . ... ... ........ 90
4.3 Proposed Methodology . . . . . .. ... .. ... . 91
4.3.1 Private Block based Optimised Refresh (PBOR) . . . ... .. 91

432 PBOR with Skipping ZeroPBOR_SZ) . . . . ... ...... 93



xvi

Table of contents

43.3 LLC Architecture . . . . . .. .. .. ... .. 93
4.3.4 Limitations of Proposed Policies . . . . . . ... .. ... ... 94
4.4 Experimental Evaluation . . ... .. ... ... .. .......... 95
44.1 Experimental Setup . . . . . ... ... ... ... ....... 95
442 Resultsand Analysis . . . .. .. ... ... ... 96
4.5 Overhead Analysis . . . . . .. ... ... .. o 102
4.5.1 Hardware Overhead . . . ... .. ... ... .. ....... 102
4.6 Summary . . . ... . e e e e e e e 102

CORIDOR: Coherence based technique to Reduce Restores caused by Read

Disturbance Error in STT-RAM Caches 103
5.1 Introduction . . . . . . .. .. 103
5.2 Background on RDE phenomenon . . . . .. ... ... ........ 106
5.3 Proposed RDE Mitigation Techniques . . . . .. ... ... ...... 107
5.3.1 Skip Restore on Write-Hit (SKIP_WH) . . ... ... ... .. 107
5.3.2 Migrating Read Intensive Blocks to an SRAM based Read-
Buffer (RD_BUF) . ... ... ... ... ... ........ 109
5.3.3  Skip restore on Zero Data Blocks (SKIP_ZERO) . . . ... .. 114
5.3.4 CORIDOR: Combining policies SKIP_WH, RD_BUF and SKIP_ZERO116
5.4 Experimental Methodology . . . . . . .. ... ... ... ... ... . 117
5.5 Resultsand Analysis . . . . . ... ... L 118
5.5.1 EnergySaving . . .. .. ... ... 119
5.5.2 Performance . ... ... ... ... ... 120
5.5.3 Sensitivity of RD_BUF to Read-Threshold (RT) . .. ... .. 120
5.5.4 Sensitivity to Read-Buffersize . . . . . . ... ... ... ... 124
5.5.5 Comparison with hybrid cache management techniques and a
cache-compression technique . . . . .. ... ... ...... 125
5.5.6  Comparison with Selective Restore technique for a private cache
hierarchy . . . . . .. .. . o o 128
5.6 Overhead Analysis . . . . ... ... ... .. .. ... ... ... 130
57 Summary ... .. e e e e 131

CAPMIG: Coherence based Refresh Optimization in Multi-retention STT-

RAM caches 133
6.1 Introduction . . . . . . . . ... 133
6.2 Background and Related Work . . . . . .. .. ... ... ... ... 135

6.2.1 Multi-Retention STTRAM . . . . . . . . ... .. ... .... 135



Table of contents xvii
6.2.2 RefreshSchemes . . . .. .. ... ... ... ... ... 137

6.2.3 Exploiting presence of Zero-Values . . . . .. ... ... ... 138

6.3 Motivation . . . . . . ... 139
6.3.1 Observing the Temporal Locality for Read and Writes . . . . . 139

6.3.2 Interval between Consecutive Writes . . . . . . . . .. .. ... 140

6.3.3 Comparing the Refresh Overhead . . . . ... ... ... ... 140

6.4 Proposed Policy: CAPMIG . . . ... ... ... ... ......... 141
6.4.1 Architecture. . . . . . . . . ... 141

6.4.2 BlockPlacement . . . .. .. ... ... ... ... .. ... 142

6.43 BlockMigration . . . ... ... ... ... ... ... 146

6.4.4 Working Example . ... ... ... ... ... ... ... 148

6.4.5 CAPMIG_SZ: Skip refreshing on Zero Data Blocks . . . . . . 149

6.5 Experimental Evaluation . . ... ... ... ... ........... 152
6.5.1 Setup . . . . ... 152

6.5.2 Resultsand Analysis . . . .. ... ... ... ... 153

6.5.3 Comparison with Related Works . . . . . . ... ... ... .. 158

6.5.4 Overhead Analysis . . . . ... ... ... .. ......... 159

6.5.5 Overhead comparison with existing policies . . . . . . . .. .. 160

6.6 Summary . . .. ... 160

7 Conclusion 163
7.1 Summary of Contributions . . . . . . .. ... ... ... ..., 164
7.2 Scope for Future Work . . . .. ... ... ... ... . 166
References 169
List of publications and scientific activities 183






List of figures

1.1
1.2

2.1
22
23
24
2.5

2.6
2.7
2.8
29
2.10
2.11
2.12
2.13
2.14
2.15

3.1

32
33

Nehalem . . . . . . . . . . . . . . . e 2
IBM POWER7 CPU witheDRAM . . . . .. ... .. ... ...... 2
6T SRAM cell schematic. . . . . ... .. ... .. ... ........ 20
SRAM leakage paths. . . . . . . .. .. .. ... ... 20
DRAM bank structure . . . . . . . . .. ... ... 21
Representational View of eDRAM bank . . . . ... .. .. ... ... 22
Overview of STT-RAM cell (a) Schematic STT view with (1) Write ‘1’

operation (2) Write ‘0’ and Read operation (b) Parallel low resistance,

representing ‘0’ state (c) Anti-parallel high resistance, representing ‘1’

state . ... L 27
Representation of Distributed and Burst RefreshMode . . . . .. . .. 28
Coherent view of cache memory hierarchy . . . . . ... ... ... .. 31
Non-coherent view of cache memory hierarchy . . . ... ... . ... 31
Write-Update Policy Before condition . . . . . .. ... ... .. ... 32
Write-Update Policy After condition . . . . . . ... ... ... .... 32
Write-Invalidate Policy Before condition . . . . . . . ... .. .. ... 33
Write-Invalidate Policy After condition . . . . ... ... ... .... 33
Snoopy Protocol . . . . . .. .. 33
Directory Based Protocol . . . . . ... ... ... ... ... ... 34

Diagram Representing a LLC containing 16 banks and all the banks

triggers refresh operation in burstmode. . . . . . . . ... ... .. .. 38

Percentage of Zero Data Blocks and Non-Zero Data blocks for various

benchmarks . . . . . ... ... L 56
Abstract Diagram of aneDRAM bank . . . . . ... ... .. ... .. 57
...................................... 59



XX List of figures
3.4 Diagram of Fixed Zero Value Partition Based Refresh Technique . . . . 60
3.5 High-level Diagram of the proposed architecture. . . . . . . ... ... 61
3.6 Working Example of Fixed Zero Value Partition Refreshing . . . . . . . 65
3.7 Variation of miss rate during execution. Here Y-axis shows the overall

miss rate for the application during execution after a specific interval.

X-axis represents different intervals. . . . . . ... ... L. 66
3.8 Variation of Zero Block Count during execution . . . . . . ... .. .. 66
3.9 Working example of Miss Rate Based Reconfiguration with different

CASES.  « v v v e e e e e e e e e e e e e e 69
3.10 Reconfiguration of ZVP when size increases . . . . . . . . ... .. .. 71
3.11 Altering of ZVP when size decreases . . . . . . .. ... ... ..... 72
3.12 Normalized Refresh Count for 4MB LLC40us . . . . . . .. ... .. 75
3.13 Normalized Refresh Count for 4MB LLC proposed policies w.r.t baseline

and Existing RPP policy with 40us retention time . . . . . . . ... .. 76
3.14 Normalized CPI of proposed policies for 4MB LLC w.r.t baseline and

existing RPP policy with 40us retention time . . . . . . . . ... ... 77
3.15 Total energy consumption of 4MB LLC of proposed policies w.r.t base-

line with 40us retention time . . . . . . . . . .. ... ... 78
3.16 Normalised Refresh Energy for 4MB LLC w.r.t baseline and existing

RPP policy with40us . . . . . . . .. ... 79
3.17 Normalized Refresh Count for different interval for 4MB LLC in Miss

Rate Based Policy . . . . . .. .. . ... ... ... ... . ... 79
3.18 Normalized Refresh Count for different interval for 4AMB LLC in Zero

Value Data Block Count Based Policy . . .. ... ........... 80
3.19 Normalized Refresh Count for 4MB LLC with 50us retention time . . . 80
3.20 Normalized Refresh Count for 2MB LLC at40us . . . . . . . . .. .. 81
3.21 Normalised Refresh Energy for 2MB LLC w.r.t baseline with 40us . . . 81
3.22 Normalized Total Energy for 2MB LLC at 40us w.r.t baseline . . . . . 82
3.23 Normalized CPI for 4MB LLC with 50us Retention time . . . . . . . . 82
3.24 Bankwise normalised Refresh Counts for Fixed_ZVP (F), ZB_ZVP (Z)

and MR_ZVP (M) wartbaseline(B). . . ... ... ... ... .... 83
4.1 Percentage of private and shared blocks for various benchmarks . . . . 88
4.2 Percentage of clean and dirty status of the LLC blocks at the time of

replacement. . . . . . ... 88
4.3  State Diagram showing transitions of states in eDRAM according to the

MESI protocol . . . . . . ... 90



List of figures xxi

4.4
4.5
4.6
4.7
4.8
4.9

5.1

5.2

5.3

54

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

Proposed eDRAM Architecture . . . . . . . .. ... ... 93
Normalized Total no. of refreshes incurred in PBOR w.r.t PRR . . . . . 96
Normalized CPI for PRRand PBOR . . . . . . . ... ... ...... 97
Normalized Refresh Energy of proposed PBOR over PRR. . . . . . .. 97
Bankwise Normalized Refresh Counts of PBOR and PRR . . . . . . . . 98
Normalized Total Energy Consumption for PRR and proposed technique

w.rt SRAM . . o e 99
The percentage of write hits in different benchmarks . . . . . . . . .. 108
Flow-chart of SKIP.WH . . . . . ... ... .. ... ......... 108
The average consecutive reads (CReads) on the blocks in a bank for

different benchmarks. . . . . . . . ... ... ... L. 109
(a) Modified tag array (b) One entry of SRAM buffer (c¢) Flow-chart of

RD_BUF . . . . . e 110
Working Example of RD_BUF policy. . . . ... .. ... ....... 112
The percentage of zero data block (ZDB) in different benchmarks . . . 114

(a) Modification to the tag array (b) Flow-chart for the SKIP_ZERO policy.115
Total energy savings for different benchmarks over the HCRR policy
(higherisbetter) . . . . . . . . . . ... ... 119
Restore energy savings for different benchmarks over HCRR (higher is
better) (RDE-free cache saves 100% restores and hence, is not shown) . 120

Relative CPI values with different policies, normalized to HCRR (lower

Isbetter) . . . . . . . e e 121
Percentage of read-hits served by read-buffer for different RT values for
RD_BUF policy (higheris better). . . .. ... .. ... ........ 121
Percentage of migration to the read-buffer over total accesses for RD_BUF
policy (higherisbetter). . . . . . . . . .. .. ... ... ... ... 122
Relative CPI values over different read-threshold values, normalized to
HCRR for RD_BUF policy(lower is better). . . . . ... ... .. ... 123
Total energy savings for different benchmarks over various RT values
normalized to HCRR policy for RD_BUF (higher is better) . . . . . . . 123
Percentage of reads served by the read buffer for different buffer sizes

for RD_BUFpolicy. . . . . .. ... ... ... . . 124
Percentage of reverse migrations (block eviction) from the read buffer

for different buffer sizes for RD_BUF policy. . . . ... ... ..... 125

Relative CPI values over different buffer sizes, normalized to HCRR for
RD_BUF policy (loweris better). . . . . . .. ... ... ........ 125



xxii

List of figures

5.18

5.19

5.20

5.21

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

Total energy savings for different benchmarks over various Buffer Sizes

normalized to HCRR policy for RD_BUF (higher is better) . . . . . . . 126
Relative CPI of “selective restore” and CORIDOR normalized to HCRR
policy (lowerisbetter). . . . . . . .. .. .. ... ... ........ 129
Total energy savings of “selective restore” and CORIDOR normalized
to HCRR policy (higheris better). . . . ... ... ... ... ..... 129
Percentage of energy overhead and latency overhead of CORIDOR(P4)
policy over the baseline (HCRR). . . . . . ... ... ... ....... 131

Percentage of read-hits served by read-buffer for different RT values for

RD_BUF policy (higher is better). . . . . ... ... ... ....... 135
Percentage of read-hits served by read-buffer for different RT values for
RD_BUF policy (higheris better). . . . . ... ... ... .. ..... 136
Percentage of migration to the read-buffer over total accesses for RD_BUF
policy (higherisbetter). . . . . . . . . . . ... ... ... ... .. 136
The average consecutive reads (CReads) and consecutive writes (CWrites)

on the blocks in a bank for different benchmarks. . . . . . ... .. .. 139
Refresh energy percentage for different retention regions . . . . . . . . 140
CAPMIG: Proposed multi-retention based LLC Cache Architecture . . 141
Flow Chart of Operations performed on Read Request from ULC. . . . 143
Flow chart of operations performed on Write Request . . . . . . . . .. 145
Flow Chart of operations performed on writeback. . . . . . . . ... .. 146
Operations performed on GETS and GET_INSTR request from ULC. . 147
Operations performed on GETX and PUTX request from ULC. . . . . . 147
The percentage of zero data block (ZDB) in different benchmarks . . . 149
Flow-chart for the CAPMIG_SZ policy. We can see additional modifica-

tion to the tag array(at bottom). . . . . . . ... ..o 149

Refresh count of CAPMIG policy normalized w.r.t. random placement
policy.(lesserisbetter) . . . . . . . . .. .. ... .. .. .. ..., 154
Performance of various policies normalised with baseline SRAM (lesser
IsSbetter). . . . . . . . e 155
Region wise normalised Refresh Counts for proposed policy CAPMIG
(_C) and CAPMIG_SZ (_CZ)w.r.t DRS with random allocation. (_D). . 155
Normalized Refresh Energy for proposed policy w.r.t DRS(lesser is better) 156
Miss Rate of proposed policy normalized w.r.t SRAM . . . . . . . . .. 156
Percentage Reduciton in number of Reads and Writes in CAPMIG_SZ
wrt CAPMIG . . . . ... 156



List of figures xxiii

6.20 Total Energy normalized to baseline . . . . . . ... ... ... .... 157

7.1 Summarizes the contributions of this thesis. . . . . . . . . . ... ... 167






List of tables

3.1

4.1
4.2
4.3

5.1
5.2

5.3
54

6.1
6.2

6.3

Architectural Parameters . . . . . . . . . . ... ... 73
Table of request and responses . . . . . . .. ... ... ... .. ... 91
Architectural Parameters and Benchmark Details . . . . . . .. .. .. 95
Experimental workloads . . . . . .. ... ... ... . L. 97

Division of written zero data blocks in last level in SKIP_ZERO policy. 116
System Configuration and workloads (x- CPU-Intensive, - Memory-

Intensive) . . . . . . . . e 117
Percentage performance degradation of various policies w.r.t SRAM. . . 127
Percentage of Restore Energy Savings by various policies w.r.t HCRR. . 128

System Configuration . . . . . . . . . . . ... .. ... ... 151
Timing and Energy parameters for Pure STTRAM and Retention-relaxed

STT-RAM cache configurations at different retention time . . . . . . . 153
Division of written zero data blocks in last level cache. . . . . . . . .. 158






CHAPTER 1

Introduction

Introduction

With each process generation, Moore’s law [1] offers us an exponential growth in the
transistor budget on the chip. Technically, these extra transistors were used to improve
processor architecture speed by adding more complicated and simple pipelines and better
arithmetic and floating-point units. All this setup created the environment for faster
CPUs with enhanced performance. However, if the clock frequency increases at the
same rate, managing the processor’s heat dissipation will be difficult. When combined
with the end of voltage scaling, the electronics industry is approaching a new phase in
which transistors become a limited commodity for which a new technological generation
cannot be expected to double. In order to stay up with Moore’s law, researchers turned
away from enhancing frequency and toward numerous cores on the chip. Single-core
systems had attained the upper limit of maximum achievable performance, i.e., the most
significant operational frequency, over the last decade (with the end of Dennard Scaling),
owing to their higher power consumption.

This motivated architects and designers to develop processor chips with multiple
cores that can function at lower voltages and frequencies than single-core counter-
parts while delivering the same performance using less power. Furthermore, the ever-
increasing demand for processing capacity to execute modern demanding programs
necessitates a significant degree of parallel processing, which single-core computers can
no longer provide.
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Memory Contraller

Fig. 1.2 IBM POWER7 CPU with eDRAM

1.1 Chip Multi-Processors(CMP)

In CMP, multiple cores are combined on the same die. Workloads and applications will
require more throughput and parallelism to keep up with the increased data demands
with each new generation. Furthermore, it is impossible to simply increase the clock
speed of CPUs since doing so would make water-cooled systems difficult to use. It is too
expensive to develop larger processors every year with enormous number of transistors
present on microprocessor chips. CMPs circumvent these issues by packing a processing
die with numerous, relatively basic CPU cores rather than a single massive core. The
multi-level on-chip caches are used to meet the data requirement. In order to achieve
parallelism, this setup of cores and caches requires a strong communication system
provided by the so-called Network-on-chip (NoC). Figure 1.1 and 1.2 [2] presents the
design and the floor-plan outlines of two modern CMPs architectures: Nehlam and IMB
POWERT7+.
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The exact size of a CMPs cores can vary from very simple pipelines to moderately
complex superscalar processors, but once a core has been selected the CMPs performance
can easily scale across silicon process generations simply by stamping down more copies
of the hard-to-design, high-speed processor core in each successive chip generation.

Components in CMPs
Presently, the modern CMP are built by the following components:

* CPU cores: On chip computational elements. In terms of processing, these
cores could be homogeneous or heterogeneous. We get enhanced performance by

deploying more identical cores over the chip.

* On-chip caches: to store most recently used data related to present running

application

* Network-on-Chip: A crucial element of chip multiprocessors (CMPs) is network-
on-chip (NoC), which enables communication across several cores. NoCs for
current processors, however, can make up to 30% of the chip’s entire power
budget. Furthermore, it is anticipated that NoC power will contribute more as
chips continue to get compact. For chips to be capable of being able to keep up
with the rising demand, it is necessary to cut NoC power consumption. Power-
gating is a good strategy for minimizing the static power of idle resources in

various kinds of circuits.

The performance is quantified in terms of Instructions per second(IPS), speed-up factor,
Total execution time, Instruction per cycle(IPC) to a base system, etc. The time needed to
execute an application and the parallelism achieved by the applications during execution
are two factors that influence system performance. The application’s parallelism is
achieved by using multi-threading, which divides the application into numerous threads.

There are different type of Applications executes over CMPs. They can be clas-
sified into two categories based on the nature of the Instruction: Memory Bound and
Compute Bound. The great majority of the instructions in compute-bound applications
are for arithmetic and logical operations. Memory-bound programs have the majority
of the instructions for memory operations, such as load and store. As a result, system
performance has been directly influenced by memory access latency and core clock
frequency in this type of application. Network-on-Chip is dependent on the performance
of communication, whereas overall execution time of the system can be represented as:

TotalExecTime = ComputationTime + MemoryCycles + NoCLatency
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1.2 Cache Memory

Cache memory is essential in bridging the gap between the slowest memory component
and the fastest processing element. [3] Thus, performance advances throughout processor
generations. It is the smallest and fastest memory near the computing element used over
the chip, which provides the requested data to the running application on CMPs. It could
be divided into multiple levels with larger capacities. However, owing to technological
limits, additional improvements in cache capacity may become problematic in the future.
In order to extract more performance out of the finite cache capacity and reduce long-
latency memory accesses, future processors must rely on practical cache management
algorithms and policies.

Each memory access always comes first to the cache memory as the main memory
cannot supply data to the processing unit at the rate they want due to a memory wall
problem. The performance gap between processing speed and the operating speed of a
RAM creates a bottleneck. It takes more clock cycles to fetch the block from the main
memory than it does from the cache. In other words, a cache memory provides data
frequently required to the CPU at a higher rate. The two principles of the locality of
references: temporal locality and spatial locality of the cache, ensure that once a block
is stored in the cache, it will be utilized numerous times before being evicted. Thus, the
higher the cache memory hit rate, the less time is spent accessing the main memory. So,

cache memory improves the performance(i.e., CPI) by average memory access time.

1.3 Scope of Power Consumption

The multiple processing cores have increased the demand for on-chip caches leading to
multi-level cache hierarchy including larger last level caches (LLCs). In order to serve
huge amount of data to cores we use cache memory as a staircase. LLCs are the point
of contact between processing cores and main memory. Particularly in data-intensive
applications, where we can have lots of memory accesses due to working sets. The
applications with large working sets, resulting in premature evictions of usable cache
blocks that will be referenced in the near future.

Static Random Access Memory (SRAM) technology is known for quick access time
and does not need refresh operations. It has often been used to build cache memory
cells in CMP-based systems. Typically, six transistors are used to create an SRAM
cell (6T cells). SRAM caches have several limitations, the most prominent being their

high power consumption and a large percentage of total die area use (due to leakage
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energy, which is directly proportional to the number of transistors). Future generations
of technology are predicted to exacerbate this issue by further decreasing transistor size.
Processing cores are often accounted for high dynamic power consumption among the
many on-chip components in contemporary CMPs. On-chip caches built of SRAM/DRAM,
on the other hand, are known for their high leakage energy. In addition, it has been
seen in current CMPs that as the size of the SRAM/DRAM cache rises, the number
of transistors increases, consuming a considerable wafer real estate area. This leads
to high leakage power consumption, which significantly contributes to the chip’s total
power consumption. The total Power dissipated is broadly occurs into the following two

categories. Static Power and Dynamic Power

1.3.1 Static Power

Static Power is the power dissipated by a transistor; it is not switching ( i.e., when
it is static, the transistor is not transitioning from 1 to O or from O to 1). This static
power dissipation is mainly leakage, so it is also known as leakage power. We can
have various types of leakage in the circuit: (1) Sub-Threshold leakage, (2) Gate
Leakage, and (3)Junction Leakage. The Sub-threshold leakage, as the name suggests
something happened below the threshold. The sub-threshold leakage between the two
units of CMOS is proportional to the chip temperature and supply voltage. The covalent
connection between the atoms in the semiconductor material is broken as the chip
temperature rises, releasing electrons that flow in the reverse bias and create the current
known as sub-threshold leakage current. Sub-threshold leakage power is the amount
of power taken as a result of a sub-threshold current. Leakage, which happens through
the gate, is observed when gate oxide is very thin, and it allows current to pass through
it. This leads to Gate Leakage. We have many P-N junctions on the CMOS transistors;
these junctions in a transistor form diodes. These diodes are reverse biased. However,
reversed biased diodes still conduct a small amount of current, which causes junction

leakage current.
Pyar = K1 VppT2eMVortB)/T o ) e(WopH9) (1.1)

In the Eq. (1.1), Py, represents the static power consumption due to sub-threshold
leakage by a CMOS circuit. T denotes the current temperature and Vpp implies the
supply voltage. K; , K> , A, B, 7, and § are the empirical constant that represent the

different circuits parameters.
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1.3.2 Dynamic Power

Dynamic Power is the power that is dissipated when the circuit is active, and a circuit is
active anytime voltage on input net changes due to some stimulus applied. It is to be
Noted: change in the voltage of input net may or may not lead to change in the logic
state of the output. However, in both cases, whether there is a change in output net
or not, if there is a change in the input net voltage, dynamic power will be dissipated.
Now dynamic Power is again classified into (1) Switching Power and (2) Internal Power.
In case when change in input is also leading to the change in output, that’s when
switching power comes into the picture. The switching power is the power dissipated
while charging and discharging the load capacitor at the cell’s output. However, for
computational elements dynamic power is nothing but the processing power which can

be written as follows
Ppyn = a.CV2.f (1.2)

In Eqn.(1.2), Ppy, represents the dynamic power of the cores, and o, C, V and f
denote activity factor, capacitance, supply voltage, and running frequency of the core,
respectively, which indicates that core’s power consumption has a direct dependency on
its operating frequency.

Internal power is the power that is dissipated within the boundary of a cell. It can
again be divided into two parts: Short Circuit power and power needed to charge and
discharge the internal nodes of a transistor. Short Circuit power is the power dissipated
when both PMOS and NMOS are on simultaneously during the input transition, makes a
direct link between supply voltage and ground. This power consumption is often ignored
due to its negligible value in CMPs.

1.4 Exploring On-Chip Last Level Caches

A last-level cache, like all effective caches, helps enhance speed considerably without
relying on unusual or costly (or ill-defined) memory technology. It improves the per-
formance of the generic DRAMs we have. Since the cache is on-chip and substantially
quicker than off-chip DRAM and has a broader, faster link to the CPU cluster, it boosts
both latency and bandwidth. What’s the disadvantage? Of course, a cache takes up die
space. The cache-control logic (managing tags, lookup tables, etc.) is insignificant, but
the cache RAM takes up substantial space. A last-level cache, on the other hand, saves

electricity since nothing costs more energy than reading or writing to/from external
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DRAM, especially when you’re hitting DRAM the way current workloads do. Every
operation that stays on-chip saves a significant amount of power and time. There is
always a situation of negotiation between benefits and overheads. Reduction of power
consumption by Last Level Cache(LLLC) can be a crucial factor for limiting the peak
power consumption of the CMP chip.

1.5 Emerging Memory Technologies for Caches

The cache hierarchy employed in the computer design has been the traditional charge-
based SRAM memory technology. It suffers from high static power consumption caused
by a 6-Transitor design in terms of leakage current, which exists even when the circuit is
not switching. In contrast, dynamic power consumption by capacitive load charging and
discharging on transistor gates in the circuit [4]. The cache often takes up a considerable
amount of the overall on-chip space (e.g., 60% in the Strong ARM [5]). Modern desktop
CPUs, for example, have 8 MB last level caches, whereas server systems have 24 to
32 MB last level caches [6-8]. L2 cache uses roughly 24% of overall power usage in
both Niagara and Niagara-2 CPUs. As a result, cache power consumption is becoming
a significant portion of CPU power usage. The low density and high cost of SRAM,
the size of an SRAM cache is usually limited to less than 10 megabytes, which is not
large enough for of many memory-intensive applications [9].In order to address such
issues caused by these design trends, much effort has been focused into improving cache
energy efficiency. [10]

The power dissipation is a major issue for the short channel devices and the perfor-
mance of digital integrated circuits is challenged by higher power consumption. The
mainstream SRAM-based cache technologies need to be improved in terms of power,
performance, and scalability. On the other hand, SRAM employs standard technology
and has a faster access time, but its primary drawbacks are poor density, high leakage
power, and limited scalability [11] for large caches; the most severe problem is the
SRAM power leakage. Several memory technologies have been used or proposed for
Large Last Level Cache implementation, including SRAM, STT-RAM (MRAM), and
embedded DRAM (eDRAM) [12, 13]. Due to the higher density and low leakage, STT-
RAMs and eDRAMs are viable SRAM replacements in the context of LLCs. STT-RAM
is non-volatile, dense, has read access times equivalent to SRAM, and can be scaled
down to 32nm; eDRAM is dense and has low leakage compared to SRAM, with access
times and energy close to SRAM.
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For the Large Last Level Cache, an alternate memory technology such as Volatile
eDRAMs or Non-Volatile STTRAM is explored to address the many difficulties of
SRAM. Dynamic RAM-based cache is integrated on the same chip as the CPU, called
eDRAM. It becomes a suitable alternate over traditional SRAM whereas STTRAM is
another magnetic-cell based cache technology. Density of both eDRAM and STTRAM
can expand memory capacity and, hence offer a better hit rate for caches than a compa-
rable SRAM-based cache. These technologies provide perk of low leakage over SRAM
but have some weak points. eDRAM has attained a commercial stage in the current
scenario. This integration of CMOS technology in particular have a substantial overhaul
of the refresh operations which we are targeting in our work [14, 15]. STT-RAM has a
longer write latency and needs more write energy compared to reads. In addition, the
STT-RAM-based caches also suffers from a write endurance issue, i.e., the cells wear out
after a specific number of write operations [12]. Endurance affects the overall lifetime
of the cache. We have various wear-leveling techniques to address endurance issues in
the STTRAM, i.e., Inter-Set and Intra-Set Variation-based strategies.

DRAM based Embedded DRAM(eDRAM) is also gradually becoming matured for
upcoming caches [16]. An on-chip eDRAM Level 3 or L3 cache is included in the
IBM BlueGene/L server [17]. IBM’s newest CMP high-frequency (5.2 GHz) device
uses eEDRAM to provide a 24MB shared L3 cache. This device contains four cores, 1.5
megabytes of private SRAM L2 cache, and a shared L3 cache of 24 megabytes. In 2010,
The on-chip L3 cache of the IBM POWER7 CPU was made of 45nm SOI eDRAM [2].
This version is further extended up to 22nm in POWERS8 CPU [18]. To keep its data,
eDRAM must be updated on a regular basis. As a result, EDRAM consumes power to
update its data in addition to leaking power. Given these considerations, dynamic voltage
scaling appears to be a difficult approach for reducing static power usage in eDRAMs.

More details about the working methodology and the preliminary concepts and

characteristics of different memory technologies is discussed in Chapter 2.

1.6 Motivation

While CMOS technology allows for more transistor integration on a device, energy,
power, and temperature have emerged as the critical limits for more capable systems.
In a system with CMP, the workload is also memory intensive with large working sets.
Unfortunately, a substantial portion of the energy required by a big processing chip is
lost through leakage. Traditionally SRAM leakage in the on-chip memory hierarchy, in

particular, is a substantial source of energy loss. LLCs are built to have a big capacity in
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order to store frequently accessed data in higher-level cache. LLC memory modules take
up a large portion of the chip’s real estate. Memory technology having a high density
and equivalent read time to SRAM qualifies for LLC implementation. This motivates us
to explore alternative memory technologies for caches.

For Large Last Level Cache, an alternate memory technology such as embedded-
DRAM (eDRAM) and Spin Transfer Torque RAM (STTRAM) are being investigated
to address the problems of SRAM. We get the benefits of dense implementation and
low leakage power consumption. When compared to SRAM, eDRAM caches give
approximately eight times the density benefit. STTRAM, on the other hand, is non-
volatile and dissipates negligible static energy. These memories also suffer from some
issues. Due to the capacitor charge leakage in eDRAM, it has the shortcoming that it
needs to be refreshed, and a significant amount of refresh power is required for this
operation. In eDRAM, refresh latency limits its use due to refresh overhead. On the
other hand, STTRAM suffers from high write current, and cells abide by a long retention
time. eEDRAM consumes a tremendous amount of energy in refreshing cells. STTRAM
on the other hand, have a severe downside of restricted "write endurance" in addition to
greater access latency. eEDRAM and STTRAM are most popular in terms of commercial
availability and maturity. To mitigate the expensive write operations, researchers use the
best characteristics of each memory technology available.

All the above factors motivate us to develop strategies in order to fetch the best
possible characteristics of eDRAM and STTRAM, i.e. high density and low leakage
energy. Our work is more inclined towards developing these technologies suitable for
large LL.Cs with minimal overhead. We have proposed different refresh management
policies in eDRAM. In order to mitigate the write overhead of STTRAM, we have
proposed the volatile-STTRAM (i.e., Relaxed Retention Time-STT-RAM and Relaxed
Write-Energy STTRAM). In particular, when we do relaxation over costly write opera-
tions leads to new issues. The relaxation on writing current leads to Read disturbance
error, and relaxation on the retention time of STTRAM demands periodic refreshing
over the cells. These problems, on a broader perspective, behave precisely like refresh
management in eDRAM subjected to conditions. All these circumstances encourage us
to develop techniques to mitigate the errors mentioned earlier. These leading issue of
refresh management is addressed by our different contributions over volatile-eDRAM
and volatile-STTRAM. In order to avoid refresh operations, we can have some basic
strategies to follow a pragmatic direction:

* Checking Temperature of the cache memory module

* Tracing cache access behaviors through cache references

9
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* Inspecting type of data over the cache block

To avoid the need for specialized external components over the chip, we have
avoided temperature-based strategies for refresh optimization. However, Tracing access
behavior involves protocol attributes, and inspecting data cache blocks may demand
minimal architectural augmentations. The research aims to produce refresh management
strategies for volatile memory technologies and maximize the benefits of using them for
large last-level caches. To facilitate this, we made different contributions in the following

directions.

* Optimizing Refresh Operations by tracing cache access behaviors with the help of

coherence protocols

 Skipping refresh operations through inspecting the content of the cache block

1.7 Thesis Objectives

The aim of of this thesis is to design robust refresh management techniques for Large-
LLCs while keeping a check on the performance and overhead of the system. The LLCs
used are volatile, in that we use e-DRAM and low retention STTRAM based memory
technologies. Our contributions include techniques amalgamated with coherence aware
access types, access behaviors and data block content. We have introduced cache refresh
management techniques that skip refresh operations through inspecting cache data
blocks.

In order to optimize refresh operation overheads in eDRAM, we have following

objectives
* Optimise refreshes by inspecting the cache blocks content

* Optimised refreshes by inspecting the type of block access using the coherence

engine.

Similarly, we have proposed volatile-STTRAM, and maximize the benefits of using
them for last-level caches. We have made different contributions for enhancing volatile-
STTRAM as a better alternative over SRAM. As explained in the motivation section we
propose to use relaxed version of STTRAM. This, relaxation triggers issues that exactly

shows refresh-like behaviour. Towards this our objectives are:

» Mitigation of side effects of low write current in STT-RAM Caches in particular

reducing the impact of read-disturbance errors.

10
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* Designing methods for optimal block placement while using volatile-STTRAM

caches having multiple retention time partitions.

1.8 Thesis contributions

The significant contributions of this thesis can be summarized as follows:

1.8.1 Refresh Optimisation through Dynamic Reconfiguration based
policy in eDRAM

We have analyzed based on available literature and observed a significant amount of zero
data blocks. These data blocks are periodically refreshed in our baseline, consuming
significant refresh energy. In our refresh management strategies, we are trying to
optimize the refresh operations for such zero data blocks to reduce overall energy
consumption. Besides inspecting zero data from the cache blocks we have analysed the
flow of zero data blocks from the main memory. We have reported in our motivation
that the flow of Zero Data Block varies throughout the execution. In this work, three
approaches are proposed using different refreshing techniques over the eDRAM cache.
The architectural proposals are as follows:

* Fixed ZVP: Fixed Zero Blocks partition Based Refreshing where we have fixed
sized dedicated partition for keeping Zero data blocks, and refresh operations

avoided to this partition.

* ZB_ZVP: Dynamic Re-configurable partition based on Zero Block Count, where
partition size varies periodically based on Zero Data block count in the previous

interval.

* MR_ZVP: Dynamic Re-configurable partition based on Miss Rate. Here partition

size varies periodically based on change in miss rate in the previous interval.

We have an optimized periodic round-robin (PRR) refreshing baseline technique.
Over which we have shown comparison of our techniques with the existing techniques
in eDRAM Caches. We have reported the results on different metrics, where we get
a significant amount of reduction among all the matrices. Results included the total
Number of Refresh Count Savings, Energy Savings, and Performance. In this work, our
dynamic policies performed better over the policy with fixed partition. ZB_ZVP reduces
total refreshes by 38%, and the MR-ZVP policy reduces refreshes by 43%. Note that the

11
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fixed-size zero value policy gives 29% refresh savings. Savings in refreshes reduce the
stall cycles, leading to a performance improvement of 6-9%; and the proposed policies

reduce energy consumption by 12-14%.

1.8.2 A Private Block-based Refresh Management technique with
Skipping Zero Data Blocks

In this proposal, we have introduced a refresh management policy that assigns an
identifying parameter to each block of the eDRAM cache. This technique leverages
access behaviour of the cache blocks. The suggested concept is inspired by the fact
that the LLC contains many private blocks, the majority of which contain useless and
outdated data. So, the key idea rotates around the existence of private blocks during
execution, private blocks refers to the cache blocks held exclusively for writing by upper-
level cache (ULC). When the first writeback operation from the ULC for such data entries
occurs, the real worthy data is present in the LLC. All of these facts have been recognized,
and our refresh management strategy is based on them. In particular, cache blocks that
are privately cached by upper-level caches will not be refreshed in the eDRAM based
LLC. In our refresh management technique, when the private block is put into the LLC
on a miss, the entry is allocated with an additional one to-refresh bit parameter. The
refresh-bit parameter is set for the corresponding block when a block (known as a shared
block, including instruction blocks) other than private blocks is loaded in LLC on a miss.
Eventually, the block parameter gets reset when the corresponding state of the block
changes to Exclusive. eDRAM periodic refreshing trigger only for which this parameter
is set, otherwise avoid refresh operations. Thus, if a block gets evicted from the ULC,
blocks are considered refreshing until they are not evicted from LLC. Besides the private
block-based refresh management, to further save the write energy in the eDRAM, we
have exploited a zero detection-based logic in eDRAM. That detects the zero data blocks
at the time of placement of the freshly loaded blocks in LLC. Thus it is an improvisation
over the eEDRAM in order to reduce the overhead of refresh operation. The proposal
results were compared with the existing baseline technique: Periodic Round Robin
Based Refreshing: Periodic Round Robin Based Refreshing. In particular, the following

variations are proposed:
* Private Blocks Based Refreshing (PBOR), i.e., with private block-based data

* Private Blocks Based Refreshing with Skipping ZDB (PBOR_SZ), i.e., PBOR
with skipping refresh over Zero content blocks

12
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The different variation of the policies saves the refresh operations in the eDRAM
Cache in the range. This work, PBOR reduces total refresh operations by 55%, and the
PBOR_SZ policy reduces refreshes by 55%. The PBOR without zero value policy gives
29% refresh energy savings. Savings in refreshes also reduce the stall cycles, leading to
a performance improvement of 6-9%; and reducing energy consumption by 12-14% in

the proposed policies.

1.8.3 Read Disturbance Error mitigation using Coherence And Tem-
poral Locality STT-RAM Caches

STTRAM has an issue of asymmetrical read and write operations with high write energy.
We can get a relaxed version of STTRAM with write current closer to read current
on feature scaling. The read current’s induction effect creates disturbance among the
MT] cell, which leads to the flipping of bit orientations. Thus, it creates RDE issues
in STTRAM caches. In order to mitigate the read-disturbance error (RDE) we could
perform a restore operations in volatile-STTRAM. It can be categorized similar to
refresh-like issue in the STTRAM. In eDRAM, refresh management is an issue due to
leakage, whereas we have to ensure the retention of the correct data block after reading.
Thus, a presumptive solution is to perform a write operation after each read operation in
the cache. However, this will trigger an insignificant rise in system overhead. Thus, we
require strategies for replenishing data over the cells after each read operation. There
could be the possibility of flipping of data due to closely read and write energy. This work
includes three techniques to mitigate the read disturbance error in volatile-STTRAM
LLC.

» SKIP-WH: This policy skips restore operations for reads when the upper-level
cache requests the data block with exclusive permission.

* RD-BUF: This policy eliminates restore-operations for read-intensive blocks by
storing these blocks in an SRAM-based read buffer

* SKIP-ZERO: the third one skips restore operations for zero blocks.
* CORIDOR: Combination of SKIP-WR, RD-BUF, and SKIP-ZERO policy.

All three proposals use different properties of the block access pattern to avoid
restore operations. Depending on the application characteristics, a specific solution may
work for one over the other. These proposals are complementary to each other and can

be combined to give bigger benefits in restore savings. So, we have proposed a fourth

13
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policy which is a combined version of all the policies. The combined policy version
gave 31.6% savings in total energy over the HCRR baseline, whereas an ideal RDE-free
STT-RAM cache gave 42.7% savings. Thus, our proposal achieves three-fourths of the
energy-saving achieved by the ideal cache. The proposal also saved 51% energy incurred
by the restore-operations by HCRR. Savings in restore operations also reduced the stall
time for the cache banks. Further, it reduced execution time to 0.64 times the HCRR,
which is almost the same as that of the ideal STT-RAM cache.

1.8.4 Coherence Aware Refresh Operation Optimization and block
Placement in Multi-retention STT-RAM Caches

The cache blocks inside LLC do not exist throughout the execution; eventually, they are
replaced by the other fresh blocks from the main memory. So, cache block’s existence
time inside LLC varies depending on the re-usability or on the type of blocks. For
example, the data inside the cache block remains unchanged for an instruction block
until the block gets evicted from LLC. By default, the STTRAM has a retention time
of up to 10 years. A retention time refers to the amount of time data is reliable on a
cell and can be sensed correctly. Relaxing the retention time allows the STTRAM to
write with less energy. We could have multiple partitions representing regions with
different retention times in a single cache; each represents a specific retention interval.
Here we proposed a multi-retention cache, which gives cells various retention times in a
single cache. Freshly loaded data blocks allocated to different regions. Sometimes, the
retention time is shorter than the duration for which data blocks must remain in the cache,
or it might get updated soon. In order to prevent this premature eviction or frequent
update, we can do an initial assignment of freshly loaded blocks. Such that blocks could
get a justified initial allocation. Thus, it would save many unnecessary refresh operations.
Needful migrations can be done during runtime in order to leverage the advantage of
retention time. A periodic refresh, similar to the DRAM refreshing management type,
ensures data retention time over the cells. This work proposes a refresh optimized block
placement technique for multi-retention Hybrid Cache architecture comprising ways
with different retention intervals.

According to the protocol perspective, data blocks loaded on write access is likely
to get more writes in the future, updated more often than the data loaded on read miss.
Therefore, assigning high retention intervals to such an ever-changing data block would
not be a viable solution. Similarly, instruction blocks are loaded on read miss never

change throughout the execution could be allocated to the highest retention time region.
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1.9. Summary

In this work, we proposed a coherence protocol-based approach, which contains the

following strategies for refresh management in relaxed-STTRAM cache:

* an efficient policy for choosing best retention time for blocks placement in multi-
retention STTRAM Cache, and

* Also proposes a migration policy to relocate the blocks to appropriate regions

during runtime.

Furthermore, our improvisation strategy identifies zero data value blocks and does
not refresh them by skipping the refresh operation for such cache ways dynamically.
It would lead to enhancing the energy efficiency, whereas our proposal safeguards
performance loss.

The proposed scheme results are compared with baselines SRAM, Pure STT-RAM,
and with two existing policies, DRS and CACHE REVIVE, with no specific placement
policy. The proposed work contributes to savings in the number of refreshes by 41%
leading to a 36% improvement in total energy compared to baseline. The policies also

improve performance over the baseline refresh policy and stay within 5% of the SRAM.

1.9 Summary

In order to fulfill the increasing demand for more cache capacity due to integrated CMPs
in the processing cores, larger last-level caches are deployed over the chip. In the cache
hierarchy, LLCs play a crucial role by providing needful data to the hungry CMPs.
SRAMs are not scalable and need improvement in terms of power, performance, and
scalability. In order to deploy large LLCs, researchers are working over the fabrication
of caches with alternative technologies containing benefits over the conventional SRAM.
These technologies include high scalability, lesser leakage power, and more capacity in
the same area footprint of SRAM. However, we need to explore the best out of these
alternate options as they are not free from issues.

In eDRAM, we have to deal with the charge loss on the capacitors by periodic
refreshing. This periodic operation leads to interruption of normal cache access, if not
appropriately managed, can reduce IPC. In this dissertation, we aim to address the relia-
bility of data over the volatile caches by ensuring the retention of data blocks. Here, we
deal with volatile memory technologies’ challenges and make them suitable candidates
for cache hierarchy. Similarly, in STTRAM, the asymmetrical read and write with the
costly write operation. Thus, it can be addressed by the relaxed versions of STTRAM(.e.,
Retention Time Relaxed STTRAM and Write Current Relaxed STTRAM).
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Chapter 1: Introduction

In order to reduce the costly refresh operations in eDRAM, we have proposed refresh-
free partitioned architecture, which is reserved for Zero data content. In this way, we
could reduce a significant amount of refresh operations over the eDRAM cache. In
this regard, we have tracked the presence of Zero data blocks coming from the main
memory and inside the cache on writeback. In order to make a dynamic flavor, we
have made these partitions re-configurable depending on various parameters. These
motivational parameters are reported with needful experiments. For re-configurable
parameters, we have considered interval-based zero data block count and miss rate as
our key parameters.

Besides the above proposal, we have presented another similar refresh management
technique using a protocol-based strategy. We have been analyzing access behavior by
protocol. For that, we have tracked down the exclusively held data blocks by upper-level
cache and found a significant amount of private blocks data that can be skipped while
performing refresh operations. The data blocks loaded for the write-requests will be
modified soon by the ULC and eventually written back to the LLC. Hence, the LLC
copy became out of date when the block was held exclusive by ULC. This approach
is further improvised by restricting the refresh and write operations to detect zero data
blocks in LLC.

After targeting refresh management issues, similar refresh-like issues are also ad-
dressed in the volatile STTRAM caches. In order to reduce the write energy overhead
in STTRAM, we have proposed a relaxed version known as volatile-STTRAM. This
relaxed version of STTRAM shows volatile behavior that triggers two common issues:1)
Read Disturbance Error and 2) Periodic Refreshing. In order to mitigate read disturbance
error in the STTRAM cache, we have proposed a locality-based technique for restoring
the disturbed cache lines in the STTRAM-LLC due to read operation. Whereas, for
Retention time management, we have to regulate refresh operation. We have performed
refresh optimization over the multi-retention cache through the blocks placement strategy.
Our proposals reduce the restore/refresh operations significantly with minimal impact

on performance.

1.10 Organization of Thesis

The rest of this thesis is organized as follows:

* Chapter 2 summarizes the background and prior works related to the contributions
of the thesis.
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1.10. Organization of Thesis

Chapter 3 presents the refresh optimization through dynamic reconfiguration in
volatile-eDRAM caches.

Chapters 4 presents the contribution, which is the private block and skipping zero

based refresh management technique for the volatile-eDRAM cache.

Chapter 5 discusses coherence and temporal locality based techniques to mitigate
read-disturbance issue in STTRAM cache.

Chapter 6 addresses volatile behaviour of multi-retention STTRAM cache through

block placement strategies.

Chapter 7 finally concludes the thesis.
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CHAPTER 2

Background

There are several memory technologies at the maturity stage that can be considered for
implementing the LL.Cs. The commercial availability of the SRAM is far better than
other technologies. As we have discussed, we had to face challenges when we raised the
size of the LLCs for the CMPs system. In consideration of the upcoming large working
set size arises an alarming situation for leakage power consumption. In particular,
dynamic energy consumption plays a vital role in on-chip processing modules. However,
the leakage comes from the memory module dominates over the other fraction of on-chip
power consumption. If we switch to other volatile caches technologies with low leakage
power consumption than SRAM, we have to ensure retention time of data block over the
cache. In order to check the integrity of cells, we must require regular check operations.
For example, in the case of DRAM, we require Periodic Refreshing for replenishing
data on the cells. These periodic refreshes consume significant refresh energy in terms
of dynamic energy. It is commonly known that today’s chip multiprocessors’ large
last-level caches contain a lot of unnecessary data. As a result, there is a chance to
reduce refresh energy consumption by not refreshing data that is no longer useful for
program execution. The problem is locating such information at a reasonable cost.

The main goal of this work is to ensure the reliability of data in the volatile-memory-
based technologies and utilize them as large last-level caches. We had a detailed survey
over our targeted volatile-eDRAM and Volatile-STTRAM technologies. We initially
summarize the preliminary concept of corresponding memory technologies followed by

challenges with the employment in the cache hierarchy.
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Chapter 2: Background
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Fig. 2.2 SRAM leakage paths.

2.1 Volatile Memory Based Caches

Volatile memory is the memory that requires a minimal continuous power supply to
retain information over it. The loss of charge happens in the form of leakage i.e., loss of

data from the memory cells.

2.1.1 Static Random Access Memory (SRAM)

SRAMs are the most common memory technology used for the caches. [19] It contains
six transistors. Although SRAM does not require continual electrical refreshes, it does
require a steady current to maintain the voltage difference.

Figure 2.1 depicts a typical 6T SRAM cell. On a read operation, the access transistors
(AL and AR) are turned on, and one of the pull-down transistors (DL or DR) establishes
a current route from one of the bit-lines (BL or BLB) to the ground, allowing for the
quick differential sensing operation. On a write operation, the cell content is written

based on the write driver’s differential voltage signal applied to the bit-lines.
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2.1. Volatile Memory Based Caches
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Fig. 2.3 DRAM bank structure

The standard CMOS technology can be used to make SRAMs. They are also the
most extensively utilized embedded memory technology because they allow quick
memory access. For example, SRAM is used to implement the whole cache hierarchy
in Intel, AMD, and Sun processors [18-20]. SRAM cells, on the other hand, are huge
in size because of their six-transistor implementation. The cell structure introduces
sub-threshold and gate leakage channels (Figure 2.2), resulting in high standby power.
SRAM is less suitable for implementing high-capacity caches due to its low density and
significant leakage. Each bit requires six transistors in a static RAM chip, but dynamic

RAM only requires one capacitor and one transistor.

2.1.2 Dynamic Random Access Memory (DRAM)

DRAM is made up of a two-dimensional array of DRAM cells, each of which has a
capacitor and an access transistor, as shown in Figure 2.3. A cell is in the charged state
or the discharged state, depending on whether its capacitor is fully charged or entirely
discharged. These two states represent a binary data value. Every cell, as shown in
Figure 2.3, is at the crossroads of two perpendicular wires: a horizontal wordline and a
vertical bit line. A bitline joins all cells in the vertical direction (column), and a wordline
connects all cells in the horizontal direction (row). All the access transistors inside the
row are enabled when wordline a row is raised to a high voltage. It further links all of
the capacitors to their corresponding bit lines. The row’s data (in the form of charge)
can then be transferred into the row buffer depicted in Figure 2.3. The row-buffer, also
known as sense-amplifiers, reads the cells’ charge and destroys the data in the process
on the cells. Thus, an immediate write of data occurs from the row buffer to the cells

(wordline). In other word accessing a row can be considered auto-refresh.
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Fig. 2.4 Representational View of eDRAM bank

Refreshing DRAM:The charges over the DRAM cells are not stable. The capacitor
stores the charge and leaks the charge in the form of sub threshold leakage and gate-
induced drain leakage(discussed in chapter 1). Eventually, the charge over the cells may
get reduced up to a level after which it would not be possible to sense it correctly through
a sense amplifier. This leads to loss of data from the word line. The duration over which
the cells can retain the charge (or data value) is called the retention time of the cell.

The Periodic refreshing provides a replenishing mechanism to the cells. In order
to restore the charges over the cell, one needs to refresh the cell within the retention
time. The DDR3 DRAM requirements [20] require a retention duration of at least 64
milliseconds, which means that all cells in a bank must be refreshed at least once during
this time frame. Traditionally, Memory refresh has been accomplished by employing an
internal counter to regularly refresh all of the cells inside a single eDRAM instance. This
is accomplished by forcing a refresh operation and prioritizing it, causing competing
reads and writes to the same bank to be queued. Because of its simplicity, the policy is
widely used. In the past, the penalty for Refreshes was low enough that adding further

complexity was unnecessary.

2.1.3 Embedded-Dynamic Random Access Memory (eDRAM)

DRAM cells have been incorporated with logic-based technology, allowing them to
outperform traditional DRAM cells in speed. An embedded DRAM cell (eDRAM) is a
logic-circuit technology that incorporates a trench DRAM storage cell. The eDRAM try-
ing best to occupy commercial maturity in the current scenario. In particular, technology
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2.1. Volatile Memory Based Caches

integration has a substantial overhaul of the refresh operations we are targeting in our
work.

In a research, the read operation latency can be comparable to those of SRAM. As
a result we can deploy, Last level caches in modern commercial CPUs using eDRAM
technology. An embedded DRAM cell consists of an access transistor and a storage
capacitor. The capacitor used for eDRAM is either a deep-trench capacitor [21] or
stacked capacitor, where a transistor controls the access [22, 20]. Over time, the capacitor
losses charge, and hence an eDRAM cell requires a periodic refresh operation. The
refresh process involves sensing the cell data to the sense amplifier and replenishing
the partially lost charge. This capacitor leakage increases with technology scaling.
As shown in Fig. 2.4, data is represented by the charge on the capacitor. The Access
transistor connects the capacitor to the bit lines, which transfers the data bits to the
sense amplifier. The row to be selected is controlled by the word line connected to the
transistor. Barth [23] has reported the refresh period of eDRAM to be 40us, whereas it
is 64ms in the case of conventional DRAM.

The other properties of eDRAM can be summarized as follows:

Advantages

* Low leakage based memory module
* Larger EDRAM caches always perform better than the smaller SRAM caches. [24]

* In present scenario, researchers implementing eDRAM cells on FinFET technol-
ogy. [25]

Limitations
* eDRAM requires more refresh operations compared to conventional DRAM.

* The retention time of eDRAM is 10° times lesser than normal DRAM requiring
one to refresh eDRAM more often.

* Not a good choice for L1-caches due to slow Read and write operations.

The 1T1C eDRAM and the gain cell eEDRAM are the two most prevalent varieties
of eDRAM. Both of them provide a capacitor to store all the data. A 1T1C cell, for
example, stores its data on a dedicated capacitor, whereas a gain cell relies on the gate
capacitance of its storage transistor. The data-retention period of an eDRAM circuit
determines its refresh rate, which is governed by the rate of cell leakage and the size of
the store capacitance [26].
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Chapter 2: Background

1T1C eDRAM Cell

It has an access transistor and a capacitor (C). The 1T1C cells have a higher density
than gain cells, and the cell capacitor fabrication requires some extra stages. The access
transistor is turned on, and an electrical charge is transferred from the storage capacitor
to the bit-line, enabling the cell to read (BL). As the capacitor loses charge while being
read, the read operation is referred to as a destructive operation. In order to recover the
lost bits after a destructive read, data write-back is required. Moving charge from BL to
C is used to write the cell.

A DRAM cell loses charge over time due to junction leakage, gate-induced drain
leakage, sub-threshold leakage, field transistor leakage, and capacitor dielectric leak-
age [27]. Moreover, eDRAM has a considerably shorter retention time than traditional
DRAM because it uses quick and easy access transistors with a larger leakage current
than conventional DRAM. For example, an IBM 32nm SOI eDRAM has a retention
period of 40us at 85°C [28], but commercial DRAM has a retention duration of 64ms.

Gain Cell eDRAM

Gain cell memories are typically made up of two or three transistors and offer reasonable
leakage, high density, and faster memory access. There are lots of different kinds of
GCs with two [29], three [27], and four transistors [30] that have an order of magnitude
less leakage power and take up less than half the size of a six transistor SRAM cell.

A write access transistor (PW), a read access transistor (PR), and a storage transistor
constitute a 3T PMOS gain cell (PS). PMOS transistors are often used because they have
a lower leakage current than NMOS transistors of the same size. Reduced standby power
and longer retention time seem to be possible without much power dissipation. The read
word-line (RWL) and the write word-line (WWL) are both at VDD during steady-state.
Therefore PR and PW are turned off, while the read bit-line and the write bit-line (WBL)
remained at OV. PR is switched on in read mode, while RBL is only pulled up when the
voltage at the storage node is low. The cell data is then obtained by the sense amplifier
based on the voltage level of the RBL. WWL is negatively over-driven in write mode,
similar to the 1T1C eDRAM, to avoid threshold voltage loss. PW is then used to write
data into the storage node.
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2.2. Non-Volatile Memory Based Caches

2.2 Non-Volatile Memory Based Caches

There are numerous developing Non-Volatile Memories (NVM) that are currently being
investigated. Spin Transfer Torque Random Access Memory (STT-RAM) [31, 32], Phase
Change Random Access Memory (PCRAM) [33, 34], Resistive Random Access Memory
(ReRAM) [35], Ferroelectric Random Access Memory (FeERAM), Nano Random Access
Memory (NRAM), Conductive-Bridging Random Access Memory (CBRAM), Single
Electronic Memory (SEM), Polymer, Molecular, Racetrack, Holographic, and Probe are
among the 12 NVM technologies. Some of the memories in this list have progressed to
the point where they can be commercially produced, while others are still in the early
phases of development.

In this dissertation, we are restricting to use NVMs as it suffers from asymmetrical,
1.e., costly Read and writes operations. Nevertheless, we have used a relaxed version
which can be referred as a volatile-STTRAM suitable candidate for large last-level
caches.

2.2.1 Volatile STTRAM Caches

A normal STTRAM-based cache could be inefficient, as high write energy consumes a
significant amount of the dynamic energy. In order to address this issue, many researchers
proposed ideas towards reducing dynamic energy consumption. We have proposed two
variants of the energy-efficient volatile-STTRAM cache.

When a large current is applied to an STT-RAM cell for a short duration, the value
can be written and read reliably. In order to get the relaxed version of STTRAM, if
the current is reduced, a longer pulse duration is required to complete the operation.
Both these factors affect the reliability of the cell; in that case, the reads become
destructive [36]. The low read current leads to magnetic disturbance in the MTJ, and
this can lead to flipping the stored data, thus causing the read disturbance error (RDE).
Process variation further exacerbates the issue of RDE [37].

One of the prospective solutions is to mitigate the write latency overhead of STTRAM.
STTRAM, by default, has a retention time of up to ten years. A retention time refers
to time up to how long data can be retained on the cell. Relaxing retention time can
make the memory with lower write energy. Relaxed STTRAM has a better switching
performance by properly relaxing its thermal stability and reducing data retention time
(e.g., a few seconds) to maintain the trivial performance and energy overhead induced
by data refreshing.
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Chapter 2: Background

This dissertation has a proposed work on a hybrid version of retention-relaxed
STTRAM where we have multiple regions with different retention intervals. A multi-
retention cache gives choices for cells with various retention times in a single cache.
They predict access patterns for direct block placement and migration. Much previ-
ous work has explained that how inherent retention time is relaxed in order to make
Retention-Relaxed STTRAM [38]. LARS [39] is an approach of adaptable runtime
cache depending on the different applications. It proposes an optimal tuning algorithm
that determines the retention based on energy consumption at runtime. Sun et al. [5],
used retention-relaxed STTRAM to make a hybrid version of the cache with two reten-
tion levels. In order to leverage the best features of retention-relaxed STTRAM and
considering the versatility of the application, we use multiple retention levels in a single
cache.

The challenges and solutions proposed for refresh optimizations in DRAM and
eDRAM are not directly applicable to RDE in STT-RAM caches. To mitigate the RDE
issue, we need to refresh/restore the data immediately after a read. We cannot wait until
some time in the future (called the retention time in DRAM) to initiate a restore. This
immediate need to refresh creates further challenges in designing a solution to mitigate
them because every solution will affect the hit time of the cache. We use the terms

Refresh and restore interchangeably to mean the same thing.

2.2.2 STTRAM Operations

Fig. 2.5 shows the structural view of the STT-RAM cell. The STT-RAM cell consists
of an access transistor and Magnetic Tunnel Junction (MTJ). The MTJ contains two
ferromagnetic layers separated by a dielectric layer (made up of MgO). A spin-polarized
current can control the magnetization direction of the ferromagnetic layer, called the
free layer. The direction of the other layer, called a reference layer, is fixed. The free
layer’s magnetization direction is used to represent the data bit stored in the STT-RAM
cell. When the free layer’s magnetization direction is parallel with the reference layer,
the resistance of MTJ is low and represents the ‘0’ state of the STT-RAM cell (shown
in Fig. 2.5(b)). On the other hand, when the magnetization direction is anti-parallel,
the resistance of MTJ is high, and it corresponds to the ‘1’ state of the STT-RAM cell
(Fig. 2.5(c)).

The read operation in the STT-RAM is performed with the help of a source line and
a bit line. A small voltage is applied to these lines, which in turn generates the current.
The generated current is compared with the reference current to detect the ‘0’ and ‘1’
state of the STT-RAM cell. Writing ‘0’ in the STT cell is performed by applying a large
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Fig. 2.5 Overview of STT-RAM cell (a) Schematic STT view with (1) Write ‘1’ operation
(2) Write ‘0’ and Read operation (b) Parallel low resistance, representing ‘0’ state (c)
Anti-parallel high resistance, representing ‘1’ state

positive voltage between the source line and bit line. On the other hand, writing ‘1’ is

performed by a large negative voltage.

2.3 Terms Related to Refresh Operations

2.3.1 Retention Time

The duration over which the cells can retain the charge(or data value) is called the
retention time of the cell, and one needs to refresh the cell within this retention time.
As the retention time reduces, we need to either write back the data block or refresh
the contents to maintain the data integrity. A refresh includes the block being written
to a buffer and then re-written into the cache. The frequency at which we perform this
Refresh is called the refresh interval. The retention time of eDRAM is 10° times lesser
than regular DRAM requiring one to refresh eDRAM more often. [23]

Effect of Temperature on Retention Time: The refresh operation uses a significant
amount of energy, it’s critical to choose the right refresh interval, which is heavily

dependent on temperature.

2.3.2 Refreshing Mode in Volatile Caches

Refreshing modes regarding targeted technologies are explained in the following sub-
sections. At the end of retention time, in order to retain the data, the values have to be

replenished by reading them and writing the same value back to the location referred
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to as a block-level refresh. The negative impact on performance and energy can be
mitigated by designing schemes to avoid the Refresh wherever possible. Methods to
do this include staggering the refreshes so that the duration of the stall of each bank
is distributed evenly, and we can avoid cases when the whole memory is not-available.
Other techniques include avoiding periodic Refresh to those blocks that have recently

been accessed and scheduling phase-wise refreshing.

2.3.3 Embedded-DRAM Refresh

eDRAM requires a higher refresh rate (or refresh power) to maintain data integrity
on the cell. Reducing refresh overhead in eDRAM could save a lot of chip power.
Figure 2.6 shows the most basic refresh operations on eDRAM can be performed in two
ways [40] (1) distributed or (ii) burst form. In distributed, the refresh operation for all
cache lines is distributed along the retention time in the eDRAM bank; Whereas the
burst technique issues a refresh command for all the lines in a cache bank at one time in
a burst. Both the techniques have advantages according to cache capacity. Normal cache
access requests are blocked when the cache bank is busy with the refresh process [41].
eDRAM Cell loses charge through the off-drain current through the access transistor.
The refresh process consists of sensing the cell data from the cell to the sense amplifier
and replenishing the partially lost charge. A row of the sense amplifier is connected
to make an array called row buffer. The wire that connects the eDRAM cell to the
sense amplifier is called bit line. Each row is read during the refresh interval, and data
is transferred to row buffer followed by written back to row. So, refreshing a row is
similar to accessing a row with the help of a row buffer. eDRAM has a substantially

shorter retention time than DRAM, it is impracticable to suspend refresh processes in
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eDRAM for an extended period of time. Furthermore, eDRAM stacked caches have a
significantly higher number of read/write operations than DRAM main memory systems.

In such circumstance, a refresh activities cannot be suspended indefinitely.

2.3.4 Volatile-STTRAM Refresh

In order to maintain data over the cells in volatile-STTRAM, refresh or restore operations
are required. A temporary buffer or row buffer can be used depending on the strategy
of refreshing/restoring. Each refresh operation consists of four physical operations to
be performed while refreshing a block: 1) STTRAM Read, 2) Refresh Buffer Write, 3)
Refresh Buffer Read, and 4) STTRAM Write. The negative impact on performance and
energy can be mitigated by designing schemes to avoid the Refresh wherever possible.

Write Current relaxed STTRAM: Calculating the exact probability of an RDE
would require detailed modeling of circuit-level parameters and effects. Since this is
beyond the scope of our architecture-level study, we assume a 100% probability of RDE
occurrence in this paper. In other words, we assume that an RDE happens on each read
operation. Thus, we write the data back to the cache line after sensing it on read buffer
on each Read, as we assume it is destructive Read.

Retention-time relaxed STTRAM: This refresh operation stalls the memory bank
until the Refresh is completed, and this also leads to additional energy consumption.
Here, the retention time value will be considered from the timestamp value of the
last access. We trigger periodic refresh operation for cache line until the cacheline is
referenced by ULC. As soon as cacheline is accessed, the timer for the corresponding
line will be updated with a new timestamp value. However, we can use those refresh
techniques for the same which we used in the case of eDRAM refresh management.
The retention interval will be considered from the timestamp of the last reference to the

cacheline.

2.3.5 Multi-Retention STTRAM

Shortening the retention time STT-RAM in which cell minimizes its write dynamic
energy and latency of STT-RAM by lowering data retention time. This can be accom-
plished by lowering the free layer’s surface area. Two variants of data retention time
decreased STT-RAM is shown in reference [45]: 26.5 s and 3.24 s. STT-RAM cells are
used in all cache levels in work in References [42, 45] because they have lower write
dynamic energy and latency. However, in order to keep the data in their STT-RAMs,

they must perform periodic refresh operations. DRAM-style Refresh was utilized in
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Reference [42]. (refresh all cache lines). First, our research focuses on large LLCs where
dense STT-RAM-based caches plays important role. It has higher write costs than SRAM
caches, which can be reduced by relaxed-STTRAM caches. Second, our research aims
to lower the system’s energy usage while also improving its performance. In particular
write operations consumes energy in STT-RAM-based caches, a more aggressive cache
partitioning strategy is required. This inspires us to investigate a STT-RAM-based LLC

design with several retention levels.

2.4 Challenges to Employ Volatile Caches

Static power consumption becomes an essential worry as many cores use dynamic
energy more effectively increase. Leakage through on-chip cache memory modules adds
significant overhead to the chip’s power. We must use a low leakage cache memory
model in manycore systems. As maximum portion of the chip occupied by cache, large

caches would consume a significant amount of energy. To draw the com
1. Periodic Refreshing:
2. Effect of low write current:
3. Effect of Temperature:

4. STT-RAM with a long retention time has a high write dynamic energy. The major
challenge in multi-retention cache management is whether the data should be

stored in short- or long-retention STT-RAM.

2.5 Cache Coherence

2.5.1 Inclusive and exclusive caches

In an inclusive cache system, shared cache memory has a copy of every cache block in
all the private caches. A block is first searched in the private caches on a cache miss,
followed by a search in shared caches depending on the cache hierarchy. In case blocks
are not present in LLC, the cache block is fetched from the main memory into the private
caches via the shared cache. When a cache block is evicted from a shared cache, all of its
copies in private caches get invalidated such that inclusivity is never violated. Eviction
of a cache block from any private cache does no effect on its counterpart in the shared

cache.
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For an exclusive cache system, on a miss in both the private and shared caches, the
cache block is brought directly into the private cache, bypassing the shared cache. On
eviction from the private cache, it is transferred into the shared cache. In the exclusive
policy, this is the sole option to populate the shared cache. When a cache block is hit
in the shared cache, it is sent to the requestor’s private cache, and its duplicate in the

shared cache is invalidated. In our work, we have investigated inclusive cache policy.

2.5.2 What is coherence?

In a multiprocessor system, cache coherency is defined as the consistency of shared
resource data across the cache memory hierarchy as seen by any of the processors.
Data is shared throughout multiple threads that have been part of the same application.
This could lead in many threads acquiring and modifying the same data at the same
time. Private caches are maintained in synchronization to guarantee proper execution
of the program. This is achieved by using shared cache folders. The directory stores
information about each L1 sharer who already has cached that data.

Coherency checks the uniformity of shared resource data across the cache hierarchy
visible to all the processors in the CMP. A multiprocessor memory system is coherent if
the results of an execution of a program are such that, for each location, it is possible
to construct a hypothetical serial order of all operations to the location (i.e., put all
reads/writes issued by all processors into a total order) which is consistent with the

results of the execution and in which:

1. Operations issued by any particular processor occur in the above sequence in the

order in which they were issued to the memory system by that processor.

2. The value returned by each read operation is the value written by the last write to

that location in the above sequence.
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2.5.3 Write-Update and Write-Invalidate Caches

The system could perform multiple approaches to update the data in any processor’s
private caches. There are two approaches for propagating writes to other processors’
private caches.:1)Write-update, and 2)write-invalidate are the two commands.

In the write—update policy (shown in figure 2.7), an update to "x’ in P1’s private cache
immediately updates its copies in private caches of other processors. The processor that
is writing the data broadcasts the new data over the bus (without issuing the invalidation
signal). All caches that contain copies of the data are then updated.

In the write—invalidate policy (shown in figure 2.8), an update to ’x’ in P1’s private
cache invalidates its copies in private caches of other processors. Before changing its
local copy, the processor that is writing data invalidates copies in the caches of all other
processors in the system. This is accomplished by the local computer sending an invali-
dation signal over the bus, causing all other caches to look for a copy of the invalidated
file. The data on the local system can be updated until another processor requests it after
the cache copies have been invalidated. Here we take benefit of parallelism and update
propagates whenever data is read. Thus, it reduces traffic over the bus. However, several
updates can take place before communication. Invalidation cost is still an issue before
starting writing on the copy.

The write-update scheme differs from write-invalidate in that it does not create only
one local copy for writes. Its advantage is that any delay between writing a word in one
processor and reading the written value in another processor is usually less in a write
update scheme since the written data are immediately updated in the reader’s cache.
We also get some disadvantages where we require multiple writes by one processing
element (PE) before another PE reads data. Also, Junk data accumulates in large caches
(e.g., process migration).

We examine the write-invalidate policy in this study because it saves CPU cycles by

not updating copies in other caches straight away.
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2.5.4 Write-Through and Write-Back Caches

The write-through and write-back strategies ensure that writes to the shared cache are
propagated on a change to the data in any of the private caches. If P1 updates the value
in block ’x’” under the write-through policy, as shown in figure 13, the update is promptly
propagated to shared cache; but, in write-back policy, as shown in figure 14 (a) and (b),
the update is NOT propagated to shared cache immediately (b). Figure 14 (c) and (d)
demonstrate how the copy in the shared cache is updated only when the following events
occur:

1) An updated block is ejected from L1.

2) Another processor requests an updated block.

If coherence is discovered suitable coherence actions can be done. Snoopy protocols
are what they’re called.

33



Chapter 2: Background

Processor
+

Cache

Processor
+

Cache

Processor
+

Cache

Interconnection Network

Fig. 2.14 Directory Based Protocol

2.5.5 Snooping Protocol (Snoopy)

As each cache snoops bus transactions to monitor memory operations of other processors,
the name snoopy derives from the word snoop (Fig. 2.13). Snoopy protocols are limited
to small-scale bus-based multiprocessors since they necessitate the usage of broadcast
media in the machine. The most frequent way in commercial multiprocessors is this
form of protocol. Snoopy protocols have been proposed in a variety of ways. This
protocol is inclined to bus-based multiprocessor systems, where a suitable coherence
action can be done. Snoopy protocols are extensively used in commercial multiprocessor
systems like Pentium4 and IBM PowerPC.

2.5.6 Directory Based Protocol

The cache coherence protocol that does not rely on broadcasts will keep track of and
preserve the locations of all cached copies of every block of shared data. Technically,
the directory where this protocol maintains the cache block location can be centralized
or distributed in the cache hierarchy. A directory entry with many pointers exists for
each data block; request/response is a direct link between the CPU and the directory.
Any update to a block in any private caches is messaged to the directory, which then
updates/invalidates its copies in other private caches (depending on write-update or write-
invalidate policy). A dirty bit is included in each directory entry to indicate whether or
not a unique cache has permission to write the corresponding data block. For example,
if processor P1 asks for a copy from P2’s private cache, P1 makes the request to the
directory, which further propagates to P2. P2 responds with the needed data, which is
transmitted to P1 through the directory. To provide cache coherency, the directory is
added to each node(shown in figure 2.14). A directory protocol must handle two core

operations: managing read misses and handling writes to a shared, clean cache block.
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2.5.7 MESI Coherence Protocol

The MESI protocol is an Invalidate-based cache coherence protocol and is one of the
most common protocols supporting write-back caches. Invalidate-based means that if a
shared cache block is being written by one of the cache processors, the other one instead
of immediately getting the latest copy of that block invalidates the block. Write-back
cache means that every write need not be updated in the memory. This results in those
caches that contain that cache block invalidating the block. The memory will be updated

eventually but later, as discussed below.

States of MESI Protocol
The 4 states of MESI are characterized as:

* I: If a block is present in state "I" in its FSM, this means that the data is garbage
and of no use. This could have happened because of either of the following

reasons-

1. Block was never brought to the cache
2. Block was brought but had to be replaced

3. Block was brought, but some other processor modified it, and the latest value
is yet to be fetched.

» E: If a block is present in state "E" in its FSM, this means that this is only a copy
among all the caches (read-only). FSM can go to state E in the following scenario
If it’s a read-miss for the block by the processor and no other processor has the
block.

* S: If a block is present in state "S" in its FSM, this usually means that this block
is present with at least two processors. FSM can go to state "S" in the following

scenarios-

1. When the block was brought to this cache, at least another cache already had

the same block in either state "E" or state "S".

2. Initially, this cache was the only owner, but some other processors also

started to read that block into their cache in due time.

Now, generally state "S" for a block means at least two sharers, but sometimes a
cache can be the only owner and present in state "S". This can be illustrated in the

following example-
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Suppose three processors, P1, P2, and P3, send read requests for the same block X
and eventually all get the block. However, let’s say P1, and P2 replace block X in
due time, thus leaving P1 the only owner, still in the state "S".

* M: If a block is present in state "M" in its FSM, this means that the corresponding
processor has modified this block and protocol being write-back, this new value is
not updated in the memory hence going to state "M". FSM can go to state "S" in

the following scenarios-

1. In case of a write-miss by the processor

2. In case of a write-hit by the processor

Explanation of FSM

Notation

(1) FSM has red-colored arrows for bus actions while blue-colored for processor actions.
(2) Command and its response are denoted as follows Cmd/Action for e.g. BusRd/-
means the command was bus read, and no action was required.

(3) Flush’ means the processor may have to provide the data depending upon whether
the system has cache-to-cache transfer or not.
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FSM of MESI Protocol

BusRd/Flush’,PrRd/-

PrWwR/BusRdX

BusRdX/-, BusRd/- PrRd/-,PrWr/-

PrRd/-

Working of MESI protocol

In the case of cache read, any cache state other than Invalid can be used to serve a
cache read. In the case of cache writes, only possible states of a block are in a Modified
or Exclusive state. If the cache line is in the Shared state, we must first initiate a request
for ownership, which will invalidate all shared lines. In order to intercept any request to
the exact location in the lower memory level, a cache line in the Modified or Exclusive
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Fig. 2.15 Diagram Representing a LL.C containing 16 banks and all the banks triggers
refresh operation in burst mode.

state must "snoop" any other cache visits. If in case the line is moved to the Shared state,
and if it was previously in the Modified state, it is written back to the lower cache before
being forwarded to the requester in the Shared state.

Read requests are normally termed as GetS, write as GetX and instruction reads
are called GetInstr. Namely, because reads result in shared blocks, write result in
Exclusive blocks and pure instructions are only read and never modified. We will use

these distinctions in MESI protocol while proposing our optimisations policies.

2.6 Reducing Refresh Operations in eDRAM

2.6.1 Memory Access Pattern Based Policies

The main idea would be to trace the cache blocks’ access pattern during the lifetime of
the block inside the cache.

The very naive and basic technique for refreshing the eDRAM is the burst mode.
In a Simple periodic refresh technique, all the banks are refreshed parallel as shown in
figure 2.15(concerning multi-banking cache structure). All cache lines of all the banks
would be busy while refreshing, and cache will not be available while the Refresh is
going on. Regular access would be restricted for a predefined interval of time for all the
banks simultaneously; an LLC would be unavailable for a long time. This would lead to
colossal performance degradation as the critical loads from the main memory are stalled
due to refresh operation. This is a naive technique that the maximum DRAM-based
model uses for refreshing. If we use DRAM-based technology in the cache, we have to

optimize refreshing techniques to get minimal overhead.
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If we trigger to perform refreshing over the bank in a single set, this will affect the
performance badly. The naive approach to perform the Refresh is burst mode. This
work [41] proposes a fine-grained round-robin approach to refresh an eDRAM bank. The
refresh operations are triggered across banks in a round-robin fashion. They compute the
global refresh interval from the given retention time, which is nothing but the number
of cycles after which each bank needs to be refreshed. Depending on the number of
cache banks, we divide this global refresh interval such that the banks trigger Refresh in
a staggered fashion. The fine-grain round-robin refresh technique minimized the usual
request latency caused by refresh operations, but it does not lower refresh energy because
all cache lines in the LL.C are updated once within the retention period. The results
were further improvised by a selective refresh strategy based on inclusive information to
decrease refresh operations in the LLC. The cache line in the upper-level cache may or
may not be present in the lower-level cache in non-inclusive caches.

Refrint [42] is an intelligent refresh management strategy. The proposed work lies
in the category of tracing memory access patterns. They have introduced the concept
of refreshing hotlines and cold lines in eDRAM caches. The coldlines refer to those
that are not being used or are being used far apart in time but are still getting refreshed,
whereas hotlines get access actively within the retention interval and naively refreshed
periodically. In their proposal, they have suggested time-based policies for hotlines,
where they use to avoid refresh operation on particular cacheline with an assumption
that cachelines get automatically refreshed when ULC is accessing them. For coldlines,
they have suggested data-based policies, which detect and refresh only those cache
lines that are likely to be utilized again in the near future. The cache is invalidated,
and the remainder of the lines are not updated. In particular, results are reported for a
three-level cache hierarchy system where L1 is conventional technology; L2 and L3
are e DRAM memory modules. This eDRAM setup consumes 56% of total energy
consumed by a conventional SRAM with a 25% increase in execution time. The Refrint
policy consumes only 30% power consumption and 6% performance degradation over
the baseline SRAM caches.

Aditya et.al [43] proposed a spacial co-relation based model for eDRAM. The work
develops a model of an on-chip eDRAM cache module where retention time represents
distribution. The eDRAM cell’s retention time relies heavily on its access transistor’s V;,
where V; has well-known spatial correlation qualities. The retention time also exhibits
spatial correlation, according to the analysis presented in the proposed work. They
derived a mathematical model of the variation and showed the spatial correlation in

eDRAM retention time. Mosaic suggested a tiled architecture(a tile is a logical region)
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where each tile is associated with a different refresh rate. They reported a reduction of
Refresh counts up to 20times over the baseline. Also, they have shown a saving of 43%
in terms of refresh energy in the Last level cache.

Versatile Refresh [44] proposes concurrent refresh techniques over the different
banks while read and write accesses remain undisturbed. The comparison is made over
the naive periodic refresh technique. They have suggested two different modules for
refresh management in multi-banked eDRAM architecture. The tracking module and
Back-pressure module: The "Tracking" module is made up of a few pointers that answer
the query of which cells to refresh next. In each time slot, the Tracking module maintains
a note of which row needs to be refreshed. The Back-pressure module enforces this
criterion by back-pressing memory access whenever necessary. The "Back-pressure"
module is a simple bitmap that answers the question of when to back-pressure memory
accesses to induce an idle cycle in all banks. The Row Refresh Schedule is determined
by the Tracking module. It tries to refresh the rows in a round-robin order during typical
operations. When a row is blocked and cannot be refreshed on its turn, a deficit counter
for that row’s bank is increased.

Zoran et.al [45] proposed a DRAM-based coherence cache for upcoming 10nm SOI
FinFETs. They have suggested a dynamic gain cell(structure explained in previous
sections) as an alternative to the 6T SRAM cell. The proposed architecture is for 2
level DRAM cache hierarchy. They consider refresh operations depending on the cache
block’s coherence state. In order to make this possible, they have extended the MESI
protocol and made some changes to the operations. If a Modified line expires, it should
either be refreshed to retain it in the Modified state or evicted to a lower memory level
before being labeled as Invalid; depending on the individual refresh strategy if the line is
refreshed while in Exclusive mode, it will remain in Exclusive mode. Otherwise, it will
have to be revoked (no eviction is needed since the correct data exist in the lower cache).
If a cache line in the Shared state is updated, the state remains Shared. The line must be
invalidated if there is no refresh (same as Exclusive). In the case of an Invalid state, the
line doesn’t hold valid data it would never be refreshed. They have reported a significant
savings of 38% in refresh energy with a performance loss of 8%.

This work [46] proposed a reuse-based refreshing policy to reduce overall energy
consumption with minimal overhead on the system. In this direction, they have proposed
one MRU-Tour replacement policy and another enaw-architecture for saving energy
overhead due to refresh operations. In particular proposed architecture reduces energy
through bank prediction and then refreshing selective cache blocks depending on the

provided conditions. The three variant of refreshing policy: Alw, cond, and Adp reduces
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refresh energy by 72% in out-of-order systems with 58% of dynamic energy reduction.
In Alw policy, blocks always get refreshes regardless of the value of the MRUT-bit and
the LRU-stack position of the block. In Cond, a refresh operation is applied whenever
the target block is stored in the MRU bank, or its MRUT-bit is set (multiple MRUTS).
Otherwise, the block is marked evicted and early writeback (if applicable). In Adp policy,
it dynamically adapts both Alw and Cond according to the condition.

The Gain Cell eDRAM has independent Read and write ports; distinct rows can
be read and written simultaneously. A sequence of successive refreshing accesses can
be pipelined since refreshing needs a read and write operation. Kazimirsky et.al. [47]
proposes a memory availability problem by refreshing on demand without interfering
with memory access. They are leveraging temporal and local memory idleness, and
refreshing occurs synchronously with R/W operations.

The study in reference [48]presents a concurrent eDRAM refreshing regime that
he claimed resulted in negligible memory availability degradation. The cache was
divided into 16 banks to do this. The authors found 96% to 99% availability in memory
for random access(banks with 512 to 128 lines). This approach adds an independent
line counter to each bank, which generates the address of the presently updated line.
While one or two other banks, defined in a circular manner, are refreshed, and their
corresponding counters are increased. Internal R/W ports are used in this Refresh, with
the underlying premise that banks be accessed independently. However, we assume that
all banks are visited at the same time just for simplifying the cache. The authors did not
explain what occurs when a specific bank is contacted repeatedly over an arbitrarily long
time, preventing Refresh during that time.

The suggested technique [49] is based on the observation that cache demands of
different applications vary considerably both within and between applications. Based
on the above, this technique dynamically increases the active cache size of an applica-
tion, resulting in minimum performance degradation while achieving significant energy
savings. In terms of Refresh, this approach just refreshes valid lines in the cache on a
regular basis. There are three reasons why it minimizes the number of refreshes. For
example, it prevents invalid blocks from being refreshed. Second, the number of active
and valid blocks in the cache is reduced. Thirdly, as there are fewer refreshes, and the
execution time is reduced, which minimizes the number of periodic refresh events.

Based on the notion of selective Refresh, Patel et.al. [50] propose a low-overhead
refresh power reduction mechanism. They made use of the well-known prevalence of
zero bits in DRAM data by adding a small amount of redundant storage and circuitry to

index the memory blocks that contain a zero value, allowing them to avoid refreshing
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such blocks. The fact used to save energy is that the cache memory filters the memory
references, and secondly, the distribution of zero’s and one is inside cache. However,
they have not mentioned the percentage of zero’s among benchmarks but show the
motivational analysis on the distribution of zero clusters. This paper presents two
different approaches for analyzing granularity for application, namely horizontal and
vertical zero clustering. Here, cluster refers to all the lines in case of horizontal or all
the bits in case of cacheline. The first proposed concept of Horizontal Zero Clustering
checks for the zero clusters horizontally. A Zero Indicator Bit(ZIB) is set when all the
bits are zero; otherwise, reset. Refresh operations are avoided if the ZIB is one. The
bits in the cluster will not be read if ZIB stores a one, but they will be read if it stores
a zero. If all cluster bits are 0, the Zero Detect Circuit (ZDC) detects this and writes a
"1’ to the ZIB. Another approach, Vertical Zero Clustering(VZC) goal is to detect and
leverage clusters of zeros in columns of the DRAM array. For such that Zero indicator
Row bit is set for each row. The dynamic logic-based decoders have a data matrix
complexity of 5 to 8%; the overall area overhead is quite negligible. As a result, their
method minimizes the number of refresh processes, lowering idle power consumption.
According to preliminary findings, refresh procedures have been reduced by 31% on
average across all granularities.

The main concept [51] is allocating the correct amount of cache to each application
and then shifting the rest of the cache to a low-power state with minimal performance
loss. Now, this reduces the cache’s active fraction, where the idle portion of the cache
does not need to be updated. Thus it does not require leakage energy; this saves both
leakage and refresh energy. Furthermore, only valid blocks are refreshed in the active
area of the cache, reducing refresh energy. It uses way-based reconfiguration in which it
turns off the same number of ways for all the sets throughout the cache. It may trigger
some flexibility issues, which can be resolved by turning off the different number ways in
each module. The algorithm initially determines if a module is non-LRU by comparing
the number of hits at various LRU places. Thus, it calculates the total number of hits up
to that LRU level for each LRU position. The LRU position determines the number of
methods to stay active.

2.6.2 Work related to Temperature based eDRAM Refresh Archi-
tecture

Smart Refresh was proposed by Ghosh and Lee [52] for DRAM chips. Their technique

1s based on the DRAM access characteristic. When a DRAM row is accessed, it is not
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necessary to update it until the next refresh interval. A DRAM read operation, in other
words, has the same impact on the DRAM row as a refresh operation. Their technique
employs refresh counters for all DRAM rows to take advantage of the refresh effect of
DRAM access. When a DRAM row is accessed, the refresh counter for that row is reset,
because the access refreshes the associated DRAM row. However, the number of refresh
counters is equal to the number of DRAM rows, their design has a substantial space
overhead. In addition, their proposal ignores the effect of temperature on retention time.
As retention time varies with temperature, taking into account the effect of temperature
on retention time can significantly minimise the number of refresh processes.

The traditional refresh approach, assumes the worst-case temperature for all eEDRAM
stacked cache banks, resulting in needlessly frequent refreshes. As the die farthest from
the heat spreader has limited heat radiation capabilities, the temperature of each die is
expected to rise as the distance from the heat spreader increases. The temperature of
each die is influenced by the temperature of adjacent dies. Gong et.al. [53] proposed
a unique temperature-aware refresh strategy for 3D stacked eDRAM caches, taking
into account the varied retention duration of eDRAM stacked cache banks owing to
temperature fluctuations. Thermal sensors are used to detect the temperature of each
cache bank. The retention period of eDRAM stacked cache banks is investigated in
this research as a function of temperature. Because the temperature of each eDRAM
stacked cache bank changes, the retention period for each cache bank may fluctuate.
It’s worth noting that an eDRAM cell operating at a lower temperature keeps its data
for considerably longer without needing to be refreshed.The approach suggested in this
work applies a temperature-aware refresh interval to eDRAM LLC based on temperature
from thermal sensors. Furthermore, based on the run-time temperature, this technique
dynamically alters the refresh interval. As an outcome, the number of refresh processes
is significantly reduced. This technique, unlike the smart refresh scheme, uses varied
refresh periods based on temporal and spatial temperature variations. As a result, it
significantly minimises the number of needless refresh operations in eDRAM stacked
caches. Furthermore, because the spatial temperature change between eDRAM rows is
small, the suggested concept does not require refresh counters for all eEDRAM rows. As
aresult, it has a significantly reduced area overhead than smart refresh. The approach
suggested in this research uses temperature-aware refresh intervals to decrease significant
refresh operations in eDRAM stacked caches, it can effectively reduce performance
overhead due to refresh.

Elastic Refresh was proposed by Stuecheli et al. [54] for JEDEC DRAM devices.

Through postponing refresh operations, they are able to reduce performance overhead
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caused by refresh. When memory systems have a lot of read/write traffic, refresh opera-
tions are postponed until the memory rank is idle or the retention period is approaching.
The DRAM chips have a far longer nominal refresh interval (64 ms) than eDRAM
stacked caches (100 s), postponing refresh operations allows DRAM chips to handle
more read/write operations between refresh operations. However, because eDRAM
stacked caches should be updated with a considerably shorter refresh interval than
DRAM chips, postponing refresh operations allows eDRAM stacked caches to have just
a few read/write operations between refresh operations. As a result, the performance
overhead reduction of their approach in eDRAM stacked caches must be negligible.

Liu et al. [55] proposed RAIDR is one of the retention time-based techniques, which
makes a group of cells, e.g., retention time bins. We can get DRAM cells with different
retention duration at the same temperature through process variations. Based on the
retention period of DRAM rows, their approach divides all DRAM rows into different
refresh interval bins. These bins perform the Refresh of the corresponding blocks
according to the refresh period associated with the bin. Status of the bins maintained
in the memory controller with very low storage overhead. Initially, each row is defined
with a minimum row’s retention time across each cell. Some set of bins is defined in
the memory controller, each bin associated with some range of retention times. Bins
contain the rows according to the row corresponding retention time of the row. RAIDR
contains three operations. First: retention time profiling that profiles retention time of
all rows. It measures the retention time of each cell in a row. Second: storing rows into
the bins by retention time. For this, they deployed bloom filters, which is a structure
that facilitates a compact way of representing sets. Third, the memory controller takes
part in issuing refreshes when necessary. However, their approach does not account for
temperature, the data contained in the cell may be jeopardised if the temperature rises
during execution. This study did not takes temperature into account while calculating
the refresh interval.

For JEDEC DRAM devices, Nair et al. [56] suggested Refresh Pausing. Their
technique decreases delay overhead due to refresh by halting refresh operations, similar
to Elastic Refresh [54], which is based on JEDEC DRAM chips. Obviously, suspending
refresh activities should be done with the retention duration in mind in order to minimise
data loss. Refresh Pausing is not useful for minimising latency overhead due to refresh

in eDRAM stacked caches for these reasons.
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2.6.3 Work related to Hybrid eDRAM Refresh Architecture

Pure eDRAM cells do not appear to be suited for implementing first-level data caches,
where availability is a key design problem due to frequent refresh operations. Valero et
al. [57] proposes a hybrid cell structure, where the word macrocell refers to a suggested
memory structure made up of n memory cells, one SRAM cell, and n-1 eDRAM cells,
as well as pass transistors that connect static and dynamic cells. Therefore, leakage
and area are tackled by design—here eDRAM cells, which give six to eight times the
memory of SRAM in the same space. This reduces the leakage by about 75% compared
to the baseline.

Lira et.al [58] shows that a well-balanced SRAM / eDRAM NUCA cache may
achieve equal performance as a NUCA cache made up entirely of SRAM banks. NUCA
on the base mitigates the effect of increased wire delay over the chip access latency. It
consists of architecture with multiple small banks distributed throughout the on-chip
network, and each can be accessed independently. The hybrid NUCA architecture,
where half of the banks are SRAM and the rest half is eDRAM, used the fact that a
significant amount of data on LLC are not being re-accessed. Thus, they have proposed
heterogeneous bank clustering, which improved the performance by 4%. They have
reported area-saving of 15% and power savings of 10%. Accessed data blocks are
constantly moved from one SRAM bank to the next. Gradual promotion of data is indeed
in SRAM banks. However, it is not applicable for eDRAM banks. Also, NUCA cache
eviction is not triggered by an SRAM bank replacement. In fact, an eDRAM bank may
be thought of as additional storage for an SRAM bank.

The process variation inside the eDRAM at the time of retention time persists in
some disparity. The eDRAM exhibits a non-uniformity in retention time. Thus it follows
failure patterns. The work [59] is to manage to reduce side=effects caused by retention
time variation. This work proposes a one-cell failing line (OFL) buffer which manages
the status of the one-cell failing cache lines. They concentrated their efforts on repairing
one-cell failed cache lines in this study. They make use of the well-known fact that
retention-time-failing eDRAM cells can still store "0’ values since the leaking charge in
the eDRAM cell only impacts data’ 1°. As a result, failed cells can be thought of as cells
with a stuck-at-0 defect, in which we only store ’0’ data.
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2.7 Works exploiting Presence of Zero Valued Data Blocks

Zero value cache [60] reported the presence of 18% Zero Loads in the critical loads.
Loads that must complete early to avoid performance degradation are Critical Loads
(CLDs). They have proposed a non-speculative architectural design for Out of order
system for load scheduling. ZVC keeps track of zero-valued locations compactly and
responds quickly to such load requests. The idea on the core level is similar to the
Frequent Value Cache, where ZVC is inclined towards the Zero Loads. They have
reported improvement of performance by up to 78% with low additional complexity.

In order to increase the cache effectiveness better to go for cache compression. We
show that compression can improve performance for memory-intensive commercial
workloads by up to 17%. L2 contains compressed and uncompressed data locations.
Where each set can store up to eight compressed lines but has space for only four
uncompressed lines. Each set is an 8-way set-associative, with a compression information
tag stored with each address tag. The data array is broken into eight-byte segments,
with 32 segments statically allocated to each cache set. Thus, each set can hold no
more than four uncompressed 64-byte lines, and compression can occur at most double
the effective capacity. Each line is compressed into between one and eight segments,
with eight segments being the uncompressed form. Besides the above information, the
compression tag is maintained coherence state information which is used by the adaptive
compression policy. Evaluated on the two proposed models, Never models a standard
8-way set associative L2 cache design, where data is never stored compressed, and
Always models a decoupled variable-segment cache, but always stores compressible
data in compressed form. Limitation for low-miss-rate benchmarks shows performance
degradation up to 18% due to unnecessary decompression. As compression helps
eliminate long-latency L2 misses, it increases the latency of the (usually more frequent)
L2 hits. They have used an adaptive predictor that monitors the actual effectiveness of
compression and uses this feedback to dynamically determine whether to store a line
in a compressed or uncompressed form(calculates cost and benefits of compression).
Thus adaptive scheme successfully predicts workload behavior, provides a performance
speedup of up to 26% over an uncompressed cache design for benchmarks that benefit
from compression [61].

In this work [62], the concept of Zero indicator Bit (ZIB) represents optimized zero
content blocks into one bit. An auxiliary circuitry was implemented, which handles
compression with 9% area overhead. On read access and ZIB is set, the local read access

is disabled. If ZIB is clear normal Read occur. Similarly, it will write only ZIB when
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we have to update zero data block on the cacheline. Thus scheme gives benefit in Read
and write energy consumption. Our DZC technique allows us to retain the benefit of
differential bitlines while taking advantage of the asymmetric distribution of 1’s and 0’s
to reduce energy dissipation. Additional hardware embedded in the RAM array to detect
and eliminate the reading and writing of zero bytes. They get 26% energy reduction
on data cache accesses and 10% on instructions cache accesses with a minimal area
overhead of 9% due to additional circuitry.

The access energy of the STTRAM is dominated by leakage consumed by the Read
and write circuits required to sense and flip the bit-cell state. This [63] contributes a
significant part to the total energy consumption of the chip. Like the drowsy cache, one
of the methods is power-gating, which requires an auxiliary circuit over the chip. They
have proposed a normally-off STT-MRAM cache architecture that exploits that leverage
zero-byte compression for energy reduction. The gem5 simulation reported the result of
60% reduction in total energy consumption On a read operation, M-bit is checked first;
if the value is 0, the full cache line is read and sent to the cache output port. If it is 1, the
shifting logic restores the original data, including the zero-bytes, using the saved Z-Tag
data.

Dusser et.al. [64] proposed a dedicated hardware Zero Content Cache augmented
parallel to the main cache. ZC Cache is in a compressed form where compression just
requires a tree of OR gates for detecting a null block, and Decompression does not induce
extra access latency. Moreover, it reduces traffic on the main cache and without inducing
latency overhead. Here, the zero detectors perform a global OR on the value to be stored
in the cache. According to the protocol perspective, ZCA caches enable multiprocessor
coherency protocols without any extra coherency state bits. Also, the ZC cache is never
the owner of a modified copy of the block. When a local processor writes non-null
data to shared memory space, the block must be acquired: if the block was previously
present in the ZC cache, it must be invalidated. When a distant processor writes non-null
data to shared memory space, the block in the ZCA cache must be invalidated. On a
complex memory hierarchy, implementing ZCA caches at every level is possible. Such a
hierarchy allows a design optimization that may significantly reduce the miss ratio on the
faster cache. According to the sensitivity analysis over the zero blocks, the number of
null blocks per valid sector is relatively high for applications featuring a high proportion
of accesses to null blocks. The proposed ZCA cache significantly reduces the cache
miss rate up to 80% (for a few applications).

According to the Frequent Value Cache proposal [65], frequently used values, espe-

cially null blocks, might be represented in an adjunct cache retrieved in tandem with
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the cache. Overall they have proposed three ideas to retrieve frequent values inside
cache blocks. In the first proposal, once identifies a fixed frequent value set during a
profiling run, which the program subsequently uses in all subsequent execution runs. In
the second approach, in each execution run of the program, this procedure finds a fixed
frequent value. The set of values is discovered using restricted online profiling during
the program’s initial run, after which the values are fixed, and profiling is turned off.
The program then uses these values for the remainder of the execution. The third pro-
posal continuously changes or does profiling in the program throughout each execution
cycle; this approach keeps a changing frequent value set. Profiling is also performed
via specialist hardware. An application can benefit from the adaption of the frequent
value specified throughout a run using this technique. These are entirely software-based
methods. The address tag and a single validity bit would be used to denote a null block.
The address tag would be the principal storage expense in such an auxiliary cache.

Villa et.al. [66] have a detailed analysis over the zero content data in the benchmarks.
According to their reporting, somewhere 70% of the bits are zero bits read from or
written to the cache. Researchers suggest a differential design for a larger SRAM array,
as they are immune to noise and fast sensing data from the cacheline. DZC approach
preserves the benefits of differential bitlines while reducing energy dissipation by making
use of the asymmetric distribution of 1s and 0s. They have combined many bits and
added an additional zero indication bit to show when the entire bit field is zero, rather
than handling each bit separately. It gives a flavor of dynamic compression. This could
save energy on both write and read accesses as they only write the ZIB rather than the
entire bit field. When driving the data link between the CPU and the cache, they also use
the ZIB to save energy. In our improvisation technique, we have used a similar concept
of Zero indicator bit(ZIB).

The zero awareness techniques can use for SRAM power reduction. Change et.al [67]
proposes power reduction technique for 0’ bit. They have analyzed the bit level for
tracing zero majority among the benchmark programs. They have proposed a zero-aware
SRAM cell architecture that reduces power dissipation while writing zero over the cell.
This would create asymmetry in writing data over the SRAM cells. The negative aspect
of the architecture would be an increase in the area overhead of 8.8%. However, stability
and performance remain stagnant throughout the execution.

STTRAM writing contributes a significant amount of energy to total energy con-
sumption. Jung et.al. [68] proposed an idea exploiting the zero data content for energy
reduction in STTRAM LLC. It reveals that 68.40% of the bytes and 54.02% of the words

written to the L2 cache comprises only zero-valued data, on average. The suggested
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cache design provides extra all-zero-data flags in cache tag arrays at a given granularity,
such as a byte or word, to take advantage of the prevalence of zero-valued data for
STT-RAM write energy reduction. For 64-byte cache lines, the proposed AZBF cache
architecture adds 64 bits to the SRAM tag array in each cache route, but the proposed
AZWEF cache only adds 16 bits to the tag arrays. Therefore, the access latency of the
SRAM tag array with all-zero-data flags at the byte granularity (the all-zero-byte flags:
AZBF) is greater than that of the tag array with all-zero-data flags at the word granularity
(the all-zero-word flags: AZWF) in the proposed cache. The suggested design’s tag
arrays have long latencies due to the higher access time of SRAM arrays.

Dynamic Zero Sensitivity scheme proposed by Chang [69] reduces average cache
power consumption. They have examined the skewed distribution of the Zero Data
bits over the read bits from instructions and the data cache. The DZS method avoids
the bitlines from discharging while reading a 0, resulting in significantly less energy
consumption when reading a 0 than when reading a 1. The bitline discharge is determined
by whether the value stored in the accessible cell is a O or not. Both the bitlines should
be kept prevented from discharging if the stored value is a 0. Otherwise, a normal read
operation will cause one bitline to discharge.

2.8 Existing Work Related to Relaxed STTRAM (Volatile-
STTRAM)

2.8.1 Existing work related to Read Disturbance Error in STTRAM

In the context of retention-relaxed STT-RAM, the technique of Sun et al. [70] seeks to
schedule the refresh operations when the banks are idle. Their technique does not reduce
the number of refresh operations but merely reschedules them. Also, its efficacy is greatly
reduced in the case of bursty reads. In order to increase accuracy, they have proposed
two designs Shadown reqerite buffer and write bit inverting. They have achieved an
improvement of 6.7% in IPC followed by the 34% improvement in the EDP. The fast
switching version of STTRAM gives 19% improvement over the conventional-STTRAM
version.

Mittal et al. [71] use data compression for reducing RDE. However, the efficacy
of their technique depends on the compressibility of data. They have proposed their
technique with the name of SHIELD. Different compression algorithms are practical on
certain data patterns only, such as pointers or integers. Also, compression/decompression

circuits lead to complexity. By contrast, our zero-value-based policy is straightforward to
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implement. SHIELD reduces restore operations where other techniques try to reschedule
and trigger when the cache bank is idle. It performs restore operations immediately and
hence, always keeps the L2 cache RDE-free. The main work is based on data-width only
and can be integrated with any cache coherence scheme.

The technique of Jiang et al. [72] selectively performs HCRR and "low-current long
latency" (LCLL) read based on whether a bank is idle. Their technique is proposed for
main memory, where the memory controller buffers read/write requests. Since main
memory and cache have substantial differences in their architecture, their policy may
have reduced applicability or effectiveness for the caches. They have introduced Smash
Read(S-RD) for reducing the latency in HCRR. In addition to the above technique,
they have proposed a Flexible Read (F-RD) which dynamically switches techniques
to maximize system performance. Flexible Read adaptively issues destructive Smash
Reads, or non-destructive LCLL reads to minimize memory bank occupation time.

A previous work detects dead reads using compiler analysis [73] and then avoids the
restore operations for such blocks. However, compiler analysis requires ISA modifica-
tions to pass this information to the hardware. This may require recompilation, which
may not be feasible in many scenarios. Further, compiler analysis works well for register
files but not for caches since the caches are hardware-managed.

Hosseini et al. [74] present a compiler-based technique that identifies the vulnerability
of load operations to RDEs. Then, it uses a code-transformation scheme for reducing
the number of vulnerable loads. Finally, with the help of the compiler, their technique
inserts restore operations after the vulnerable loads. They evaluate their technique using
SE (syscall) mode with the "TimingSimpleCPU model" for the ARM ISA. They only
evaluate single-core applications since compiler-analysis becomes infeasible for out-of-
order scheduling and multicore processors. By contrast, we assess a much-more realistic
configuration with a 4-core processor with the Ruby memory module in the full-system
mode for x86 ISA.

Wang et al. [37] propose a technique for skipping restore operations for blocks that
are likely to see a write operation in the future. For performing restore operations in
the L2 cache and modifying the metadata in L1 or L2, their policy needs to observe the
block state in other (i.e., L2 or L.1) caches. Since their policy postpones restores, it may
lead to a situation where a dirty L2 block has an RDE issue. Hence, their policy adds
complications to cache management. Their approach requires substantial changes for
working with other cache coherence techniques, but they do not discuss those details.

Neither do they discuss the compatibility with other coherence techniques.
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Cheshmikhani et al. [75] study RDE issue in cache tags. They note that many tag
reads are due to parallel accesses to the tag, which create RDEs. Their technique avoids
reading those tags that are unlikely to lead to a hit based on the LSBs of the tag. By
contrast, our technique focuses on RDE in the data array.

Cheshmikhani et al. [36] note that in the modern caches, all the blocks in a cache
set are accessed in parallel without checking their ECCs. Then, only the requested
block is supplied to the processor after ECC verification. Due to this, in the remaining
blocks, the RDEs accumulate. The proposed technique avoids mentioned problem by
checking the ECC of the requested block and all the blocks in a cache set that have
been read in parallel. However, their technique [14] is applicable only for the caches
that perform parallel access to all the cache ways. Generally, the last-level caches use a
sequential tag-data access scheme, where in the first step, all the tags are accessed. Then,
in the case of a hit, only the requested data block is accessed. Hence, the technique of
Cheshmikhani et al. This policy is helpful for first-level caches only.

2.8.2 Existing work related to Multi-Retention STTRAM

Prior work has shown a significant reduction in the processor’s power; thus, replacing
SRAM with STT-RAM can considerably improve the energy efficiency. A significant
reduction in leakage power, reduced the total energy consumption in DRS as compared
to the SRAM. In DRS, retention time is kept constant throughout the execution of the
system. Technically it performs Refresh, which requires a temporary buffer to hold
data during refresh operations. They have proposed Two variants of data retention time
decreased STT-RAM: 26.5 s and 3.24 s[76].

In Cache Revive [77], the author used a temporary buffer of 1900 slots. We have
scaled down the size of the buffer as per our corresponding configuration. The Cache
Revive policy is writeback based, in that beyond a certain number of blocks that get
refreshed, most of the expiring blocks get written back to the next level. This results in
increased miss-rate and affects the performance. CACHE-REVIVE includes three types
of overhead:1) Static overhead due to buffer slots, 2)Migration overhead from STTRAM
to buffer and reviving from buffer to STTRAM, 3) Increase in Writeback percentage.
Cache-revive performs operations over blocks with elapse time 3/4th retention time
interval. If a block belongs to the first half of the MRU slots, a particular block will
be migrated to the temporary buffer if space is available, otherwise evicted. If the
block is dirty, it will be written back to the main memory. If the block belongs to the
other half, in that case, the block is either evicted or written back to the main memory.
CACHE-REVIVE policy contains overhead due to early evictions and writeback.
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HALLSs [78] proposes an iteration-based approach to select the best possible cache
configuration and retention time interval, whereas our approach is focused on block
placement to reduce refresh energy. The HALLS proposes to refresh the free approach
by per-block counter lifetime tracking. If counter lapses, the cache block will be evicted,
and if they are dirty, they are first written to the main memory before eviction. We
are not performing a comparison with HALLSs as the approach focuses specifically on
configuration and Retention time selection. Besides that, it is a pure writeback-based
strategy rather than refreshing a block. As our proposal is Refresh based and HALLS is
writeback-based, we have not quantitatively compared it with HALLS.

LARS [39] proposes an adaptable retention time model for multi-retention STTRAM
caches. It depends on the different applications and behaves dynamically. It proposes an
optimal tuning algorithm that determines the retention based on energy consumption.
The policy proposed by the author gives a significant reduction of 35.8% in total energy
and a 13.2% reduction in overall access latency. They have provided results on the basis
of sensitivity analysis over different cache configurations for the same policy.

In case the retention time is longer than the duration for which data blocks must
remain in the cache. In order to prevent this premature eviction, we can do the initial
assignment of freshly loaded blocks.

MirrorCache [79] is a work conducted that deals with the refreshing in the volatile-
STTRAM by altering the way. This approach employs two identical cache segments
termed the main and auxiliary segments to use the high density of STT-RAM. Instead of
transferring data into the refresh buffer when a block expires, the data is transferred into
the auxiliary segment, and further access to those blocks is diverted. This eliminates
the requirement for an external refresh buffer, as well as the accompanying leakage
energy overhead. Due to the obvious significant proportion of refreshes, the energy
optimization of this approach is solely based on reduced static energy. However, there
is still a potential to minimize the dynamic energy spent in refresh operations, but they
have reported a reduction in leakage power.

MH-Cache [80] proposed Hybrid LLC architecture for Mobile Hardware Rendering
system. They are using a Low-Retention STTRAM cache with SRAM. The purpose of
SRAM is to behave like an absorber for write-intensive applications. Their proposal uses
a variable threshold for a process’ write-intensity to determine cache line placement.
They get a significant reduction of 32% and 32.2% in total energy consumption in single-
and quad-core systems, respectively w.r.t normal STTRAM last level cache.

Rabiee et.al [81] proposed a lifetime-altering technique for Low-Retention-Time
STTRAM Cell-based L1-cache architecture. It would not be a viable solution to use
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normal-STTRAM at ULC. In order to choose a suitable working point, they have
investigated the trade-off between reliability, write latency, and write power consumption
of relaxed STTRAM. They eliminate redundant write operations by considering dead
blocks in the L1 cache. They proposed a modified L1 cache coherency protocol which
reduces 60% write operations from the different sources. For this, they augmented two
states(M’ and S’) in the MESI protocol. They have reported the lifetime improvement
analysis with the performance penalty of STTRAM-based cache. The possible overhead
of area and power consumption are considered with the simulation. The proposed
architecture also includes an 8-entry buffer. Here, low-retention STTRAM reduces
leakage power consumption, which incorporates a total power consumption of up to 57%
concerning baseline.
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CHAPTER 3

Refresh Optimisation through
Dynamic Reconfiguration Based Policy
in eDRAM

In this chapter, we discuss the first contribution to the Refresh Management in volatile
last level cache. We propose a content based refresh saving method. In particular, certain
blocks of data may have zero content and such blocks do not need refreshing. Such
zero value blocks are kept in a dedicated partition in the cache and this partition is never
refreshed. The size of the zero value partition is also dynamically reconfigured depending
on the variation in the number of zero blocks and the miss rate during the execution of
the application. These two dynamic reconfiguration policies save a significant number

of refreshes over existing policy with minimal overhead.

3.1 Introduction

In a study, eDRAM consumes eight times less leakage power and has high density
as it utilises fewer components in comparison with other technologies, thus we can
have more capacity of LLC packed in the same area footprint compared to SRAM [82].
Memory manufactured using eDRAM is based on dynamic RAM technology which has
the disadvantage of charge loss on its storage capacitors, requiring the memory cells to
be periodically refreshed. The duration over which the cells can retain the charge (or
data value) is called the retention time of the cell and one needs to refresh the cell within

this retention time. The frequency at which we perform this refresh is called the refresh
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Fig. 3.1 Percentage of Zero Data Blocks and Non-Zero Data blocks for various bench-
marks

interval. As the capacity of the eDRAM caches increases, the number of refreshes
increase leading to more refresh energy consumption. It is reported that refreshing
consumes up to 70% of total energy consumption [44]. It must also be noted that during
refresh the bank accesses are stalled and this stall duration depends on the number of
cache lines. The stalls will affect the performance and hence optimising refreshes is
also necessary from the performance perspective. Therefore, controlling refreshes is the
primary research challenge to make eDRAM as replacement candidates over SRAM in
LLCs. We primarily focus on the refreshing of the eDRAM cache only.

According to Ekman and Stenstorm [83] 30% of blocks have all 64-bytes as null/zero.
We considered the existence of the Zero Data Blocks in the applications that have
null or zero content in our previous work. We leveraged the approach of frequent
value cache [84] and zero augmented caches [85] that use separate caches to manage
data having zero values. These zero data blocks also exhibit high spatial locality and
resources are wasted in storing such zero value blocks in the cache. Current existing
literature claims our point regarding existence of zero blocks in the benchmarks. [85, 86].
Experiments conducted by us on PARSEC benchmark suite, reports that zero content
ranges from 6-80% with an average of 41%.

Thus observing the content of the data blocks, we save on the refresh time and energy.
This work is an extension of our previous work where we keep Zero Value Partition
Fixed through out the execution.

The main contributions of this chapter are as follows:

* The cache is logically divided into 2 partitions: one for storing blocks with zero

valued data & second for non-zero valued data blocks. As the number of zero
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Fig. 3.2 Abstract Diagram of an eDRAM bank

valued blocks change over execution period, we dynamically resize the zero valued

partitioned bases on this metric.

* Reserving Zero Partition in LLC will also alter the miss rate, and this may affect
performance of the system. We propose a miss rate based dynamic resizing
algorithm by taking it as a metric for reconfiguring ZVP size.

* We have proposed two variants of techniques: Fixed and Dynamic version whereas
dynamic containing further two different proposals with Dynamic Zero value

partition based refreshing.

* Experimental evaluation is done on the full system simulator Gem5 [87], which
is integrated with modules to support eEDRAM caches. Results show significant

improvement in refresh energy savings over the existing technique and the baseline.

The rest of the chapter is organized as follows: Motivation and Background related
to baseline works are presented in Section 3.2. The proposed Zero Detection Based
Refreshing techniques are reported in Section 3.3. Section 3.5 illustrates the experimental
methodology. Results and analysis are discussed in Section3.6. Section 3.7 reports the

overhead analysis. Finally, we summarize this chapter in section3.8.
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3.2 Motivation and Background

3.2.1 Prevalance of Zero Data Blocks

Figure 3.1 shows the percentage of blocks with zero and non-zero content for various
benchmarks. In order to track the overall zero block count, we have kept one Zero De-
tection Logic(explained in Section 3.3), i.e., XOR-based marking technique. Eventually,
we can get zero block from main memory, and upper level cache. We have tracked
the freshly loaded block from the main memory and the writeback blocks from the
upper-level cache. One can also analyse the number of zero content blocks averaged
over different intervals of execution. According to our current experiments over different
intervals, we claim that the frequency of the zero content block varies during execution
and motivates us to reconfigure Zero Value Partition dynamically. In order to measure
dynamic zero data blocks behavior, we have used fixed size interval in cycles(in our
experiment we have used intervals of 2 million, 5 million, and 10 million ruby cycles).
Tracking among the interval of such zero content blocks gives us many opportunities
to save refresh energy. In that, we identify the corresponding metrics for reconfiguring
interval and do needful operations on partitions before the block is loaded and catego-
rizing between zero and non-zero. The blocks with zero content are segregated in a

region/partition of the eDRAM cache and are not refreshed.

3.2.2 Periodic Round Robin Refresh(PRR)

In baseline, we are using the variant of distributed mode, where different banks are
refreshed at different times in a staggered fashion. Accesses only to the banks getting
refreshed are stalled and the other banks are available to serve requests. Thus, dis-
tributed refreshing helps in controlling performance degradation due to stalls.We use
this distributed refresh as our baseline refreshing technique.

The refresh operations are triggered across banks in a staggered round robin fashion.
In particular we formulate it as follows. From the given retention time, we compute the
global refresh interval, which is nothing but the number of cycles after which each bank
needs to be refreshed.

Global refresh interval = retention time X clock frequency

Depending on the number of cache banks, we divide this global refresh interval

such that the banks trigger refresh in a staggered fashion, as shown in Fig. 3.3. In the
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figure, the grey boxes representing the banks indicate that the bank is undergoing refresh
operation in that time line. As time proceeds, the other banks get refreshed and at the
end of the global refresh interval the first bank again starts its refresh operation. The
gap between refreshes of two banks allows the next (and the remaining) banks to serve
normal cache accesses. This reduces the one time stall for all banks, as faced by the all
bank refresh scheme. Formally, this is called the bank refresh interval and is calculated

as follows:
Bank refresh interval = global refresh interval + number of banks

Note that depending on the global refresh interval and the size of the bank, some
banks may get refreshed in an overlapped manner for a small duration.

Whenever a bank is getting refreshed it causes a contention with the normal cache
access. Here we have to handle two cases: (i) a normal cache access comes when a
bank is being refreshed; and (i1) bank refresh trigger comes when a normal access has
come. For the former, the normal cache access is stalled and will be served only after
the bank refresh operation has completed. In case the bank refresh trigger comes when
a normal cache access is pending, we give priority to bank refresh and hence stall the
normal cache access. This access can resume once the refresh operation has completed.
As can be noted, the quicker the refresh completes, the faster the stalled requests can be
processed. This method of refreshing is used as the baseline architecture in this work.
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3.3 Proposed Architecture

3.3.1 Zero Detection Logic (ZDL)

We use a logic component that takes as input the data block and indicates whether the
contents of the block are zero. We name this logic as the Zero Detection Logic (ZDL)
and the output of the ZDL is a single bit indicating whether the data block is null. In
particular the output bit called the Zero Indicator Bit (ZIB) is set when the block has null

data and it is reset otherwise. A basic XOR function is used to compute the output.

Single Zero Detection Logic is sufficient to track Zero Data Blocks as we handle

one block at a time, whereas we require a Zero Indicator Bit with each block.

Figure 3.4 shows the block diagram of ZDL. Blocks get allocated or written to the
LLC when either they are loaded from the main memory or they get written back from
a higher level cache. For every block loaded from the main memory, it goes through
the ZDL. In case ZIB=1, the block is allocated to Zero Value Partition (ZVP) otherwise
it gets allocated to Non-Zero Value Partition (N-ZVP). Similarly, for the blocks that
are written back, each block goes through the ZDL. If the written back block has null
data and it is allocated in N-ZVP it is migrated to ZVP and vice-versa. Details of the

operation are given in the next subsection.

3.3.2 LLC Architecture

Figure 3.5 shows the high level diagram of the proposed eDRAM architecture. The

eDRAM banks are shown along with the row and column addresses, the row decoders,
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the row buffer that contains the data of the enabled row and the column MUX that selects
the appropriate block from the row buffer in order to transfer the data on to the data
bus. Note that the refresh circuitry is not shown in the figure. The refresh controller
is modified such that the part of eDRAM consisting of the ZVP is not issued refresh
signals.

For every read request to the eDRAM the row is read into the row buffer and using
the column address the corresponding data block is read out. When a block is read
from the N-ZVP the data is sent as it is. However, when we need to read a block from
ZVP, the data present at the location has arbitrary content as these locations are never
refreshed. Therefore, for the blocks read from ZVP we need to reconstruct the data
by sending actual null values on that read. For this we maintain an additional register
with zero content of the size of a cache line. Whenever a read happens to ZVP, we
send the contents of this zero register to the requesting module. This requires us to
install an additional 2:1 n-bit MUX at the output of the column-MUX, called the ZDB
Reconstruction MUX. The column address is used to identify whether the block is in
ZVP, and this information is used to control the extra MUX. If block address is in ZVP,
the contents of the zero register are sent to the data bus, otherwise the contents from the
row buffer are forwarded on to the data bus. All the signals for these units are managed

by the cache controller.
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Algorithm 1: Fixed Zero Value Partition Based Refreshing
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repeat
for each refresh issued for the cache block B do

if B € ZVP then
‘ Do not refresh the block
else
‘ Refresh the block
end
end
r each request R coming from L2 to the block B in L3 cache do

if R == Read Hit then

if B € N-ZVP perform the read as in the conventional cache,

if B € ZVP reconstruct block and serve response

else if R == Write hit then

if to be written data block is Zero data block and cache entry at ZVP then
‘ Write operation is performed on B as in conventional cache

else if to be written data block is Non Zero data block and cache entry at N-ZVP then
‘ Write operation is performed on B as in conventional cache

else if to be written data block is Non Zero data block and cache entry at ZVP then
‘ Write request is redirected to Non Zero Value partition in the same cache set

end

S

else
(cache miss)
forward the request R to main memory to fetch the block
if fetched block is Zero data block then
\ Keep the newly arrived block in Zero Value Partition (ZVP)
else
‘ Keep the newly arrived block in Non Zero Value Partition (N-ZVP)
end

end

end
until End of execution

3.4 Proposed Methodology

This work containing multiple policies which are as follows:

1. Fixed Partition: The main idea is to save refreshes by identifying the data
blocks having zero content and segregate them in a separate fixed logical partition
of the eDRAM based LLC. The tracking done with the help of zero indicator

bit(explained in section 3.3).

2. Dynamic Partition: We have proposed one partition reconfiguration algorithms

which is extended version of fixed partioning algorithm.

We have discussed the components and architecture required to implement the base.

This section contains the previous algorithm and its limitations followed by the proposed

dynamic reconfiguration algorithms.
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3.4.1 Fixed Partition Base Refreshing

Fixed Partition Based Refreshing where we have fixed sized dedicated partition for
keeping Zero data blocks, and refresh operations avoided to this partition. Here, LLC is
accessed whenever there is a request for a block B from the higher level cache. For each
request, the tag search is performed, and depending on the outcome a set of actions take
place as dictated by the coherence protocol. Below we discuss all the relevant steps in
the context of zero-valued blocks. The zero data blocks with be allocated in the Zero
Valued Partition(ZVP). The tags with be managed in the traditional method. For every
request on block B, the following operations are performed depending on the outcome

of the tag comparison. The detailed steps are described in Algorithm 1.

* Cache miss: Here the requested block B is loaded from the next level of memory.
The block passes through the ZDL, and the ZIB is set accordingly. If ZIB=1 then
the newly arrived block B is allocated to the ZVP by evicting the LRU from the
ZVP. If ZIB=0 then B gets allocated to N-ZVP by evicting the LRU from that
partition (line 25 to 31).

The eviction via LRU means we are evicting the complete cacheline from the

LLC. It would be an early eviction for the cacheline.

* Read hit: If B € N-ZVP then the read is performed as in a conventional cache
(line 10). If B € ZVP then we need to reconstruct null data before serving the read
request. This is because the data in ZVP is not guaranteed to retain the null values
as the ZVP is never refreshed. We, therefore, use the content from an additional

zero register and send its data in response to the read request(line 15 to 17).

* Write hit: Block being written back from higher level caches also pass through
the zero detection logic (ZDL) and set/reset the ZIB bit. We have two cases to
consider:

(i) B€ N-ZVP N\ ZIB =0 and (ii) B € ZVP N\ ZIB=1: Write is performed as in a
conventional cache.(line 19 to 23)

(11)B € N-ZVP N\ ZIB=1: Keep in N-ZVP as migration has overhead.

(iv) B € ZVP A ZIB=0: This is the scenario when there is a confirmation that the
data block is modified during program execution.

For case (iv) we must move the block to N-ZVP because if the block stays in ZVP

it will not get refreshed and will lose its data content. To move this block, we
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need to identify an empty location in N-ZVP. If such a location is not available,
then we evict LRU from N-ZVP and redirect block B to N-ZVP. However, there
is a confirmation that the data block is modified during program execution. For
instance, a zero data block becomes non-zero. In this situation migration of blocks
can be done. For case (iii) we do not consider migrations, This migration is not
mandatory for the correct operation of the proposed policy as migrations may

increase the miss rate as we possibly do early eviction of blocks during migration.

Working example of Fixed ZVP Based Refreshing

Figure 3.6 shows the working example of the proposed idea: Zero Detection Based
Refreshing. It shows a sample 16-way associative cache that uses 12-ways (way 0-11)
as N-ZVP and remaining 4-ways (way 12-15) For ZVP. For a cache miss, the block is
fetched from main memory (shown by arrow-1). Consider, data block B as an input
to Zero Detection Logic. For block B, if ZIB = 1, this depicts that B is a Zero Data
Block. According to the cache availability, B will be redirected to ZVP (shown by dotted
arrow-3), i.e., to the ways 12-15. In case, for Block B if ZIB = 0, this depicts that B is
Non- Zero content data block. Hence, it has to be redirected to N-ZVP (shown by filled
arrow-2). In case, if there is no invalid location in the corresponding partition, LRU
victim is selected (shown by arrow-4) and the request is redirected to the location and
block is written in that location. At the time of write-back from the higher-level cache,
this block may return as dirty with Non-Zero value (shown by arrow-5). If ZIB = 0 and
B belongs to ZVP then cache entry will be migrated and write back will be redirected
to new location(shown by dotted arrow-7 and 8). In case, if there is no empty space
in the partition in which block has to be migrated then LRU victim is evicted from the
corresponding partition (shown by arrow-9). If ZIB = 1 and B belongs to N-ZVP, then
cache entry will be written back to the same location. Due to overhead, We will not

consider this migration (shown by black arrow-6).

Limitations of Fixed ZVP Based Refreshing

In the above discussion the partition size of ZVP is fixed (i.e. ZVP = 25% of the total
cache) Therefore blocks in the Last level cache are forced to get accommodated in the
provided ways assigned to them. In particular, for blocks loaded in the LL.C the possible
locations, i.e. the number of ways are less in compared to those in normal cache due to

the partitions. Thus, early evictions of the LRU blocks from cache sets may raise miss
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Fig. 3.6 Working Example of Fixed Zero Value Partition Refreshing
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rate and degrade system performance. Average miss rate fluctuates with an average of
10%.

Figure 3.7 shows fluctuations in Miss rate during execution at end of specific intervals.
Our hypothesis is that the smaller size of the N-ZVP increases miss rate & that we can
use this measure to resize the partition. Another observation is that the number of zero
blocks vary across the intervals as shown in Figure 3.8. If we can track these then the
information can be used to resize the partition. Hence, we need some dynamic decision
algorithm in order to vary zero value partition size.
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Algorithm 2: Zero_Data_Block_Count_Algorithm( )

1

2
3
4
5
6
7
8
9

10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

T : Predefined reconfiguration interval

Tormar - Warm up interval treating the cache as normally available cache
ZDB,,;e, : Zero Data Blocks in previous interval

ZDB.,, : Zero Data Blocks in current interval

NZDB., : Non-Zero Data Blocks in previous interval

NZDB,,, : Non-Zero Data Blocks in current interval

ZV P.,;. Zero Value Partition Current Size

ZV Pyin: Minimum ZVP Size to be maintained

ZV Ppay: ZVP Size limit of Maximum expansion

Run system for Ty,rma clock cycles (cc).

for Every Reconfiguration interval T do
if NZDB,, — NZDB ., > 0 and ZDB,,, — ZDB,., > 0 then
if NZDB,, — NZDB e, > ZDB s — ZDB),,, then
if ZVP,,, <= ZV P, then
‘ Expand the size of ZVP
end
else
if ZVP,,, > ZV P,;, then
‘ Decrease the size of ZVP
end

end
else if NZDB_,, — NZDB ., > 0 and ZDB,, — ZDB,, > 0 then
if ZVP,,, <=ZV P, then
‘ Expand the size of ZVP
end
else if NZDB_,, — NZDB ., > 0 and ZDB,, — ZDB,, > 0 then
if ZVP., > ZV Py, then
‘ Decrease the size of ZVP
end
else if ZDB.,, — ZDB .y == ZDB,, — ZDB ., then
‘ Do not alter the size of ZVP
end
ZDBprev =ZDB .y,
NZDBpey = NZDB,
end
Use the new value of the ZVP and N-ZVP during the next interval by running
Algorithm- 1
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3.4.2 Reconfiguration of Zero Value Partition based on number of
Zero Blocks

We examine the direct factor which affects system performance. During execution,
Zero data block loading in LLC varies its acceleration at different intervals. We make
a history-based decision while altering the Zero Partition size. Below we discuss all
the relevant operations to be done before altering partition size. The detailed steps are
described in Algorithm 2. Execution starts, the system will run for some initial clock
cycles called as warm-up cycles (7,,,ma; cycles) and during this period no changes will
be made (line number 10). ZV P,,;, refers to the minimum ZVP Size to be maintained
throughout the execution e.g. 25% of the cache size. To keep track of number of zero
blocks we use two counters: ZDB,,,, = stores the value for Zero data block count
in stipulated predefined interval and ZDB,,, = Zero Data block count for the current
interval. Similarly, we maintain 2 counters NZDB ., and NZDB,,, in order to maintain
count of non-zero data blocks. On completion of warming up, the application will run
for another T cycles (line number 10). We consider the following cases at the end of

each reconfiguration interval:

* When NZDB increases and ZDB decreases: The Non-Zero data block count
increased and Zero data block count decreased w.r.t previous interval. With an
assumption that, this may affect the system performance, we balance by reducing
the ZVP size by one provided it is more than minimum limit ZV P,,;,. Where
ZV P, refers to the present volume of ZVP and ZV B,,;, refers to the minimum

size limit to which we can decrease.

* When NZDB decreases, and ZDB increases: Similarly, just opposite to the
former case, Zero data block count increased, and Non-Zero data block count
decreased w.r.t previous interval. To balance the performance, we increase the
ZVP size by one provided it is less than maximum limit ZV P,,,.. Where ZV P«

refers to the maximum size limit of ZVP to which we can increase.

* When NZDB increases and ZDB increases : When both NZDB and ZDB counts
increased over the last stipulated predefined interval, then priority will be given to

the category having maximum variation.

— When NZDB increases more comparison to ZDB: Here priority will be
given to the N-ZVP & ZVP size is decrease.

— When ZDB increases more in comparison to NZDB: Here priority will
be given to the ZVP & size of ZVP is increase.
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Fig. 3.9 Working example of Miss Rate Based Reconfiguration with different cases.

* When NZDB decreases and ZDB decreases in previous interval: This situa-
tion does not require any changes.

In the end, all the counters associated with N-ZVP and ZVP ways are reset for the
next reconfiguration interval. Current values will be assigned to Previous value counters
for the next upcoming interval. The algorithm is repeated until the end of execution.

Using the new value of the ZVP and N-ZVP over the next interval, we run Algorithm- 1.

ToRefresh bit

In order to maintain the altered size of ZVP, we need to keep track of blocks into extended
ZVP region (i.e. way-8 to way-11). In particular, we set a bit for the blocks written on
way-8 to way-11 which tells whether the block has to be refresh or not; and is termed
as ToRefresh bit. As we can see in Figure 3.10 and Figure 3.11, The recent extended
ZVP region may contain a NZDB, so ToRe fresh bit of each set for the corresponding
way is checked, and in case it is set, the refresh to that block is considered otherwise
skipped. Note that within a few cycles the ToRe fresh bit will not be required once the
block gets evicted from the ZVP. We will set this ToRe fresh bit for ways 8-11 only
explicitly by looking ZIB bit in Algorithm 1. 25% ways are fixed to ZVP & these are
never refreshed. Hence they do not have ToRe fresh bit. the middle range ways-8 to
way-11 need ToRe fresh bit as they may belong to ZVP or N-ZVP dynamic at run-time.
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3.4.3 Reconfiguration of Zero Value Partition Based on Miss Rate

To balance the affected miss rate due to the early evictions of blocks during the execution,
we make a history-based decision while keeping the block during migration. Below
we discuss all the relevant calculations to be done before altering partition size. The
detailed steps are described in Algorithm 3. Execution starts, the system will run for
some initial clock cycles called as warm-up cycles (7},,ma cycles) and during this period
no changes will be made (line number 7). MR eyious stores the value for previous
Miss Rate and MR_,,;ren; calculated for the current interval. On completion of warming
up, the application will run for another T cycles (line number 9). At the end of each

reconfiguration interval we have:

Algorithm 3: Miss_Rate_Based_Algorithm( )

1 T : Reconfiguration interval

2 Thormar - Warm up interval treating the cache as normally available cache
3 MR evious - Missrate of previous interval

4 MR_,rrens - Missrate of current interval

5 ZV Peyrrens: Zero Value Partition Current Size

6 ZV Pyin: Minimum ZVP Size to be maintain

7 ZV Ppax: ZVP Size limit of Maximum expansion

Run system for Ty,rma clock cycles (cc).

®

for Every Reconfiguration interval T do

=]

10 if MR cyrrent < MR previous and ZV Peyrrenr <= ZV Pyax then

11 ‘ Expand the size of ZVP

12 else if MR yrrent > MR previous and ZV Peyprens > ZV By then

13 ‘ Decrease the size of ZVP

14 else if MR ,rrens == MR previous then

15 | Do not alter the size of ZVP

16 The ZV P,,;;, is the minimum size of ZVP that is maintained for refresh
reduction. end

17 MRprevious = MR current

18 end
19 Use the new value of the ZVP and N-ZVP during the next interval by running
Algorithm- 1

* On Miss Rate decrease: Decrease in the miss rate indicates that the system is
stable with current ZVP size & thus we can try to increase ZV Py yrens by one to
give more space to ZVP & save refresh energy.
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* On Miss Rate increase: With an assumption that an increase in the miss rate
going to affect system performance, we will decrease ZV P, en; by one. This is

the value of the number of ways reserved for Zero Value partition.

» case Miss Rate stable: This situation does not require any changes in the

ZV Peyrrens Value as miss rate is not fluctuating.

The ZV P,,;;, is the minimum size of ZVP that is maintained for refresh reduction.
ZV Py 1s the value of a maximum number of ways reserved for Zero Value partition
which indicates a limit on its size. In the end, all the counters associated with N-ZVP
and ZVP ways are reset for the next reconfiguration interval. The current value of Miss
Rate will be assigned to Previous value counters for the next upcoming interval. Run

algorithm 1 for the next interval. The procedure is repeated until the end of execution.
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Fig. 3.10 Reconfiguration of ZVP when size increases

3.4.4 Illustration of ZVP resizing

Figure 3.10 and Figure 3.11 show the working example for the resizing of Zero Value
Partition. The applications are run for T normal cycles treating the Default ZVP Size
as a minimally available region for Zero Blocks in the cache. At the beginning of each
interval T, the reconfiguration of ZVP takes place. Figure 3.10 shows an increase of ZVP
region on the basis of the conditions provided in Algorithms 2 and 3. ZV Py repn; Stores

the current value of ZVP region which is to be updated by one during reconfiguration,
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provided the value is not greater than ZV P,,,,. An extended region from N-ZVP region
may contain NZDB. In order to refresh those NZDB, a ToRe fresh bit attached with
the corresponding way is considered. The ToRe fresh is set by the ZDL when block
check for Zero Data. ToRe fresh=1 depicts that block is to be refreshed until it is not
evicted by LRU otherwise it is not refreshed. We decrement the ZVP size (denoted by
figure 3.11) by one when performance is lost according to the conditions in the resizing
algorithms. In case of no performance loss, where fluctuation in between the intervals is
zero or negligible, we do not vary ZVP and keep configuration unchanged. Figure 3.9
shows the working examples for different cases of the proposed policy Miss Rate Based

Dynamic ZVP resizing.

3.5 Experimental Methodology

We evaluate our proposal on cycle-accurate full system simulator GEMS5 [87] Which
comprise ruby memory module for cache implementation. The MESI CMP based cache
coherence protocol is used to implement the proposed refresh optimization proposal.
Table 3.1 shows the architecture parameters used in our setup. In particular, L1 and L2
are private caches and an eEDRAM based L3 as the shared last level cache. The LLC has
16 banks, and we perform a block level refresh at each bank. The connections of LLC

with the four cores are maintained over an interconnection network. The baseline refresh
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Table 3.1 Architectural Parameters

Components Parameters
Processor 3Ghz, Quad-core, X86

Private SRAM based 32KB 8 way set-associative,
split I/D caches, 64Byte block,
1 cycle access latency,
LRU, write back policy

Private SRAM based 256KB 8 way set-associative,
L2 Cache 64Byte block, 8 cycle access latency,
LRU, write back policy

Shared, eDRAM based 4MB,
16 banks( each bank of 256KB)
16-way associative
L3 Cache (12ways N-ZVP and 4ways ZVP),
64 Byte block, LRU, 15 cycle access latency [88],
15 cycle refresh latency for one cacheline,
40uS retention time

Protocol MESI CMP Directory

L1 Cache

method (as given in Section 2.2) uses a time staggered refresh timing for all 16 banks so
that all the banks are not stalled at the same time. If a single bank LLC is considered that
will hamper the parallel access to the LLC which can cause performance degradation.
To show the variation, we experiment with two different values of retention time, namely
40us [89] and 50us [90]. Currently our design is based on UCA architecture, however
this is also applicable to NUCA design. [91, 92]

DESTINY [93] is used to model the wire delays, cache area, energy, and power
values for eEDRAM based cache. The energy values are given in Table 2. The inter-
bank refresh trigger value is computed such that within the retention time all banks
are refreshed in a staggered fashion. Tag-in-SRAM method is used for keeping the tag
in order to get faster access during tag matching. So, we do not need any additional
refreshing for tag array. The leakage power of an eDRAM cell is 1/8th of that of an
SRAM cell. Also, for an eEDRAM, the time and energy to refresh a line are almost equal
to the time required to access the particular cache line. Applications from multi-threaded
PARSEC [94] benchmark suite with medium input sizes having emerging applications
are used to validate the proposed architecture. We executed the benchmarks over three

variations of reconfiguration intervals of 7: 2 million, 5 million and 10 million and
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TnNorma at 5 million ruby cycles for all of our simulations. The initial study on these
benchmarks verified the presence of Zero Data Blocks.

ZVP is dynamically decided by the Miss rate variation or number of zero block at the
beginning of the reconfiguration interval. We compared our dynamic policies with our
prior implemented existing technique of fixed Zero Data Block Detection policy where
ZVP is fixed. We have also compared our proposed technique with an existing Refrint
Polyphase Refresh Policy. The Refrint method tries to save refreshes based on the
observation, that upon an access to a block, the block gets refreshed; and such blocks
need not be refreshed until the complete refresh interval starting from the time of access.
For this they divide the refresh interval across phases and allocate the blocks in these
phases depending on their access time. Some frequently accessed blocks get refreshed
based only their accesses and do not go through the routine refresh cycle.

Following policies are shown in the results:

* Periodic Round Robin Refreshing (Baseline)

* Refrint Poly Phase Refreshing (RPP)

Zero Data Detection Based Refreshing (Fixed_ZVP)
* Dynamic Reconfiguration of ZVP based on Zero Block (ZB_ZVP)

* Dynamic Reconfiguration of ZVP based on Miss Rate (MR_ZVP)

3.6 Results and Analysis

We compared our proposed policies Zero Block Count Based policy and Miss Rate
Based Policy with existing eDRAM baseline and with the previously proposed technique
of Fixed ZVP based refreshing. We also compared our techniques with Refrint, which
is one of the traditional refreshing policy in eDRAM Caches. We implemented RPP
over our Baseline technique We present the results on different metrics: Total Number
of Refresh Count Savings, Energy Savings and Performance. We also present results on
different variations of our proposed technique. These variations include a different size
of eDRAM LLC, different retention interval and different reconfiguration intervals of
proposed policies. For the optimality of the result, We fixed the interval size of 2million
instructions according to our dynamic policy behavior. Besides that a significant amount

of reduction in total energy can be reported over different intervals in both the policies.
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Fig. 3.12 Normalized Refresh Count for 4MB LLC 40us

3.6.1 Refresh Counts

Figure 3.12 represents normalized refresh counts with respect to baseline(B) policy.
All the eDRAM banks get periodically refreshed. A refresh is a high priority task; it
always get preference over normal cache access. In particular, when a request comes to
access the LLC and the bank is Currently undergoing a refresh, the request is stalled. We
categorize the refreshes into two types: (i) foreground refresh occurs when the current
cache accesses are stalled due to the bank getting refreshed; (i1) background refresh
occurs when the bank is not accessed while it gets refreshed, i.e., there are no pending
cache accesses to be served. In both cases, the LLC consumes refresh energy. In the
case of foreground refreshes the accesses are stalled, and it affects the performance of
the system, whereas background refreshes do not affect performance. According to our
experimental evaluation dominance of zeros is not equal in all the applications always.
So, our previous policies, implemented with fixed size ZVP have limitations where we
have a limited amount of space to keep Zero Data Block. Present policies ZB_ZVP (Z)
and MR_ZVP (M) are dynamic improvisations on Fixed ZVP.

Figure 3.12 show the normalised values of foreground and background refreshes
for 4MB LLC. In particular, the break-up of foreground and background refresh can
be seen with different colors. In the case of ZB_ZVP dynamic policy(Z), Reduction
in foreground refreshes on an average of 33%. For background refreshes the reduction
is in the range of 29-60% with an average of 40%. In the case of MR_ZVP dynamic
policy(M) we get a reduction in refreshes by 35% in foreground and 45% in background.
In total We get 38% and 42% reduction in total refreshes for ZB_ZVP dynamic policy
and MR_ZVP policy, respectively. Previously when we are reserving 25% of ways as
ZVP, we get 29% savings in refresh counts. This is mainly because, reduction in refresh

counts completes the execution of application earlier in our proposed method compared
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to the baseline, which would have in turn, incurred one or more periodic refresh cycles.
We get a good saving in case of bodytrack as it shows a substantial amount of data
sharing. So, the fluctuations due to the miss rate are very low as benchmark taking
benefit of data sharing in last level cache. Due to which we can see, the total number of
refreshes in miss-rate based policies is more. ZB_ZVP performing more aggressive in
changing reconfiguring partition size of the region in comparison to MR_ZVB. Currently,
we get an advantage of the fluctuating Zero Block counts and miss rate during execution
because Zero Data Block are not fixed in all the benchmarks during execution. Thus,
our dynamic resizing gives additional 13% reduction in refreshes. A detailed breakup of
bank-wise reduction in refresh counts is shown in figure 3.24. As can be seen, we get
considerable reductions in every bank.

3.6.2 Comparison with Other techniques

Agrawal et al.[42] proposed a set of techniques for optimizing refresh energy over the
eDRAM caches. Refrint suggests timing based policy (Refrint Poly Phase Policy) as well
as data-based policies(Writeback based policy). Data based policies are more aggressive
in evicting data block from the cache in comparison to timing based policies. Hence,
Data based policies may spike cache misses in LLC and affect system performance
directly. So, We implemented RPP on our baseline distributed refreshing technique for
comparison with our proposed policies i.e., ZB_ZVP and MRB_ZVP. Figure 3.13 shows
the results of 4MB LLC with refresh period of 40us with baseline. We implemented
existing policy over baseline in order to show the advantage of our proposed policies
w.r.t existing Refrint Poly Phase Policy. We used 4 phases in a single retention time in

RPP policy as it is an optimal value which gives a significant amount of savings. We can
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Fig. 3.14 Normalized CPI of proposed policies for 4MB LLC w.r.t baseline and existing
RPP policy with 40us retention time

see Fixed_ZVP policy can save refreshes more in comparison to existing RPP policy, as
it is restricting refresh operation for Zero data block whereas RPP refreshes entire cache

content and saves refreshes only on frequently accessed blocks.

3.6.3 Performance

Figure 3.14 shows the normalised cycle per instructions (CPI) with respect to baseline.
Cache accesses are stalled while the cache bank gets refreshed. As we get considerable
savings in the number of refreshes, the stall duration of each bank is reduced significantly.
The early evictions of blocks among N-ZVP and ZVP marginally increases the miss-rate
in our previous proposed work. This may affect the performance as well as energy
consumption. Therefore, even if the miss-rate has increased, the reduction in stall cycles
due to saving in refreshes gives an improvement in the performance concerning the
baseline. Figure 3.14 shows the normalised performance with an average improvement
of 6% in ZB_ZVP dynamic policy and 9% in MR_ZVP policy. On average existing
policy RPP provides 8% savings over the baseline. Some spikes of performance loss
informed in the case of blackscholes in Fixed_ZVP policy. This exceptional behavior
of the performance degradation is due to the early evictions of the blocks from the
corresponding partitions while doing migrations from N-ZVP region to ZVP region and
vice versa. If we consider the proposed techniques, we are getting improvement and
significantly less performance degradation in comparison with Fixed_ZVP.
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Fig. 3.15 Total energy consumption of 4MB LLC of proposed policies w.r.t baseline
with 40Ls retention time

3.6.4 Energy Consumption

Reduction in the number of refreshes reduces the energy consumed by the refresh
mechanism. We get 38% reduction in refresh energy in ZB_ZVP and 42% reduction
in MR_ZVP over baseline, as shown in figure 3.16. Besides that we get an additional
14% improvement over the Fixed_ZVP. Figure 3.16 shows a comparison between our
proposed policy and previously proposed technique RPP. Refrint does not substantially
reduce refreshes over the eDRAM caches due to the overhead of refreshing unwanted
zero block content, where Our proposed policy consider it as of priority and gives an
additionally 10% more saving in terms of refresh energy.

LLC consumes energy in the form of static and dynamic, where the dynamic energy
includes the refresh energy. Saving refresh counts saves in dynamic energy compared
to baseline resulting in savings in total energy. Figure 3.15 shows the normalised total
energy consumption. We get 12% and 14% reduction in total energy for ZB_ZVP
dynamic policy and MR_ZVP policy over baseline, respectively.

3.6.5 Reconfiguration Interval Based Analysis

Figure 3.17 and Figure 3.18 shows the experiments over various reconfiguration interval
of 2 million, 5 million and 10 million instructions. We have fixed the ZVP region size in
our previous policy of the Fixed Size ZVP technique. In the case of dynamic policies,
we compared the results with the fixed ZVP based policy. For 2million interval size,
we get a reduction of up to 15% in the total number of refreshes in ZB_ZVP and 22%
reduction in MR_ZVP with respect to Fixed_ZVP. If we consider the Zero Block count

as a measure, we can see optimal results in case of 5 million intervals. In the case of
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Fig. 3.17 Normalized Refresh Count for different interval for 4MB LLC in Miss Rate
Based Policy

ZB_ZVP, the smaller interval gives very less possibility of altering ZVP which results in
fewer savings in terms of refresh counts, as where in the case of MR_ZVP, we get more
miss rate fluctuations in smaller intervals, and we can see a slight degradation in refresh

counts higher for reconfiguration intervals.

3.6.6 Analysis on smaller Cache Size

Towards showing the smaller cache adaptability, we further simulate our policy with
2MB L3 cache and significantly save the total number of foreground refreshes 21%,
and a total number of background refreshes 46%, with an average reduction in a total
refresh of around 40% for ZB_ZVP policy. The reductions further improved in case of
MR_ZVP dynamic policy, where we get 21% reduction in foreground refreshes and 51%
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Fig. 3.21 Normalised Refresh Energy for 2MB LLC w.r.t baseline with 40us

reduction in background refreshes with an average reduction of 45% in total number
refreshes. Figure 3.20 shows the foreground and background refresh for 2MB L3 cache
40us split with different colors. The results for refresh energy savings for a 2MB cache
40us are shown in Figures 3.21. We get a reduction of 45% in refresh energy over

baseline.

3.6.7 Analysis based on Retention Time

We tested our proposed policies with another retention time of 50us. Figure 3.19 shows
the normalized refresh counts with foreground and background refresh break-ups. The
overall reduction degraded up to 8% in compared to 40us eDRAM L3 cache. In case
of 4MB with 40pLs retention time we get a reduction of 38% in case of ZB_ZVP policy
and for 50us we get 30% savings. We get a reduction of 42% in total refresh count
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in MR_ZVP policy for 40us and for 50us 38% reduction. We can conclude easily
that our policy adapts well to low retention times. This is because of the fact that for
smaller refresh period, a larger fraction of energy is spent in the form of refresh energy
and hence, the benefits provided by any refresh energy optimising technique are also
increased. Figure 3.23 shows the Cycle per instructions graph where we can see the
saving degraded by half in comparison with 40us eDRAM LLC.
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3.7 Overhead Analysis

The additional hardware blocks required for the design are (i) one zero detector circuit
for the n-bit data block, (ii) an n-bit register (with zero value), (iii) one 2:1 n-bit MUX
that sends output to the data-bus. It chooses between the output of the column-mux or
zero-register, (iv) one swap buffer of 42 bits used to migrate the tag from one partition to
another, and (v) one ToRe fresh bit one each for way-8 to way-11 for each set in all banks.
For 4MB, Total number of ToRe fresh bits used 256sets x 4 bits x 16 banks=16384. So
for 4MB, we required 2KB as storage overhead in the form of ToRe fresh bit. Therefore,

Kf; x100%=0.048828%.

In this the n-bit data is equal to the block size, i.e. 64B in our case. The miss penalty

the total storage overhead associated with ToRe fresh bit=

for the LLC is very high and therefore the extra time required for the zero detection
logic is negligible compared to the main memory access time. There is no auxiliary
energy overhead for reconfiguration as the normal access is not stalled anywhere during

execution. These few logic units add negligible overhead to the overall system design.

3.8 Summary

Chip multiprocessors with multiple processing units require larger on-chip caches to
commensurate the memory demands. The shared last level cache has the highest
capacity and occupies significant area on the chip as well as consumes considerable
power. Caches made up of SRAM can be replaced by energy efficient technologies
like NVM or eDRAM. However, caches made of eDRAM require frequent refreshes
that consume energy and time. To make them good replacement candidates, we must
optimise on the refresh aspect. Towards achieving this goal, the paper presented methods
which check the contents of the cache blocks and segregate them into two separate
logical partitions. When the blocks are loaded from the memory, those blocks having
zero value are kept in a zero partition (ZVP) and non-zero blocks are kept in the other
partition (N-ZVP). For the blocks getting written back from the higher level caches, we
check their new data content and assign them to the appropriate partition. During the
refresh, the blocks residing in the ZVP are not refreshed thus saving on the refresh time
and energy. For the blocks being read from the ZVP, we reconstruct the block with the
zero data content before sending to the requesting core. It has been observed that the
number of zero content blocks vary during the execution. If one can track this number
and accordingly adjust the size of ZVP we can further enhance the refresh savings.
Towards this we propose a policy (ZB-ZVP) that dynamically changes the size of ZVP.
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3.8. Summary

The number of ways available to non-zero blocks are restricted due to the presence
of ZVP. This might affect the miss rate. To consider the impact of this miss rate, we
propose a policy (MR-ZVP) that observes the changes in miss rate and reconfigures the
size of ZVP. Both the policies aim to reconfigure such that the impact on performance is
minimised and the savings in refreshes is maximised.

The proposed policy gives significant savings in the number of refreshes as well as
refresh energy. Also, we did a comparison of our proposed work with existing Refrint
Poly Phase (RPP) refreshing policy. Compared to baseline, the RPP provides savings
of 17% in total refresh count where our proposed policy save more. In particular, the
ZB-7ZVP policy reduces total refreshes by 38% and the MR-ZVP policy reduces refreshes
by 43%. Note that the fixed size zero value policy gives 29% refresh savings. Savings in
refreshes reduces the stall cycles, leading to a performance improvement of 6-9%; and
reduces energy consumption by 12-14% in the proposed policies.

Carefully managed refreshes can help in making eDRAM as viable replacement of
SRAM based on-chip caches.
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CHAPTER 4

Coherence based Refresh Optimization
in eDRAM caches

Cache coherence protocols in shared memory multicores ensure that shared data is
consistent or not. We can reduce the amount of refresh operations by utilising protocol
level transitions to discover path to avoid unneccessary refresh triggered by refresh
controller. Blocks that requested for writing will get modified in the upper level cache
and the copies of these blocks in the last level cache will remain stale. Such stale copies
in the LLC need not be refreshed as they will eventually get updated. In this chapter we
use coherence messages to flag those blocks which are private in Upper Level Cache

(ULC) and therefore do not need refreshing.

4.1 Introduction

In the existing literature, several policies to optimize refresh operations in eDRAM
have been proposed. But as per our knowledge, no previous technique uses the concept
of private blocks to minimize the refresh operations. Private blocks are those blocks
that are cached by a single core with exclusive access permission [95]. To decide, in
shared memory systems, cache coherence protocols assist us in determining the type of
block requests. We check particular request coming from the upper level cache(ULC),
and fetched data from main memory. Shared blocks are blocks that have been cached
by several cores and have read-only permission. With shared blocks, the block in the
Upper-Level Cache (ULC) contains the same data as the block in the LL.C throughout
its existence in cache. However, in the case of a private block, the owner’s copy of the
block may contain data that differs from that of LLC. In other words, the LLC copy
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Fig. 4.2 Percentage of clean and dirty status of the LLC blocks at the time of replacement.

may contain old or useless data, whereas the ULC copy is updated and fresh. When
there is a write-back from ULC or when the block is replaced solely from the ULC, the
stale data at LL.C is updated. To measure the impact of private block and its content,
we presented an analysis in Figure 4.1 and Figure 4.2 (Please refer to the experimental
setup in section 4.4.1). Figure 4.1 shows the percentage of private and shared blocks in
the LLC and Figure 4.2 shows the percentage of the private blocks containing dirty data
at the time of replacement. The conclusion that can be derived from these figures is that
on an average, 51% of the blocks are private blocks and among these blocks 58% of the
time this exclusive data was dirty at the time of replacement. Both these facts motivate
us to identify the private blocks and propose a technique that avoids the refreshing these
blocks in eDRAM based LLC.

4.2 Background

One of the major observations done over the different benchmarks and literature survey,

that we have a considerable amount of data blocks with zero bits as content. Ekman and
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Stenstorm [83] have found that for their workloads, 30% of blocks have all 64-bytes as
zero. In particular, if the data value is zero, the refresh is not required. We can reduce
the number of refresh operations of blocks, if we can detect such blocks and maintain
track of their contents. The section 3.2 shows the percentage of zero-blocks present in
cache blocks when loaded from the main memory and writeback. Towards designing
methods to overcome refresh overhead and its impact on performance and energy, we

have made following contributions:

* We identified the blocks privately cached by the higher level cache and avoid
refreshing of these blocks in the eEDRAM based LLC.

* To identify private block and to minimize the refreshes, we make some changes in

the conventional MESI coherence protocol.

* In order to improvise our proposed policy, we augment our policy with zero data

detection logic and avoid refresh for particular data blocks.

* Experimental evaluation is done on a full system simulator Gem5[87] which is
integrated with modules to support eDRAM caches. Results show significant

improvement in refresh energy savings and the overall performance.

4.2.1 Private Blocks

As previously indicated, this study considers the presence of private blocks. We have
reported presence of private blocks in 4MB eDRAM LLC. On the LLC miss, Fig. 4.1
illustrates the fraction of private and shared blocks loaded from main memory. We
may conclude that certain percentage of the blocks are requested by a single core,
i.e., private blocks, while the remaining blocks are either instruction blocks or shared
blocks requested by several cores. In addition, Figure 4.2 illustrates the percentage of
blocks with exclusive authorization (i.e., private blocks) that have dirty data when they
are replaced, and almost half of these blocks have dirty data when they are replaced.
This demonstrates that at some point throughout their lifespan, the blocks loaded with
exclusive rights in the LLC contain useless or outdated data. This motivates us to detect
private blocks and avoid periodic refreshing their data in the volatile eDRAM LLC.
After the write-back operation from L2 cache to L3 cache, the real worthwhile data are
present in the cacheline entries (i.e., the LLC). After writeback, the cachelines would be
considered for periodic refreshing until they are not evicted from LLC.
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Fig. 4.3 State Diagram showing transitions of states in EDRAM according to the MESI
protocol

4.2.2 Changes to the MESI protocol

Figure 4.3 shows the state diagram of the new states added to the protocol to handle the
situations arising from the non-refreshed private blocks. The remaining states of MESI
(not covered by the figure) behave as in a normal MESI protocol. Below we describe
each state and actions associated with them. A request/response reaching to the LLC
can belong to the categories mentioned in table 4.1.

On an LLC miss, the block is brought from the next level before sending it to the
higher level (L2 in our case). According to our proposal, we have to identify private
blocks and manage the to-refresh bit accordingly. Subsequent requests to such blocks
and actions taken are discussed in this subsection. First, we list all the relevant states of

the state diagram.
¢ I: Invalid block entry of L3 Cache.

« S’: This state acts as an intermediate state in the state diagram. The transition from
this state happens when data block is loaded from main memory on GETS. If in
between loading of the block into the cache another request meddles for the same
block, it will be served as a shared block. Otherwise, if no other request issued by

L2 for this block it will be served with exclusive permission to .2

* S: Block is in the shared state in L3 with read permission. This state is considered

for the refresh operation

* M1: Block is held in exclusive permission by the 1.2 cache. The copy present
in the L3 cache is stale, i.e. out of dated as the block suppose to modified in the
upper level cache.
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* C: Data block written back from L2. L.3 has a fresh copy of data block. Considered

for the refresh operation.

4.3 Proposed Methodology

4.3.1 Private Block based Optimised Refresh (PBOR)

This section describes the proposed policy, Private Block based Optimised Refresh
(PBOR), that reduces the number of refreshes based on the concept of private blocks. In
particular, the work proposes that the cache blocks that are privately cached by higher
level caches will not be refreshed in the eDRAM based LLC. When the block is loaded
from the main memory for the first time, depending on its category it will be identified as
a private block or a prospective shared block. If the block is marked as private, the cache
entry will include an extra bit to reflect the status. In particular, this bit tells whether the
block has to be refresh or not; and is termed as to-refresh. This bit is set to 1 by default
for each block, and it is reset to O when a block is designated private.

At the end of retention time, the cache bank is refreshed. During this, the to-refresh
bit of each block is checked, and in case it is reset, the refresh to that block is skipped.
Note that this saves a lot of refreshes, thus leading to lesser stall time for normal cache
accesses, improving performance and saving refresh energy. This facility comes at the
cost of some additional consideration during normal cache access.

Consider the situation when the bit=0 and a new request comes for this block to
the LLC. In this case, the block in LLC might have invalid data as it was not refreshed
regularly. Therefore the data for this block has to be fetched from the higher level
cache. The entry in the directory is used to identify the owner of the block and it is used
subsequently to provide the data to the requester. This requires changes to the MESI
protocol( as explained in section 4.2.2).

Table 4.1 Table of request and responses

L2 Request or Response Description
GETS Read Request
GETX Write Request
GET_INSTR Instruction Request
PUTS Clean block Replacement
DATA Data from Main memory
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Handling response from the main memory on a miss

The description of transitions of states according to L2 request or main memory response

are given below:

* Initially all blocks are in invalid state in the cache. A block also becomes invalid

after a valid data item is evicted from it. In this case the to-refresh bit is O.

* If the LLC receives a request to load an instruction, GET_INSTR, it loads the
block from the main memory, sends the block to the requesting L2 cache and
makes the state of the block as S. Blocks having state S have the to-refresh bit set
to 1.

* Consider the request GETS, which indicates that the requester wants the block in
read-only mode. Here, the block is likely to be loaded in private mode if there are
no sharers. We therefore change the state to an intermediate state S’. While the
block is loaded from the memory, in case there is an intervening GETS request
from another L2, the next state becomes S, as we have more than one sharer for
the block. However, if there is no intervening request, then the block is given to
the requester with exclusive permission. Here the state changes to the new state
MI1. This state indicates a block in a private/exclusive mode. Such a block is likely
to have stale data in the LL.C and hence need not be refreshed. The to-refresh bit
for this block in state M1 is set to 0.

* Consider the request GETX, which indicates that the requester wants the block
with exclusive permission to modify the content. Here the block is clearly a private
block and hence the state of the block becomes M1, having to-refresh bit=0.

Changes in the states of the block when the block is either replaced from L2 cache
or if there is a new request or response from L2 cache

The description of transitions of states are given below:

* Consider the case when the block is in state M1 and another L2 cache requests
access to this block by issuing a GETS. When the LLC receives the request from
the new L2 cache, the LLC fetches the block from the owner and forwards it to the
requesting L2. The block is now shared by multiple caches and the state becomes
S. This state has the to-refresh bit equal to 1.

* Consider the case when the block is in state M1 in the L2 cache and the cache
evicts the block. The owner issues a PUTX request and sends the block to the LLC.
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Fig. 4.4 Proposed eDRAM Architecture

LLC updates its copy and the directory entry of the owner for the cache block
is also deleted. The block is now present only in the LL.C and its state becomes
C. Note that, as this is the only copy of the block, we have to keep it valid by
refreshing it. Therefore the to-refresh bit is 1. When the block is in state C, it
handles all the future requests as per the original MESI protocol.

4.3.2 PBOR with Skipping Zero(PBOR_SZ)

Based on this information, we have performed an augmentation over PBOR; Skipping
zero over PBOR policy. Our next proposal is to skip the refresh operations on the Zero-
Data Blocks (ZDB). Whenever a block having zero content is read, we do not refresh its
contents. The blocks get flagged by the ZIB bit at the time of allocation and writeback.
In order to detect ZDB, we need to check the tag array. This saves both read energy
and the need to restore the block. In this way, the zero-detection approach saves both
access time and dynamic energy. If the data content is not zero, then a read operation
happens normally, and the block is refreshed periodically. We further propose another
optimization, where a writeback to a block with zero data content will not be written to
the LLC. This optimization would further reduce the number of writes performed in the
LLC.

4.3.3 LLC Architecture

Figure 4.4 shows the high-level diagram of the proposed eDRAM architecture. The
eDRAM banks are shown along with the row and column addresses, the row decoders,
the row buffer that contains the data of the enabled row and the column MUX that selects
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the appropriate block from the row buffer in order to transfer the data on to the data bus.
The dotted rectangle shows the new components added to the architecture. It mainly
consists of a logic block Refresh Optimiser (RO) that receives inputs from the cache
controller. The cache controller detects private blocks based on the states as per the
changes in the MESI protocol and communicates the information to the RO unit. The
RO unit maintains the information of addresses and the associated to-refresh bit for
every address. During the periodic refresh, the refresh circuitry generates the address to
be refreshed and sends it to RO. As we need to avoid refreshes of the private blocks the
address generated by the refresh circuitry is controlled by the RO-unit. The RO unit gets
the address from the refresh circuitry and checks the corresponding to-refresh bit. The

following cases are considered:

e If to-refresh=1, then the row address is forwarded to the row decoder so that the

address gets refreshed.

o If to-refresh=0, then the address is skipped and a signal ‘get next address’ is sent

to the refresh circuitry to get the next address to be refreshed.

Augmentation for PBOR_SZ: Here, the LLC tag array is associated with one zero
indicator bit (ZIB) to indicate whether the data block has zero content or not. If this
bit is set, then the block has zero value content. We use a comparator unit called the
“zero detection logic” (ZDL) to detect the data value. Whenever a block is loaded in
the LLC from the main memory or written back from the ULC, it is passed through the
ZDL. If the block has a zero value, then the block is not written in the LLC, but the ZIB
is set. When a block is read from the LLC, which has the ZIB set, we do not perform
an actual read operation on the data block from the LLC. Instead, we use a zero block
reconstruction logic (in particular, a register storing zero value) to send a block with

zero content. Note that the ZIB bit information is maintained with the tag array.

4.3.4 Limitations of Proposed Policies

In the above discussion, improvisation policy is mainly dependent on the existence of
Zero Data blocks in the application. As shown in Table 5.1, the zero data traffic is mainly
divided across blocks loaded from main memory and blocks written back from ULC
(column-4). This percentage distribution of blocks leads to savings in write energy for
our optimization; Factually, it will directly impact the refresh savings. In fact, among
all the zero data content blocks, PBOR_SZ saves periodic refresh operation,as well
as read-write energy on such blocks. The percentage read-hits to ZDBs are shown in
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Table 4.2 Architectural Parameters and Benchmark Details

Components Parameters
Processor 3Ghz, Quad-core, X86
Private SRAM based 32KB 8 way set-associative,
L1 Cache split I/D caches, 64B block, 1 cycle access latency,

LRU, write back policy
Private SRAM based 256KB 8 way set-associative,

L2 Cache 64B block, 8 cycle access latency, LRU, write back policy
Shared, eDRAM based 4MB,
L3 Cache 16 banks( each bank of 256KB)16 way associative,

64 Byte line size, LRU, 15 cycle access latency,
15 cycle refresh latency(one cache line), 40Ls retention time

column-5 of Table 5.1, and this percent age value is much lower than the percentage of
total ZDBs (column-2). Note that PBOR_SZ reduces the number of writes on ZDBs;
however, the refresh operations are avoided periodically to the ZDBs until they are
not evicted from LLC. Therefore, augmenting skipping zero policy with our previous
proposal (PBOR) is highly advantageous.

4.4 Experimental Evaluation

4.4.1 Experimental Setup

We evaluate our proposal on a full system simulator GEMS5[87]. The memory module is
simulated using the Ruby module inside GEMS. The MESI CMP based cache coherence
protocol is used and modified to implement the proposed refresh optimization proposal.
Table 4.2 shows the architecture parameters used in our setup. We use 4 threads in a
quad-core setup where L1 and L2 as private caches and an eEDRAM based L3 as the last
level cache. The LLC has 16 banks and we perform a block level refresh at each bank.
The proposal uses a time staggered refresh timing for all 16 banks so that all the banks
are not stalled at the same time. The retention time is taken as 40ts [89]. CACTI [96] is
used to model the wire delays, cache area, energy and power values for SRAM based
cache. The inter-bank refresh trigger value is computed such that within the retention
time all banks are refreshed in a staggered fashion. PARSEC [94] benchmarks with
medium size input are used to evaluate our proposed policy. These benchmarks include

a large variety of multi-threaded applications such as mining, multi-media, animation,
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computer vision, etc. To simulate the behavior of multi-programmed benchmarks, we
constitute three mixes with four benchmarks taken from the PARSEC benchmark suite,
as shown in Table 4.3. All the design overheads and effects of protocol changes are
taken into consideration during simulations. We compare the proposed policy (PBOR)
with baseline refresh scheme (PRR) that refreshes each and every cache line.

We show the results for the following techniques:

SRAM: This is a baseline SRAM cache which needs no refreshing and has the

best access latency. However, such aches suffer from high leakage energy.

BASELINE : Periodic Round Robin Refreshing

REFRINT: Refrint Poly Phase Refreshing

PBOR : Private Block Optimized Refreshing

PBOR_SZ: PBOR with Skipping restore of zero data blocks.

4.4.2 Results and Analysis

Number of refreshes: All eDRAM banks get periodically refreshed. As refresh is a
high priority task, it gets preference over normal cache access. In particular, when a
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Table 4.3 Experimental workloads

Category Benchmarks

Blackscholes (Black), Canneal (Can),
Multi-Threaded | Dedup (Ded), Facesim (Face) , Ferret (Ferr),
Fluidanimate (Fluid), Freqmine (Freq),
Swaptions (Swap), X264

Mix1: Dedup, Fluid, Swap, X264

Multi-Programmed Mix2: Black, Dedup, Freq, X264
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request comes to access the LLC and the bank is currently undergoing a refresh, the
request is stalled. We categorise the refreshes into two types: (i) foreground refresh
occur when the current cache accesses are stalled due to bank getting refreshed; (ii)
background refresh occur when the bank is not accessed while it gets refreshed. In
case of foreground refreshes the accesses are stalled and it affects the performance of
the system, whereas background refreshes do not affect performance. However, they

contributes significant amount of total energy consumption.
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As we avoid refreshing private blocks, we save on several un-necessary refreshes.
Figure 4.5 shows the reduction in refreshes achieved by our proposed methodology
against the baseline which refreshes every cache line(As explained in the background
section 4.2). Our previously implemented policy PBOR leverages the GETX requests
operations, it is beneficial for write-intensive applications. In MESI, GETS request by a
single requestor may directly allocated a block into exclusive mode. Over the PBOR
we have implemented improvisation of SKIP-ZERO policy. Here, savings provided by
this upgraded version of PBOR policy depends on the frequency with which accesses
over zero-value blocks. With the PBOR_SZ, we get a further reduction of 2-3%in the
range of 36-65% in total refreshes with an average reduction of 52%. The blocks which
are held privately by the higher level caches are not refreshed. Such blocks will incur a
refresh only after they are written back to the LLC.

The data blocks get distributed across the LLC banks depending upon the application
behavior and working set size. Some banks get more accesses whereas some other banks
get fewer accesses. Also, some banks have more blocks cached privately by higher level
caches compared to other cache banks. Figure 4.8 shows the bank-wise reduction in
the number of refreshes for all benchmarks with respect to baseline PRR policy. One
can see that some banks benefit more from the private blocks compared to others. Such
banks get released from refreshing overhead much earlier giving quicker opportunity
to start normal cache accesses. We also compared our techniques with Refrint, which
is one of the traditional refreshing policy in eDRAM Caches. We have implemented
Refrint version over our baseline technique results are in next sub-section.

Comparison with Other techniques: Agrawal et al. [97] proposed a series of
strategies for eDRAM cache refresh energy optimization. Refrint recommends two
strategies: 1)timing-based policies (Refrint Poly Phase Policy), and 2) data-driven
policies (Writeback based policy). In compared to timing-based strategies, data-based
policies are more aggressive in evicting data blocks from the cache. Therefore as
consequence, data-driven rules may cause a rise in cache misses in LLC, trigger negative
impact over the system performance. As a result, we used Refrint Poly-Phase to compare
our baseline distributed refreshing approach to our suggested strategy. The baseline
(PRR), which is an optimized policy upon which we have applied refrint. In particular,
PBOR gives refresh energy savings of 56% percent over the baseline where Refrint
gives only 17% savings w.r.t to PRR baseline. The improvisation of skip zero gives a
further reduction in the refresh energy consumptions and give a savings of 58% over the
baseline. If we compare our policy with the basic SRAM we didn’t have any refresh
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operations. In case of comparison with SRAM, we have compared the energy savings
and the performance w.r.t SRAM in the next section.

Performance: While the cache is getting refreshed, the normal cache accesses have
to be stalled. The reduction in the number of refreshes implies that the cache is not
blocked for a long time. This implies performance improvement due to faster access
latency of the LLC. Figure 4.6 shows the normalized Cycles Per Instruction (CPI) for
the baseline and proposed approach. In particular, for PBOR policy get an improvement
in CPI with an average of 8%. We get this reduction, as background refreshes are more
than foreground refreshes. We get a performance degradation due to the eEDRAM refresh
latency and read/write operations. The improvised policy PBOR_SZ skips unnecessary
read and write of zero blocks. Besides getting reduction in refresh operations over
Zero Data Content, we get advantage of skipping read and write over those blocks.
Technically, to read zero block content, we are only looking at the tag-array. If ZIB=1,
then a zero block is served in response. Similarly, we are not performing write for those
blocks for which ZIB=1. We only write block when block contains a non-zero data
content. We are saving extra cycles consumed on writing and reading Zero blocks, i.e.,
15 cycles on each operation. Thus, we get a performance improvement in PBOR_SZ.
We get an improvement of 18% over the PRR baseline. If we compare with the SRAM
we get a performance degradation due to the stalls which we get with respect to eEDRAM.
So, we are not comparing performance with respect to SRAM.

LLC Energy Consumption: LLC consumes energy for normal accesses as well
as for refreshing the cache lines. Even in the cases when the refreshes do not stall
the normal cache access, they still incur energy. Reduction in the number of refreshes
thus also leads to a reduction in energy consumption. Figure 4.7 shows the normalized
reduction in refresh energy. We get a reduction in the range of 46-63% with an average
of 54%.

Replacing SRAM with eDRAM based LLC gives savings in leakage energy. The
read and write energy required by eDRAM is also less compared to SRAM. Hence we
get a considerable reduction in the access energy for eDRAM over SRAM. The effect of
refreshes on the total energy is shown in Figure 4.9. Here the values include the static,
dynamic as well as the refresh energy. We get an average reduction in total energy by
57% and 65% respectively in PRR and PBOR over baseline SRAM. The improvisation
of skipping zero policy over the PBOR gives savings of 76% over the SRAM. It gives
higher savings due to optimization of not writing zero-blocks to the LLC, which is not
adopted by the PBOR policy. The PBOR_SZ policy leverages advantage by existence of
Zero Data blocks in the application. As shown in Fig. 6.12, we get an average of 42.5%
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zero data traffic at the last level. As shown in Table 5.1, this traffic is mainly divided
across blocks loaded from main memory (column-3) and blocks written back from ULC
(column-4). This percentage distribution of blocks leads to savings in write energy
for our optimization; also, it directly impact the refresh energy savings by skipping

unnecessary refresh of Zero blocks.

4.5 Overhead Analysis

4.5.1 Hardware Overhead

The additional hardware blocks required for the proposed architecture is the Refresh
optimizer. Refresh Optimiser consists of a to-refresh bit for each particular cache block.
In particular, for a 4MB 16way set associative cache, 65,536 bits are required which
is only 0.19% of total eDRAM cache size. Fault tolerance and reliability aspects over
the to-refresh bits are not considered in the design. Our technique incurs the following
overhead: (i) one To-Refresh bit, one Instruction bit, and one zero indicator bit(ZIB)
(ii) a (42bit + 64B)-size swap buffer used to migrate the tag and data block between the
regions. In total, there is 16.06 KB additional storage, which is only 0.39% overhead
for a 4MB cache. Note that the area overhead for the additional tags of PBOR_SZ is
modeled using CACTI.

4.6 Summary

This work proposed the use of eDRAM as a replacement for SRAM in the last level
cache. Low leakage of eDRAM comes at the cost of less retention time, and thus requires
periodic refreshes. The work proposed to identify blocks that are privately cached by
higher level caches and avoid refreshing them in the LLC. This saves considerable
number of refreshes as well as refresh energy. The MESI cache coherence protocol
is modified to identify the private blocks. An additional logic block is proposed that
coordinates with the refresh circuitry and controls which addresses get refreshed.

From experiments, it was observed that the number of refreshes was reduced by 55%
over basic refresh scheme. As the cache banks are stalled for lesser duration compared
to the basic scheme we get improvement in performance by 4% on average. Compared
to SRAM based cache we save overall total energy by 62%.

Thus, if one can manage refreshes carefully, eEDRAM based LLC can become a valid
replacement of SRAM.
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CHAPTER 5

CORIDOR: Coherence based
technique to Reduce Restores caused

by Read Disturbance Error in
STT-RAM Caches

In this chapter, we are going to discuss about the crucial reliability issue created by Read-
Disturbance Error(RDE) in volatile-STTRAM. RDE presents this threat after scaling of
STT-RAM. Towards this, our policies dynamically reduce the number of times a lines
need to be restore after reads. In that the restore is similar to a refresh and falls in-line
with our thesis objective of reducing refresh operations. The main theme is to identify
read intensive blocks using coherence messages and temporal locality and move them to
an SRAM buffer. This guarantees that several of the future reads will get serviced form
SRAM and will not lead to RDE related restores in the STTRAM main cache.

5.1 Introduction

STT-RAM has high density, high write endurance and low read latency [98]. These
features make it a promising candidate for architecting last-level caches. With ongoing
feature-size scaling, the write current has reduced exponentially. The read current has
been decreasing at a much smaller rate [37]. This is because at current values below
20uA, the data cannot be correctly sensed [99], leading to the decision failure issues.

In fact, at feature sizes at or below 32nm, the read current value becomes sufficiently
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close to the write current that a read current may disturb the stored data. This is referred
to as “read disturbance error” (RDE). In STT-RAM, the read/write paths are shared.
The read current’s induction effect creates disturbance among the MTJ cell, which
leads to the flipping of bit orientations [100]. In fact, at small feature sizes, RDE can
surpass the capabilities of even strong error-correcting codes such as SEC6ED, which
corrects five errors and detects six errors [101]. Since STT-RAM write-optimization
techniques such as early-write termination and write-read-verify introduce additional
read operations, they increase the occurrence of RDEs greatly [102]. Due to these
factors, more than writability [103, 104], it is readability that is likely to be the crucial
bottleneck in STT-RAM performance [105, 106, 101, 107].

A solution to the RDE issue is to perform a write operation immediately after a read
operation. This operation is referred to as a restore operation, and the overall scheme
is called “high-current restore required” (HCRR) [99]. However, this scheme incurs
significant overhead, especially for the read-intensive workloads. A read/write operation
stalls the bank, and this translates to substantial latency and energy penalties. Given this,
intelligent and effective techniques are vital for managing the RDE issue for improving
the STT-RAM performance and energy efficiency.

In order to mitigate the RDE issue, we need to refresh/restore the data immediately
after a read. We cannot wait until some time in the future (called the retention time in
DRAM) to initiate a restore. This immediate need to refresh creates further challenges
in designing a solution to mitigate them because every solution will affect the hit time
of the cache. Another challenge is that the number of times that we need to refresh is
proportional to the number of reads performed in the cache and not the data’s retention
time. This adds significantly to the overhead, given that the percentage and frequency
of reads to a cache are very high. The solutions of RDE must ensure that the cache is
stalled for as little time as possible, and at the same time, the data is not lost. Towards
designing methods to overcome RDE and its impact on performance and energy, we
make the following observations and use them in our proposals.

Firstly: The cache coherence protocols in shared memory multicores guarantee the
correctness of shared data. If we can exploit the protocol level transitions to identify
avenues to avoid the restore operations for RDE, it can save the number of restore
operations.

Secondly: Caches are designed on the property of spatial and temporal locality. The
temporal locality is displayed in the frequency of accesses to the same block as well as
in the type of access. Specifically, the block that is ‘read’ now is more likely to incur a

‘read’ operation shortly instead of a write operation. This temporal locality in reads can
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be helpful to identify blocks that are read-intensive. After identifying such read-intensive
blocks, we can extend the concept of cache and relocate the read-intensive blocks to a
small lookup buffer type of storage. This can help in serving the future reads from the
buffer instead of reading from the cache. The buffer has to be faster in lookup and should
not itself suffer from the RDE issue. Therefore, the buffer must be designed using SRAM
technology and must be small in capacity. The temporal locality for a particular block
is applicable over a sequence of accesses, and after a burst of accesses is completed,
the block may be dormant for some duration in the execution before being accessed or
evicted. This burst of accesses is evident from the average number of consecutive reads
incurred by a block (cf. Fig 5.3). Once the burst of read-accesses is over, the location
of this block can be used for storing newer read-intensive blocks. In particular, once a
block gets a sufficient number of read accesses in close succession, the access frequency
reduces over the execution time, and such blocks can be removed from the buffer. This
observation can be used to design a replacement policy for the buffer. The buffer can
be searched in parallel to the main cache, and hence, it does not cause any performance
bottleneck.

Lastly: Looking at the content of data is also helpful. Specifically, if the data value
is zero, then the refresh/restore is unnecessary. If we can identify such blocks and keep a
note of their content, then the number of restores can be saved.

Contributions: In this paper, we propose three architectural techniques for mitigat-
ing RDE in STT-RAM last-level caches. Finally, we evaluate a fourth technique that
combines all these techniques.

1. SKIP_WH works on the observation that on a write-hit, the data block is requested
from the upper-level cache with exclusive permission. Hence, at some point in
time, the block owner will update the block in LLC, and the existing copy of data
will be overwritten. Hence, on a write-hit, we need not perform a restore operation
(Section 5.3.1).

2. RD_BUF works on the observation that due to temporal locality, some blocks
see a significant number of read operations. We use a small SRAM buffer and
migrate such read-intensive blocks from STT-RAM LLC to this SRAM buffer. In
the future, reads to these blocks are served from the SRAM buffer, which avoids

the restore operation to these blocks (Section 5.3.2).

3. SKIP_ZERO uses a “zero-indicator bit” which is set or reset on a write operation,
depending on whether the value being written is zero or not (respectively). Based

on this, our technique avoids the restore operations whenever a block has zero

105



Chapter 5: CORIDOR: Coherence based technique to Reduce Restores caused by Read
Disturbance Error in STT-RAM Caches

data value. This saves both read energy and the need to restore the block (Section
5.3.3).

4. CORIDOR policy that synergistically combines all these policies (Section 5.3.4).
Our cycle-accurate simulations show that compared to HCRR policy, CORIDOR
policy saves 31.6% energy and brings the relative CPI (cycle-per-instruction) to
0.64x (Section 5.5.1-5.5.2). By contrast, an ideal RDE-free STT-RAM saves
42.76% energy and brings the relative CPI to 0.62x. Thus, CORIDOR entirely
removes the performance impact of RDE and also reaches a significant fraction of
energy saved by the ideal RDE-free cache.

The chapter is organized as follows: section 5.2 presents the background related to
Read Disturbance Error in volatile-STTRAM cell. The section 5.3 presents the proposed
RDE mitigation techniques. The experimental methodology is illustrated in section
5.4. Results and analysis are discussed in section 5.5. Section 5.6 reports the overhead
analysis. Finally, we summarize this chapter in section5.7.

5.2 Background on RDE phenomenon

When a large current is applied to an STT-RAM cell for a short duration, the value can
be written and read reliably. However, if the current is reduced, longer pulse duration
is required to complete the operation. Both these factors affect the reliability of the
cell, in that the reads become destructive [99]. The low read current leads to magnetic
disturbance in the MTJ, and this can lead to flipping the stored data [100], thus causing
the read disturbance error (RDE). Process variation further exacerbates the issue of RDE
[108].

Consider a bitcell having an MTJ of area A ;. The electric current Iy, equals “critical
write current” (I¢) for P-to-AP switching [109]. Let MTJ oxide thickness be denoted
as tyg0- Let trpg—min be the minimum thickness of MgO required to achieve error-free
read operation. The MTJ is in P state with #y;,0 = frRpE —min and resistance Rp. When
IMg0 < IRDE—min» current Iy rises above Ic and due to this, in a single read cycle, the
data is written to this bitcell. This causes an RDE. Similar phenomenon happens in AP
state. The value of trpg—min depends on A ;. For a bitcell, the probability of RDE P, is
given by,

Pi=lims_,oY; P(Q—6 < Q< Q+96) P(tygo < tRDE—min)
where Q = A;. This probability can be computed using Monte Carlo simulations.
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Finding the exact probability of an RDE would require detailed modeling of circuit-
level parameters and effects. Since this is beyond the scope of our architecture-level
study, we assume a 100% probability of RDE occurrence in this paper. In other words,

we assume that an RDE happens on each read operation.

5.3 Proposed RDE Mitigation Techniques

In this section, we will illustrate three of our proposed techniques: (i1)SKIP_WH,
(i))RD_BUF ,and (iii)SKIP_ZERO

5.3.1 Skip Restore on Write-Hit (SKIP_WH)

Exploiting the properties of coherence protocol, we avoid restoring certain blocks that
will get updated in the future by the upper-level cache (ULC). In particular, if the ULC
fetches a block for writing, then such a block need not be restored in the LLC. This can
be identified with the help of the coherence protocol.

The LLC receives read and write requests ULC under the given coherence protocol.
The requests that result in a cache-hit are mainly of three kinds: (i) read-hit: request to
load a block for reading, (ii) write-hit: request to load a block for writing, and (iii) write-
back: data is written back to the LLC after getting evicted from the ULC. The requests
of type (i) and (ii) incur a block read operation in the LLC. In an STT-RAM-based LLC,
all these reads need a restore operation. For the read requests, we need to restore the
block in the LLC after serving the request.

Key Idea: We make an important observation that on a write-hit, the data block is
requested from the ULC with exclusive permission. Hence, for the write-requests (type
(1)), the block will be modified soon by the ULC and eventually written back to the
LLC. Therefore, for such requests, a restore operation is unnecessary. Our first proposal,
termed SKIP_WH, skips restoring the blocks on a write-hit (type (ii)) request. Note that
the MESI protocol does not invalidate the block on a write-hit. Hence, the read on a
write-hit incurs a restore.

Figure 5.1 shows the fraction of write hits in the overall hits (summation of both read
and write hits). Evidently, different benchmarks have a significant fraction of write-hits.
SKIP_WH avoids the restore operations on these write-hit operations.

Notice that SKIP_WH does not create any correctness issue. Suppose there is a
request to the LLC from the coherence controller to read the block to another pro-

cess/processor. Note that the block under consideration is with the ULC, and our policy
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Fig. 5.1 The percentage of write hits in different benchmarks

does not restore it in the LLC. As part of the coherence protocol, the LLC always fetches

the up-to-date copy from the ULC before forwarding to the requestor. This is because

the copy in LLC is assumed to be stale. Thus, the coherence protocol guarantees to

return the correct data to the requestor. Our technique seeks to avoid restore of such

prospective stale blocks.

Figure 5.2 shows the flowchart of the proposal. On a cache miss, the block is loaded

from memory, and the request is served. Initial loading of the block incurs a write to the

STT-RAM, and such writes do not count under restore operations. On a read-hit in the
LLC, the block is sent to the ULC, and a restore is performed by writing the block to
the LLC. For a write-hit, the block is sent to ULC, and our policy does not perform the

restore in LLC.
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Fig. 5.2 Flow-chart of SKIP_WH
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5.3.2 Migrating Read Intensive Blocks to an SRAM based Read-
Buffer (RD_BUF)

Key idea: It is well-known that due to the temporal locality, the cache blocks are
accessed repeatedly before eviction. During their lifetime in the cache, these blocks
also show temporal locality in their read accesses, in that the blocks receive several read
accesses between the write accesses or block eviction. Figure 5.3 shows the average
value of consecutive reads (CRead) [110] seen by the blocks. On average, in most
benchmarks, each block receives 4 to 8 consecutive read accesses. Intuitively, once a
block receives a few reads, it is likely to get more reads soon. In other words, the higher

the value of CReads for any application, the higher is the need for its restore operations.
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Fig. 5.3 The average consecutive reads (CReads) on the blocks in a bank for different
benchmarks.

Our second proposal exploits this idea to detect the read-intensive blocks and migrate
them to a small SRAM-based read-buffer. Future reads to these blocks are served directly
from the read-buffer. This avoids the need to restore them in the STT-RAM LLC. As
the read buffer is small associative storage, certain blocks get evicted from the buffer
and get placed in their original location in the LLC. Note that the LLC maintains the tag
for such entries and tracks the migrated blocks’ location. All the reads that hit in the

read-buffer contribute to saving the restore operations in the LLC.

Architecture

Figure 5.4(a)-(b) show the architectural changes required for implementing RD_BUF. In
the LLC, we keep two fields in addition to the regular meta-data: a location bit (Loc)
and a read counter (RC). The former is used to identify the block’s position, whereas
the latter is used to count the number of consecutive reads incurred by the block. The
LLC is associated with a small, fully associative storage called the read-buffer, made
using SRAM technology. This read buffer is limited in size to enable faster service times.

Small SRAM also helps in controlling the leakage power consumption due to the read
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buffer. Every entry in this buffer keeps the tag and data block along with a read counter
(RCB). This counter is used for deciding the victim block from the read buffer.

|
Tag [ Loc | RC [| For newly loaded blocks, Loc=InLLC, RC=0 |
For a block in buffer, Loc=InBuffer | 42b 512b 3b
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Fig. 5.4 (a) Modified tag array (b) One entry of SRAM buffer (c¢) Flow-chart of RD_BUF

Working

The proposal RD_BUF moves the read-intensive blocks to the read-buffer, and future
reads to such blocks are served directly from the read buffer. Identification of read-
intensive blocks and deciding the eviction policy for the read-buffer are discussed first.

Migration to read-buffer: From Fig. 5.3, it is evident that, on average, a block
receives four to eight consecutive reads. To keep track of the number of successive reads,
we maintain a read counter (RC) with each LLC block. This counter is incremented on
each read access and is reset on block allocation, writes, and writebacks. We use the
concept of a read threshold (RT) to infer the read intensity of the blocks. If the RC > RT
then the block is declared to be read-intensive and becomes eligible to be moved to the
read buffer.

The value of RT is set such that a block is moved to read-buffer before it exhausts all
the reads in the LLC. Assume that the RT value is 4. If the CRead value for a block is 6,
it sees four reads while in the LLC and subsequent two reads while in the read-buffer.
Thus, migrating it to read-buffer saves two restore operations. The values for RT is found
empirically and set to 4 in our experiments. Detailed analysis using different values for

RT is also presented in Section 5.5.3. Once a block migrates to the read buffer, the Loc
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bit is updated to indicate its current location. In particular, the location value of InLLC
and InBuffer show that the block is stored in LLC and buffer, respectively.

Eviction from read-buffer: The read-buffer being a small associative memory, has
limited capacity. Several blocks that are identified as read-intensive are migrated to
the read-buffer. For making room for the newer blocks, certain older blocks need to be
evicted from the read-buffer. We use a modified LRU-based policy to decide the victim
blocks to evict. The evicted block is moved back to the LLC at its original position,
and its location bit is updated to indicate this. Once this block moves back to LLC, the
associated read counter, RCB, is reset.

A read counter (RCB) is kept with each block in the read-buffer. The RCB is set to
zero when the block is migrated in. Also, the RCB is incremented with each read-hit
to the particular block. The block having the least value of RCB is a good candidate
for eviction. However, the RCB value of recently migrated blocks is usually very small.
To account for the duration of stay for blocks in the read-buffer and their read-intensity
during their stay in the read-buffer, we use a combination of the timestamp and RCB for
deciding the eviction policy. In particular, we determine the victim block from among
the top 25% blocks from the LRU stack. From these top 25% blocks, the block having
the least RCB value is evicted from the read-buffer.

For every request coming to the LLC from the upper-level cache (ULC), we have the

following cases to handle (refer Figure 5.4(c)):

¢ Read hit: Check the location bit of the block. If Loc=InBuffer, then serve the
request directly from the buffer and increment RCB. If Loc=InLLC, increment
the associated read counter (RC) and serve the read request. If the read counter
is less than the threshold (RC < RT), perform a restore operation for the block.
Otherwise, for RC > RT, migrate the block to the read-buffer and reset RC to 0
and Loc to InBuffer. Note that we do not restore the block in LLC.

» Write-hit: A write-hit implies that we have to serve the block to the ULC where
the processor will modify it. From the LLC perspective, the write-hit also amounts
to a block read. Hence, if the block is InLLC, it is restored, and RC is set to 0.
If the block is InBuffer, the block is serviced to the ULC and evicted from the
read-buffer to make room for new blocks. This latter action is done because the
ULC will update the block and the copy in the read-buffer is stale.

» Writeback: If the block is being written back from the ULC, write its data in the
LLC irrespective of the block’s location. If the block was in read-buffer, free that
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entry from the read-buffer. Reset the read counter and also update the location bit
Loc=InLLC.

* Cache miss: Load the block from the main memory by evicting an LRU victim
from the LLC. If the victim is located in the read-buffer, it is evicted, and its
contents are written back (if the block is dirty). The newly loaded block is written
in the LLC, and the data is also forwarded to the ULC. For the new block, set
Loc=InLLC, RC=0.

Working Example of RD_BUF Policy.

Figure 5.5 shows the working example of RD_BUF policy for a 16-way STT-RAM LLC.

Writeback To ULC
..... .
Cache Miss Block Access Ry RRCNS
Demand miss on a Read Access to ablock SRAM Buffer v
One Tag Entry block in LLC block will in LLC from ULC ;
Location bit(Loc), Read fetched from main H
counter(RC),Tag memory B = >
[Diry] Loc[RC [ Tag] seti [ Data | | | | | [ Data | | | | [ Data | | -PrfTag| Data ﬁ%
<
H P
116 ways
-l . (-
o Check Tag Entry = - '{ > A
Location bit and L - K K
{ Read Counter } H Oné ENtry
AR . ©) ‘D \
® e

i If (RC >=RT) + ® . Block
ain e ocl
Memory @ One Entry -t Replacement

Fig. 5.5 Working Example of RD_BUF policy.

* Cach Miss: For a cache miss, the block is fetched from main memory (1). This
block is served directly to ULC and not considered for restore operations.

* Read hit: On a read hit, the RC value in the tag entry of the block is checked
@. If RC < RT, the request is served to the ULC @, as done in the baseline
LLC and a restore operation is performed @ If RC > RT, the request is served
(4), and a copy of tag with data is migrated to read buffer (s). Future requests
to this data are served from the SRAM buffer, which avoids the need for restore
operations. However, if there is no space in the buffer, then a victim is chosen
using the approximate LRU policy and is migrated back to the STT-RAM LLC
(7). Further, when a replacement operation is performed in the STT-RAM LLC
and the block is present in the SRAM buffer, the block is evicted .
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» Writeback: If a writeback from ULC is targeted to a block that is currently present
in the buffer , then this entry is deleted from the buffer, and the writeback is
redirected to the LLC . However, if the writeback is targeted to a block present
in the LLC, the block is updated normally, and the counters are reset.

Comparison with hybrid caches

All the existing hybrid SRAM-STTRAM cache designs are designed to mitigate the write
endurance issue or reducing the write-energy overhead of STTRAM. These techniques
seek to reduce the number of write operations to STT-RAM by migrating write-intensive
cache blocks to SRAM [111, 112]. In the experimental evaluation, we present the
comparison with two hybrid cache designs [111, 112]. We now summarize them briefly.

Wu et al. [111] propose RWHCA (read-write aware hybrid cache architecture),
which has a small write region made of SRAM and a large read region designed with
STTRAM. Each cache block stores a saturation counter. They discuss a data migration
policy to keep the read/write-intensive data items in corresponding regions. On a load
miss and a store miss, the block is loaded in read-region and write-region, respectively,
and the saturation counter is initialized to 11. On a read from the read-region or a write
to the write-region, the saturation counter is incremented. Otherwise, the counter is
decreased, and if the MSB of the counter reaches zero, it indicates successive hits in the
wrong region. Hence, the LRU block in the opposite region is swapped with the block
seeing a hit and the counters of both the blocks are reinitialized.

Ahn et al. [112] observe that the data referenced by the same load/store instructions
have similar characteristics. Hence, the number of writes to a cache block correlates with
the instruction that loads the block into the cache. Their scheme tracks the instructions
that usually load write-intensive blocks. Based on this, their technique, termed WI (write
intensity-based technique), predicts the write intensity of the upcoming blocks. Then, in
an SRAM-STTRAM hybrid cache, it loads write-intensive blocks in the SRAM ways
and other blocks in the STTRAM ways. This leads to write-energy saving.

Recent works have shown that with ongoing feature-size scaling, it is readability
and not writability that will bottleneck the scaling of STT-RAM. This is because, with
continuous feature-size scaling, the read-disturbance issue is becoming severe. Since
read-operations lie on the critical access path, RDE error has a significant impact on the
performance.

In the context of mitigation of RDE, hybrid SRAM-STTRAM caches are ineffective,
as confirmed by our results. This is because the traditional hybrid SRAM-STTRAM

caches move write-intensive data to SRAM and read-intensive data to STTRAM. Moving

113



Chapter 5: CORIDOR: Coherence based technique to Reduce Restores caused by Read
Disturbance Error in STT-RAM Caches

read-intensive blocks to STTRAM would aggravate the RDE issue since read-intensive
blocks would incur many reads and hence, a high number of RDEs. Further, hybrid
SRAM-STTRAM caches suffer from challenges of fabrication due to different charac-
teristics of SRAM and STTRAM.

Our design uses a separate SRAM buffer, and hence, it is easier to design. Further,
assuming a 16-way SRAM-STTRAM hybrid cache, where one way is designed using
SRAM, the total capacity of SRAM is 256KB. By contrast, our SRAM-buffer has a total
capacity of 16KB (64 entries per IMB bank, each entry of size 64B). Thus, our design
can work with the smaller relative capacity of SRAM since SRAM memory has a high

leakage power consumption.

5.3.3 SKip restore on Zero Data Blocks (SKIP_ZERO)

It is well-known that a significant fraction of data blocks in the applications has a zero
value [113, 85]. For example, Ekman and Stenstorm [83] have found that for their
workloads, 30% of blocks have all 64-bytes as zero. Fig. 5.6 shows the percentage of
zero-data blocks in our benchmarks. Evidently, the frequency of zero-data blocks is
different in the benchmarks, and on average, 44.4% blocks are zero data blocks (ZDB).
Based on this information, our next proposal is to skip the restore operations on the
ZDBs. Whenever a block having zero content is read, we do not restore its contents. This
saves both read energy and the need to restore the block. In this way, the zero-detection
approach saves both access time and dynamic energy. If the data content is not zero, then
a read operation happens normally, and the block is restored. We further propose another
optimization, where a writeback to a block with zero data content will not be written to
the LLC. This optimization would further reduce the number of writes performed in the
LLC.
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Fig. 5.6 The percentage of zero data block (ZDB) in different benchmarks

Architecture: Figure 5.7(a) shows the changes to the tag array. Here, the LLC tag
array is associated with one zero indicator bit (ZIB) to indicate whether the data block

has zero content or not. If this bit is set, then the block has zero value content. We use a
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comparator unit called the “zero detection logic” (ZDL) to detect the data value. This is
shown in Figure 5.7(b). Whenever a block is loaded in the LLC from the main memory
or written back from the ULC, it is passed through the ZDL. If the block has a zero
value, then the block is not written in the LLC, but the ZIB is set. When a block is read
from the LLC, which has the ZIB set, we do not perform an actual read operation on the
data block from the LLC. Instead, we use a zero block reconstruction logic (in particular,
a register storing zero value) to send a block with zero content. Note that the ZIB bit
information is maintained with the tag array. As the tag-array is made of SRAM, the
ZIB bit is free from RDE.
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Fig. 5.7 (a) Modification to the tag array (b) Flow-chart for the SKIP_ZERO policy.

Working: Figure 5.7(b) shows the flow-chart for the SKIP_ZERO policy. For every
request coming to the LLC from the ULC, we have the following cases to handle:

1. Read hit: Check the ZIB bit of the block. If ZIB=1, this is read access to a zero
data block, and hence, the read is served by reconstruction of the data block with
zero values. This avoids unnecessary restore operation on the data block. If
Z1B=0, the read operation happens normally, and after this, a restore operation is

performed.

2. Write hit: From the LLC perspective, the write-hit also amounts to a block read.

Therefore, the same actions as those taken on a read-hit take place in this case.

3. Writeback and cache miss: A write needs to be performed to the LLC on a
writeback from ULC to LLC and on a cache miss when the data comes from the
main memory to the LLC. In both these cases, the ZDL checks the data contents
and sets the ZIB. If the contents are zero (ZIB=1), write to LLC is skipped.

However, if the contents are non-zero, a write happens normally.
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Limitation: The policy is mainly dependent on the existence of Zero Data blocks
in the application. As shown in fig. 5.6, we get an average of 42.5% zero data traffic at
the last level. As shown in Table 5.1, this traffic is mainly divided across blocks loaded
from main memory (column-3) and blocks written back from ULC (column-4). This
percentage distribution of blocks leads to savings in write energy for our optimization;
however, it does not directly impact the restore savings. In fact, among all the zero
data content blocks, SKIP_ZERO saves restore operations only on the read hits to such
blocks. The percentage read-hits to ZDBs are shown in column-5 of Table 5.1, and this
percentage value is much lower than the percentage of total ZDBs (column-2). Note
that SKIP_ZERO also reduces the number of writes on ZDBs; however, the restores are
avoided only read hits to the ZDBs. Therefore, augmenting SKIP_ZERO with our other
proposals (SKIP_WH and RD_BUF) is highly beneficial. Our next combined policy
attempts to do this.

Table 5.1 Division of written zero data blocks in last level in SKIP_ZERO policy.

ZDB written
Benchmarks ZDB Written Zoll)l]i/[l;a;d;d on wri‘te— ‘ ZDB Hit
in LLC(%) LLC(%) back in in LLC(%)
LLC(%)
Blackscholes 35.05 15.23 19.85 10.8

Canneal 46.93 32.10 14.83 0.003
Dedup 55.22 41.40 13.82 22.172
Fluidanimate 334 10.02 23.38 50.47
Bodytrack 41.05 25.50 15.55 0.348
Freqmine 48.51 41.00 7.51 2.627
Swaption 6.54 6.17 0.37 18.225
X264 88.86 75.03 13.83 46.633

5.3.4 CORIDOR: Combining policies SKIP_WH, RD_BUF and SKIP_ZERO

In our fourth policy, called CORIDOR, we combine our earlier three proposals. Specifi-
cally, we skip the restores for the write-hits, migrate read-intensive blocks to read-buffer,
and perform zero-value-based optimizations, as discussed before. For the cases where
more than one (out of SKIP_WH, RD_BUF and SKIP_ZERO) policy may act, we first
apply SKIP_ZERO, then SKIP_WH, and then RD_BUF. In other words, on a read or
write operation, if the block is zero, read/write/restore operations are avoided.

It is noteworthy that the SKIP_ZERO policy avoids the migration of zero-data blocks

to the buffer, which reduces the traffic between LLC and buffer, and contention for
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Table 5.2 System Configuration and workloads (x- CPU-Intensive, ¢- Memory-Intensive)

Components Parameters

Processor 2Ghz, Quad-core, X86

L1 Cache Private SRAM based 32KB, 8 way, split I/D caches, 64B
block, LRU

L2 Cache Shared, STT-RAM based 4MB, 4 banks, 16-way, 64B block,
LRU

Per-bank: Hit/miss/write energy: 0.28/0.13/1.092 nlJ,
latency: 3.37/1.38/10.70 ns, leakage: 60mW

16-entry, fully-associative, approx-LRU,

read/write energy: 0.0.007nJ/0.0007n]J, leakage: 2.93mW
32-entry, fully-associative, approx-LRU,

read/write energy: 0.009nJ/0.009n]J, leakage: 5.48mW
64-entry, fully-associative, approx-LRU,

read/write energy: 0.014nJ/0.014nJ, leakage: 10.44mW
128-entry, fully-associative, approx-LRU,

read/write energy: 0.021nJ/0.021nJ, leakage: 19.30mW
Workloads Blackscholes (Black)*, Canneal (Cann)®, Dedup®, Fluidani-
mate (Fluid)*, Bodytrack (Body)*, Freqmine (Freq)®, Swap-
tions (Swap)*, X264*

SRAM read-buffer

the buffer space. Thus, the SKIP_ZERO policy helps in mitigating the overheads of
the RD_BUF policy. On a write-hit, SKIP_WH policy avoids only restore operations,
whereas SKIP_ZERO policy, if applicable, can avoid both read and restore operations.

5.4 Experimental Methodology

We use Gem5 [114] cycle-accurate full-system simulator to perform our experiments.
GemS5 uses the Ruby memory module and uses the MESI cache coherence protocol.
The architectural parameters are given in Table 5.2. We use 4 threads in a quad-core
setup. The L1 cache is a private cache, and the STT-RAM-based L2 cache is the shared
last level cache. We use a fully-associative SRAM read-buffer with 64 entries. The
parameters of the STT-RAM cache are obtained using NVSim, and those of the SRAM
buffer are obtained using CACTI. As for workloads, we use PARSEC [115] benchmarks
with medium input sizes. Table 5.2 shows the classification of the workloads.
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3.5

Results and Analysis

The results are presented on different metrics: Energy savings, Perfromance (CPI)

and Speed-up. We have conducted various experiments over the architectural param-

eters.

We present a detailed sensitivity analysis of RD_BUF policy over different

Read-Threshold,and Read buffer size.
We show the results for the following techniques:

High current restore required (HCRR): The HCRR scheme uses normal current
(20uA) to read the STT-RAM cell and performs a restore (i.e., write) operation
after every read operation to correct the RDE [105, 101]. It has been used in real
prototypes [99]. With HCRR [99], each read operation also leads to a write oper-
ation, and thus, HCRR causes a significant increase in write traffic compared to
the RDE-free STT-RAM cache. Since STT-RAM writes have high energy/latency
overhead, HCRR can degrade efficiency and create bandwidth issues. As the
number of cores accessing the LLC increases, the restore operations would make
the LLC ports unavailable for normal accesses. Thus, HCRR has crucial disadvan-
tages. We take HCRR as the baseline scheme due to its deployment in the product
systems.

RDE-free STT-RAM (Ideal): This scheme assumes an ideal, RDE-free STT-
RAM.

BDI [116]: Cache block compression technique that uses a base word and stores
the block as the difference with respect to the base word.

RWHCA [111]:

WI [112]: RWHCA and WI are summarized in Section 5.3.2. For these policies,
we assume the STTRAM partition to be RDE prone.

P1 (Proposed policy): Skipping restore on write Hit (SKIP_WH)
P2 (Proposed policy): Migrating read-intensive blocks to read-buffer (RD_BUF).
P3 (Proposed policy): Skipping restore of zero data blocks (SKIP_ZERO)

P4 (Proposed policy): This includes a combination of SKIP_WH, RD_BUF and
SKIP_ZERO
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In this chapter, the comparison analysis of proposed techniques with existing tech-
niques. This would give a fair comparative analysis of Volatile-STTRAM with Non-
Volatile STTRAM. In addition, we have shown comparative analusis over one of the

compression technique(i.e. BDI-compression).

5.5.1 Energy Saving

Total Energy: Fig. 5.8 shows the normalized total energy savings over the baseline
HCRR. On average, we get 15.41% energy savings in our SKIP_WH policy. Since
SKIP_WH policy leverages the write hit operations, it is especially beneficial for write-
intensive applications. The RD_BUF policy saves 21.01% energy by serving read
requests from the SRAM buffer. The SKIP_ZERO policy saves 21.27% energy. The
savings provided by this policy depends on the frequency with which read-hits happen
to zero-value blocks. This factor varies across applications. The final combined policy,
CORIDOR, gives 31.62% savings in total energy over baseline. Further, the RDE-free
STT-RAM cache (Ideal) achieves an energy saving of 42.76%. Note that, in x264, the
combined policy gives higher savings than RDE-free cache because the combined policy
also uses optimization of not writing zero-blocks to the LLC, which is not adopted by
the RDE-free cache. From Fig. 5.6, we note that the percentage of ZDBs is highest for
x264 and dedup. Correspondingly, SKIP_ZERO policy provides the highest savings for

these two workloads.
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Fig. 5.8 Total energy savings for different benchmarks over the HCRR policy (higher is
better)

Restore Energy: Fig. 5.9 shows the savings in the energy of the restore operations

over the baseline HCRR. SKIP_WH saves 17.24% energy on average. RD_BUF policy
saves 22.14% restore energy. The SKIP_ZERO policy saves 14.95% energy, whereas
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CORIDOR saves 51.15% restore energy. Both SKIP_WH and SKIP_ZERO help in
reducing the migration overhead of the RD_BUF policy.

Fig. 5.9 also shows the comparison with hybrid cache policies RWHCA [111] and
WI [112]. RWHCA saves 17% and W1 saves 34% restore energy compared to baseline
HCRR. We present a detailed comparison with hybrid caches in Section 5.5.5.
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Fig. 5.9 Restore energy savings for different benchmarks over HCRR (higher is better)
(RDE-free cache saves 100% restores and hence, is not shown)

5.5.2 Performance

Fig. 5.10 shows the normalized cycle per instructions (CPI) with respect to baseline. A
restore operation after a read operation stalls the cache access. By virtue of reducing the
number of restore operations, CORIDOR brings a significant reduction in each bank’s
total stall duration. The SKIP_WH brings relative CPI to 0.87 x. RD_BUF brings the
relative CPI to 0.64 x since it serves many requests from the SRAM buffer and SRAM
read latency is lower than the STT-RAM read latency. The SKIP_ZERO policy brings
it to 0.85 %, and the CORIDOR(P4) policy brings the relative CPI to 0.64 x. The ideal
RDE-free LLC reaches a relative CPI value of 0.62x. Noticeably, our CORIDOR(P4)
policy achieves nearly the same performance as an ideal RDE-free STT-RAM cache.

5.5.3 Sensitivity of RD_BUF to Read-Threshold (RT)

Impact on read hits in the read-buffer: The read threshold decides how eagerly we
migrate read-intensive data blocks to the buffer. A lower value of the read threshold
makes the RD_BUF policy proactive in migrating blocks to the SRAM buffer. An RT
value higher than CRead would be ineffective in detecting the read-intensive blocks.
We did not choose RT=2 since a too small value of RT would lead to a high amount
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Fig. 5.10 Relative CPI values with different policies, normalized to HCRR (lower is
better)

of migration overhead. The read-buffer uses an approximate-LRU replacement policy,
whereby the LRU-victim block is removed from the 25% of the least recently accessed
entries in the buffer. This avoids starvation in the buffer.

As shown in Fig. 5.11, For RT values of 3, 4, 5 and 8, the average values of buffer-hit
percentages are 10.3%, 12.2%, 12.8%, and 13.7%, respectively. In general, the buffer-hit
percentage tends to saturate after RT=4, such that using RT=8 provides only marginal
improvement. In fact, at RT=8, the main STT-RAM cache sees a higher number of reads
and restore operations. Evidently, higher values of RT are not beneficial. Therefore, an
RT value of 4 (or 5) can be taken for all the benchmarks. Notice that for swaptions, for
RT=4, nearly 28% hits happen from the buffer.
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Fig. 5.11 Percentage of read-hits served by read-buffer for different RT values for
RD_BUF policy (higher is better).

Impact on migrations to the read-buffer: Fig. 5.12 shows the migrations for
different read threshold (RT) values. At RT=3, 4, 5 and 8, the percentage of migrations
over total accesses is 12.7%, 8.9%, 6.9%, and 4.2%. With the increasing value of RT, the

migration overhead is reduced. This is because with increasing RT, there is an increasing
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Fig. 5.12 Percentage of migration to the read-buffer over total accesses for RD_BUF
policy (higher is better).

delay in declaring a block as read-intensive. Since we keep a read counter with each
LLC block, using a higher value of RT increases the number of bits required for storing
this counter. For smaller values of RT, the number of migrations to the read-buffer is
high. However, this also increases the number of reverse migrations to the LLC and
reduces the number of read-hits captured while the block is in the read-buffer (refer
Fig. 5.11). Given these tradeoffs, an RT value of 4 or 5 can be considered optimal.

Impact on performance and energy: Figure 5.13 shows the CPI results of RD_BUF
policy for different values of RT. Firstly, RD_BUF saves energy for all the values of RT.
At RT values of 3, 4 and 5, the normalized CPI values are 0.67, 0.68 and 0.70, respec-
tively. However, at RT=8, the normalized CPI becomes 0.84. Thus, the performance
degrades drastically at RT=8, because a late declaration of read-intensive block results
in more reads (and restores) from the cache and fewer reads from the read buffer. For
large RT, the STT-RAM cache serves more reads (and restores), adding to the latency
overhead. This affects the performance. Hence, the performance tends to move closer
to that of HCRR. At very small RT values (RT=2), there are more reverse migrations
leading to latency overhead. An RT value of 3 to 5 balances these tradeoffs, and hence,
it is considered beneficial.

As shown in Figure 5.14, RD_BUF policy provides energy saving of 21.15% and
21.01% at RT=3 and RT=4, respectively. For a higher value of RT, more reads and
restores take place within the STT-RAM before they are migrated to the read buffer.
This reduces the energy-saving at RT=5 and RT=8. In fact, the energy saving is lowest at
RT=8, which is due to the inability of the read-buffer to absorb a majority of the reads.
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Fig. 5.13 Relative CPI values over different read-threshold values, normalized to HCRR
for RD_BUF policy(lower is better).
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Fig. 5.14 Total energy savings for different benchmarks over various RT values normal-
ized to HCRR policy for RD_BUF (higher is better)
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5.5.4 Sensitivity to Read-Buffer size

The size of the read-buffer plays a crucial role in determining the overall performance
and overheads. We experimented with four buffer sizes: 16, 32, 64, and 128 entries. As
shown in Fig. 5.15, a smaller buffer size reduces the percentage of read-hits from the
buffer. This increases the traffic between LLC and the read-buffer and thus, degrades the
energy efficiency. In particular, the reads served from the read buffer for the above sizes
are respectively 27%, 41%, 58%, and 73%. If the buffer size is very small (e.g., 16 or 32
entries), it results in more pre-mature block evictions from the buffer. This is evident
from Fig. 5.16, which shows the percentage of reverse migrations over total accesses
incurred by the different sizes of the read-buffer. Evidently, the 64-entry buffer performs
better than a 16-entry and a 32-entry buffer, while the 128-entry buffer is the best. The
number of pre-mature evictions (i.e., reverse migrations) reduces from 71% in 16-entry
to 58%, 41%, and 16% respectively for 32, 64, and 128-entry buffers. However, it is
noteworthy that a smaller SRAM buffer incurs lower area and leakage energy overhead
compared to a large buffer. Therefore, increasing the read buffer size beyond a point

may provide diminishing returns.
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Fig. 5.15 Percentage of reads served by the read buffer for different buffer sizes for
RD_BUF policy.

Figure 5.17 shows the performance normalized over HCRR. Intuitively, a larger
SRAM buffer can serve more reads, and hence, it improves the performance. Specifically,
the performance improvement with buffers of size 16, 32, 64, and 128 are 20%, 28%,
32%, and 42%, respectively. This performance improvement comes at the cost of
increased leakage energy consumption of the larger SRAM buffer. Figure 5.18 shows
the energy savings for different buffer sizes. Specifically, at buffer sizes of 16, 32, 64,
and 128, the energy savings are 20%, 21%, 20% and 15%, respectively. Evidently, the

performance advantage of the 128-entry buffer is offset by its area and leakage power
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Fig. 5.17 Relative CPI values over different buffer sizes, normalized to HCRR for
RD_BUF policy (lower is better).

overheads. Thus, a 64-entry buffer balances these tradeoffs, and hence, we use a 64-entry
buffer.

5.5.5 Comparison with hybrid cache management techniques and

a cache-compression technique

CORIDOR uses a separate SRAM read-buffer to absorb the read accesses coming to the
read-intensive blocks and thus, reduce the number of restores incurred by RDE-prone
STT-RAM caches. By contrast, the SRAM-STTRAM hybrid cache uses SRAM as
part of the cache [117]. Given the low density and high leakage power consumption of
SRAM, way-level hybrid caches use a few SRAM ways and several STTRAM ways.
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Fig. 5.18 Total energy savings for different benchmarks over various Buffer Sizes
normalized to HCRR policy for RD_BUF (higher is better)

The hybrid cache management techniques seek to move write-intensive blocks to the
SRAM partition to avoid the longer write latency and energy of STT-RAM partition.

We now present the comparative evaluation results between CORIDOR and two
well-known hybrid cache management techniques, viz., RWHCA [111] and WI [112].
Both these techniques seek to migrate write-intensive blocks to SRAM ways. We
assume that the number of ways of SRAM and STT-RAM are in the ratio of 1 is to
4. As the focus of our work is on mitigating RDEs, we assume that the STT-RAM
partition is RDE-prone and hence, all the reads to STT-RAM require a restore operation.
Thus, RWHCA and WI are also incurring RDE based restore overheads, therefore we
terms them as RWHCA-with-RDE and WI-with-RDE in the tables below. We show the
effectiveness of the SRAM partition in reducing the number of restores as well as the
impact on performance and energy consumption. Since the hyrbid cache uses a very
large amount of SRAM compared to our 64-entry SRAM read-buffer, we normalize the
hybrid cache results to the baseline pure-SRAM cache instead of the STT-RAM based
cache. All cache management methods using STT-RAM aim to achieve performance
closer to SRAM and save maximum energy. We therefore show the performance and
total energy normalised with baseline pure-SRAM based cache.

Table 5.3 shows the relative degradation in performance of various policies with
respect to the pure-SRAM baseline cache. It can be observed that the hybrid cache
management techniques bring large degradation in the performance by virtue of moving
read-intensive data to the STTRAM partition. Specifically, on average, RHWCA and
WI bring 28.7% and 24.7% degradation in the performance. By contrast, CORIDOR
degrades by 8% over SRAM as we avoid restores and it reaches closer to ideal-STT
which degrades performance by 5.8% over SRAM. Thus, CORIDOR’s approach of
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avoiding restore operations avoids nearly all the performance loss arising from the use
of STTRAM.

A key advantage of our read-buffer is that it requires smaller SRAM capacity than
that required in the SRAM-STTRAM hybrid cache. Also, a separate SRAM buffer is
easier to design than a SRAM-STTRAM hybrid cache. Depending on the need, the
SRAM buffer can be easily deactivated.

Table 5.3 Percentage performance degradation of various policies w.r.t SRAM.

Policy Black | Cann | Dedup | Fluid | Body | Freq | Swap | X264 | MEAN
Ideal-STT 5.82 7.04 4.37 0.63 1025 | 5.72 0.97 12.67 5.86
RWHCA (with RDE) 3.74 60.41 30.92 3.25 48.41 6.27 10.67 | 91.73 28.7
WI (with RDE) 1.58 60.21 20.71 2.59 38.32 | 5.28 8.46 83.76 24.71
CORIDOR 7.83 11.45 6.03 0.57 19.83 | 542 1.32 14.44 8.19

We also evaluate the efficacy of a cache-compression technique in mitigating restore
operations. Specifically, we evaluate “base-delta immediate” (BDI) [116], which is a
well-known cache compression technique. To separately compress both narrow and
wide values, it uses two base words where one base is always set to zero. It compresses
the block by storing only the difference of each word with the base word. Compression
reduces the number of bits that are read/written and hence, it reduces the number of bits
restored. This saves both restore energy and the total energy. The original BDI proposal
[116] used cache compression to increase the effective cache capacity and thus, achieve
better performance. Since cache capacity increase is orthogonal to our work, we used
BDI only for saving restore operations and not for increasing the cache capacity. Hence,
we do not present performance results with the BDI technique.

Table 5.4 shows the restore energy savings compared to the baseline HCRR policy.
By virtue of using compression, BDI reduces the number of bits that need to be restored
and this translates into restore energy saving. Compared to the RWHCA policy, the WI
policy relocates a larger number of frequently accessed (write as well as read) blocks to
the SRAM partition. Hence, W1 is able to save more restore operations than RWHCA.
Also note that, both hybrid cache polices are able to save on restore energy because
one-fourth of the cache is not made of STTRAM and hence this part is not prone to RDE
issue. Whereas our proposal uses complete cache of RDE prone STTRAM and yet it is
able to save highest amount of restore energy among all policies wrt HCRR.

To compare the total energy, we use baseline as SRAM, because hybrid cache uses
considerable portion of SRAM. Hybrid cache saves total energy wrt SRAM, mainly due
to savings in leakage energy on behalf of the STT-RAM partition. An Ideal- STTRAM
will save 51.8% energy over baseline SRAM as it uses complete cache made of RDE free
STTRAM. The other RDE prone designs save total energy due to savings in leakage as
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Table 5.4 Percentage of Restore Energy Savings by various policies w.r.t HCRR.

Policy Black | Cann | Dedup | Fluid | Body | Freq | Swap | X264 | MEAN
RWHCA (with RDE) | 16.94 1.7 27.8 12.51 0.74 235 42.96 6.59 16.59
WI (with RDE) 60.69 2.07 51.51 30.19 | 21.29 | 35.85 | 54.73 | 14.96 339
BDI (with RDE) 48.2 21.24 5.6 17.04 104 | 2597 312 | 4757 259
CORIDOR 29.83 | 35.37 5724 | 7894 | 3131 | 40.74 | 81.24 | 54.56 51.15

well as restores, however each value is lesser compared to the Ideal case. In particular, the
policies: HCRR, RWHCA, WI, BDI and CORIDOR save energy by 23.5%, 34%, 35.5%,
13% and 44% respectively, over SRAM. Hybrid policies save less energy compared to
CORIDOR because they have a large SRAM partition compared to a small read buffer
used in our proposal.

In the context of mitigation of RDE, hybrid SRAM-STTRAM caches are in effective,
as confirmed by our results. This is because the traditional hybrid SRAM-STTRAM
caches move write-intensive data to SRAM and read-intensive data to STTRAM. Moving
read-intensive blocks to STTRAM would aggravate the RDE issue since read-intensive
blocks would incur many reads and hence, a high number of RDEs. Further, hybrid
SRAM-STTRAM caches suffer from challenges of fabrication due to different charac-
teristics of SRAM and STTRAM. Our design uses a separate SRAM buffer, and hence,
it is easier to design. Further, assuming a 16-way SRAM-STTRAM hybrid cache, where
one way is designed using SRAM, the total capacity of SRAM is 256KB. By contrast,
our SRAM-buffer has a total capacity of 16KB (64 entries per 1MB bank, each entry of
size 64B). Thus, our design can work with the smaller relative capacity of SRAM since

SRAM memory has a high leakage power consumption.

5.5.6 Comparison with Selective Restore technique for a private
cache hierarchy

Wang et al. [101] proposed a technique, named “selective restore”, for a 2-level cache
hierarchy which uses both levels as private caches. Their technique skips the restore
operations for blocks that are likely to get write operations in the future. We implemented
the “selective restore” technique, our proposal CORIDOR and the baseline HCRR in a
private cache setup to perform a comparative analysis. Figures 5.19 and 5.20 show the
comparative results.

Compared to HCRR, selective-restore saves 13.69% energy whereas CORIDOR

saves 23.89% energy. Also, the normalized CPI with selective-restore and CORIDOR
are 0.84 and 0.64, respectively. Thus, CORIDOR provides higher performance than
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selective-restore. CORIDOR takes into account coherence messages and intelligently
declares blocks as read intensive to migrate them to a read buffer. This, along with
zero-block detection, helps in more effective mitigation of restore operations. This

further translates into higher performance and energy savings.

5.6 Overhead Analysis

Latency overhead: In our proposed CORIDOR policy, read-intensive blocks are mi-
grated to the read-buffer. This migration saves the restore for the corresponding read
for the block. However, it incurs a write in the SRAM-based read-buffer. During this
migration, if the read-buffer is full, we need to evict a victim. Eviction of the victim
from the read-buffer relocates the block to the LLLC. This incurs one STT-RAM write
operation. During this relocation of blocks, the LLC is stalled, which accounts for the
latency overheads. However, this overhead is compensated by the savings in the restore
operations for subsequent reads to read intensive blocks, as these reads will be served
from the read buffer. The relocation needs SRAM write and read operations (4 cycles)
and an STT-RAM write operation (21 cycles). These overheads are taken into account
in our experimental evaluation.

Note that the occasions of relocation are very few compared to the read-hit enjoyed
by the read-buffer, which saves the restores in the LLC. Figure 5.21 shows the energy
and latency values for restore operations and migrations incurred by our proposed policy
with respect to the baseline HCRR policy. Notice that while the HCRR policy incurs a
restore operation on each read operation (i.e., a restore overhead of 100%), the P4 policy
needs a restore only for 48.8% reads, with an additional 9.6% writes for migrations.
This is shown in Figure 5.21. Thus, there is an overall saving in latency in our proposed
policy. Clearly, the overhead of migrations gets compensated by the savings in restore
operations.

Energy overhead: Our technique incurs energy overhead for migrations from STT-
RAM to read-buffer, reverse-migrations from SRAM to STT-RAM when the buffer is
full, and the leakage energy of the SRAM read-buffer. A migration requires STT-RAM
read and SRAM write. A reverse migration requires SRAM read and STT-RAM write.
However, the savings in energy due to restore operations is much larger compared to
this small overhead. In particular, the restore energy of 100% in HCRR is reduced to
48.8% in the proposed policy, with an additional 7.8% energy incurred as the migration
overhead. This is shown in Figure 5.21. Thus, there are overall energy savings in our
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Fig. 5.21 Percentage of energy overhead and latency overhead of CORIDOR(P4) policy
over the baseline (HCRR).

proposed policy. Clearly, the overhead of migrations gets compensated by the savings in
restore operations.

Storage overhead: A 1MB 16-way LLC bank with 64B block has 1024 sets. We
assume 42b wide tags. For each IMB LLC bank, our technique incurs the following
overhead: (i) a location bit, a zero-indicator bit (ZIB), and a 2-bit read counter for each
data block (i1) a (42b + 64B)-size swap buffer used to migrate the tag and data block
between LLC and read-buffer. (iii) an SRAM read buffer with 64 entries, each of size
(42b+64B). In total, there is 12.4KB additional storage, which is only 1.21% overhead
for each 1MB bank.

5.7 Summary

High density and low leakage make STT-RAM-based caches a lucrative option over
power-hungry SRAM designs. However, at lower technology nodes, the STT-RAM
designs suffer from RDE in which the reads cause the data to be corrupted. To mitigate
this issue, after each read, the block has to be re-written or restored to preserve the data
content. This additional restore operation, a write operation, leads to stalling of cache
bank and consumes dynamic energy. This work proposed techniques to mitigate the RDE
in STT-RAM-based LLCs by using properties of the coherence protocol, read-intensity
of blocks, and identification of blocks with zero data content.

The first proposal, SKIP_WH, exploited the cache coherence protocol and skipped
the restoration of blocks fetched for modification by the ULC (i.e., blocks incurring
write hits). Our second proposal, RD_BUF, identified the read intensity of each block by
associating a read counter and comparing it against a read threshold. Such blocks were
relocated to an SRAM-based read buffer, and subsequent read accesses to such blocks
were serviced from the read buffer. As these reads were done from the buffer, the restore
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operation to the STT-RAM LLC was unnecessary. The third proposal, SKIP_ZERO,
identified blocks that have zero data content and associated this information in the meta-
data. Such blocks were never written, and on a read operation, they were reconstructed
before sending to the requester. Blocks having zero data content were also never restored
after being accessed. All three proposals use different properties of the block access
pattern to avoid restore operations. Depending on the application characteristics, a
specific solution may work for one over the other. These proposals are complementary to
each other and can be combined to give bigger benefits in restore savings. We proposed
to combine all three proposals into the final policy ‘CORIDOR’.

The proposals were compared with baseline policy HCRR that performed a restore
on every read and with an ideal RDE-free STT-RAM cache. The CORIDOR policy gave
31.6% savings in total energy over HCRR, whereas an ideal RDE-free STT-RAM cache
gives 42.7% savings. Thus, our proposal achieves three-fourths of the energy-saving
achieved by the ideal cache. The proposal also saved 51% energy incurred by the
restore-operations by HCRR. Savings in restore operations also reduced the stall time
for the cache banks. Further, it reduced execution time to 0.64 times the HCRR, which
is almost the same as that of the ideal STT-RAM cache.

We performed a sensitivity analysis on the different values of read-threshold (RT)
and read-buffer sizes. It was seen that there is a trade-off between having a higher read
threshold and the effective read hits captured by the read buffer. For lower RT values,
the migrations to and from the read-buffer increase, thus leading to more overheads for
block relocation. An optimal value of RT will move the block to read buffer such that
the block incurs most of its read hits in the read buffer before getting relocated back to
the LLC. It was experimentally found that the value of RT as 4 gave the best results and
that higher values gave diminishing returns in terms of read-hits. It was also observed
that the size of the read-buffer should be small enough to enable faster access latency
and big enough to reduce capacity misses. A buffer size with 64 entries was found to
give a decent hit rate.

The work has thus demonstrated that the properties of coherence and temporal
locality of read-intensive blocks can be used in conjunction to avoid the restore operations
resulting from the RDE issue of STT-RAM. This is a step towards designing STT-RAM-

based, error-free, energy-efficient replacements for SRAM-based last-level caches.
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CHAPTER 6

CAPMIG: Coherence based Refresh
Optimization in Multi-retention
STT-RAM caches

The issue of refreshing arises in low-retention STTRAM caches. In order to reduce the
write energy, the volume of the cell is reduced which leads to reduction in the longevity
of the stored content. After a certain time interval the content leaks leading to deletion
of information. Solution to this is to refresh the expiring data cells within their retention
interval. Multi-retention STTRAM come with variety of retention intervals and lead
to significant number of refreshes to data. However, data blocks in a cache usually get
written/updated leading to an automatic refresh. If we are able to place blocks in a
retention window same as its write behaviour, we will be able to avoid refreshes to such
blocks. Towards this aim, we propose to use multiple retention intervals based STTRAM
cache and use coherence messages to decide where to place an incoming cache block.
This will reduce the number of refreshes compared to random block placement.

6.1 Introduction

STT-RAM uses magnetic-tunnel junction (MTJ) which stores the value using the mag-
netic orientation of the ferro-magnetic material making them non-volatile over a longer
duration. If the surface area of the cell is reduced, it can operate faster using lesser write
latency and energy [76] with the consequence of lower retention time. As the retention

time reduces, to maintain the data integrity we need to either write-back the data block
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or refresh the contents. A refresh includes the block being written to a buffer and then
re-written into the cache [78], popularly called a dynamic refresh scheme (DRS) [76].
Refreshing incurs extra performance and energy overheads due to bank stalling as well
as additional refresh energy [118]. Prior research to solve this problem have either used
hybrid SRAM-STTRAM caches [119] or multi-retention STTRAM caches [120] where
the cache is divided into partitions, each using a different retention time. The problem of
refresh or writeback is addressed by migrating the block to higher retention partition or
to the SRAM partition. As the hybrid caches using SRAM still incur relatively higher
leakage, in this chapter we focus on multi-retention caches.

Existing approaches on multi-retention STTRAM, like HALLS [78] trains an appli-
cation using banks of different retention times and choose the best retention time for the
remaining execution. However in case the applications profile changes over execution,
then the blocks need to be relocated to appropriate partitions depending on their current
access profile. Such decisions also require overhead of counters associated with the
blocks to keep track of their write access patterns as well as bulk migration of blocks
when they change their retention behaviour. Also note that once the retention regions
are decided, and if certain blocks cross their retention interval, then such blocks are
written back to the next level memory. Whereas, certain other research contributions
advice to refresh the expired blocks. In this chapter we choose the latter and refresh
the blocks upon expiry. However, our aim is to place the block in the best retention
region so that we need not refresh it often. Towards designing methods to identify the
correct retention region for blocks without bookkeeping their access patterns, we use the
following observations:

Firstly: Cache coherence protocols in shared memory systems help us identify the
type of block requests. We can use this information to predict the best retention time
for certain types of requests. Secondly: once a type of retention region is selected, the
block can remain in that region for a longer duration on account of spatial and temporal
locality. In that, a block which gets a ‘write’ is likely to get further write requests before
it converts into a read intensive block.

The chapter makes the following main contributions:

* For a multi-retention STTRAM caches we propose a placement method using

coherence protocol for newly loaded blocks.

* We propose a migration policy based on coherence protocol to relocate blocks

within the retention regions.
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* In addition, we augment our policy with zero data detection logic and avoid refresh
for such data blocks.

* We perform experimental evaluation on full system simulator gem5 and show that

our proposal give signification improvement in saving the number of refreshes.

6.2 Background and Related Work
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Fig. 6.1 Percentage of read-hits served by read-buffer for different RT values for
RD_BUF policy (higher is better).

6.2.1 Multi-Retention STTRAM

The volume (cell area) of the MTJ device is reduced in order to increase writability
by reducing the retention period of the STT-RAM cache cells. The lowering of size
of the free layer of the magnetic tunnel junction (MTJ), which is the storage element
for STT-RAM, decreases the energy required to write the cell, resulting in shorter
retention periods [120]. A simple DRAM-style refresh approach is also available to
verify the data’s correctness. STT-RAM caches with shorter retention periods have better
performance and energy efficiency. However, any possible accuracy difficulties that
may arise as a result of random bit-flips have been overlooked. The use of single-bit
error correction simplifies the creation of a refresh-like operation that reads the contents

of a line and then sends it back after error correction. As previously noted, the non-
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destructive nature of STT-RAM readings eliminates the requirement for a writeback if
no defect is discovered.

Shortening the retention time STT-RAM in which cell minimizes its write dynamic
energy and latency of STT-RAM by lowering data retention time. This can be accom-
plished by lowering the free layer’s surface area. Two variants of data retention time
decreased STT-RAM is shown in reference [76]: 26.5 s and 3.24 s. STT-RAM cells are
used in all cache levels in work in References [120] [76] because they have lower write
dynamic energy and latency. However, in order to keep the data in their STT-RAMs,
they must perform periodic refresh operations. DRAM-style Refresh was utilized in
Reference [120] (refresh all cache lines). First, our idea focuses on large LLLCs where
dense STT-RAM-based caches plays important role. It has higher write costs than SRAM
caches, which can be reduced by relaxed-STTRAM caches. Second, this work aims to
lower the system’s energy usage while also improving its performance. In particular
write operations consumes energy in STT-RAM-based caches, a more aggressive cache
partitioning strategy is required. This inspires us to investigate a STT-RAM-based
LLC design with low retention levels. In order to leverage the best features of relaxed
STTRAM, we use multiple retention levels in a single cache. As we have evidance of
existance of hot and cold cache blocks. Thus, variablilty in data block lifetime inside
LLC which changes throughout the execution. Thus gives a justified reason to use multi-
ple retention level partitions in LLC. However, data block varies this lifetime visiblity
depending on the type of application.

We presented a hybrid memory system with multiple ranges of high and low retention
STT-RAM sections to meet both enhanced performance requirements at the same time.
As illustrated in Fig. 6.6, we use a 16-way L2 cache where Way 0-7 of the 16-way cache
is implemented with a low retention STT-RAM design, whereas ways 8-15 are built with
a high retention STT-RAM design. For a quicker write response and minimal refresh
operation, write intensive blocks are largely assigned/rearraged within way 0-7, while

read intensive blocks are retained in the other ways.

6.2.2 Refresh Schemes

A multi-retention cache provides options for cells with different retention times in a
single cache. Retention time over the cells maintained by a periodic refresh similar to
the DRAM style. Each refresh operations consists of four physical operations to be
performed while refreshing a block: 1) STTRAM Read, 2) Refresh Buffer Write, 3)
Refresh Buffer Read, and 4) STTRAM Write. Refresh consumes a significant amount of
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energy and time. We allowed different applications to switch the regions on different
instances, depending on the frequency of the write blocks approaching the last level.

Jog et al. [121] proposed CacheRevive, where they refresh first 8 most recently used
blocks using dedicated hardware. Proposed technique copy data to a refresh buffer
and copy back to the cache line. This would always be suffering from high latency
overhead. Mirror Cache [122] is another approach by taking advantage of the high
density of STTRAM. It augmented an auxiliary cache with the main cache. At the time
of expiry, data migrates to the auxiliary cache, and subsequent accesses will be served
from the extended part of the cache. Thus, it saves refresh operations over the cache
lines. However, there would be a hardware overhead of the auxiliary segment. These
techniques are suggested for first-level cache, while we concentrate on last-level cache
in this chapter. Apart from dynamic techniques, there are some static methods with low
scalability. These are compiler-assisted techniques for refresh-optimization [123] [124].

In the context of relaxed STT-RAM, the technique of Qiu et al. [124] proposed
refresh mitigation technique for main memory in embedded system which can traverse
loops in a new direction such that data lifespan can be reduced. The technique reduces
lifespan of Memory write instruction through optimal loop scheduling vector. Thus,
reduces dynamic energy and minimize overall refresh overhead.

Rabiee et al. [125] present a lifetime altering technique for upper level STTRAM
caches. They eliminate redundant write operations by considering dead blocks in L1
cache. They proposed a modified L1 cache coherency protocol which reduces 60% write
operations from the different sources. For this they augmented two states(M’ and S’) in
MESI protocol. The proposed architecture also includes a 8-entry buffer which gives

saving of upto 57% with respect to baseline.

6.2.3 Exploiting presence of Zero-Values

Chang [86] propose a “value-based technique” for reducing the average cache power
consumption while accessing the cache. They propose a “zero-sensitive cell” that senses
bit value to reduce zero values’ access power. To save leakage power, Islam et al. [126]
propose an architecture that considers zero loads in the applications. It uses an auxiliary
zero-value cache in parallel with the L1 cache and keeps zero-value blocks in this
auxiliary cache in a compressed form. Similarly, Dusser [85], provide a zero augmented
cache that works in parallel with the normal cache. Its advantage over the zero-value
cache is that it can be used with any cache level and not just L1 cache. Zhang et al.
[127] utilize compression for reducing write traffic and mitigating “process variation”

in PCM-based “main memory”. We have enough literature in order to validate the
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presence of zero-content over the blocks from main memory. At the end of the retention
time we have to refresh blocks and refresh operation on zero blocks can be avoided. In
order to improvise our CAPMIG policy, we proposed policy CAPMIG with Skipping
Zero(CAPMIG_SZ) an augmentation of restricting refreshing over zero blocks.

6.3 Motivation

6.3.1 Observing the Temporal Locality for Read and Writes

On account of temporal locality, the cache blocks get accessed repeatedly before eviction.
During the lifetime of the block in the cache, the block shows temporal locality in its
accesses. This applies to both read as well as write accesses. Figure 6.4 shows the
average value of consecutive reads (CReads) [128] and consecutive writes (Cwrites)
incurred by the blocks for various benchmarks. In particular, the value of CReads gives
the number of consecutive read accesses incurred by the block before it incurs a write
access or gets evicted. On average, in most benchmarks, each block receives 2 to 10
consecutive read accesses and 2 to 7 consecutive write accesses. We use this information
to infer that once a block is placed in a particular region based on its access request (i.e.
either a read or write), it will incur the same type of access over a certain period in the
future.

W Cwrites ™ Creads
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Fig. 6.4 The average consecutive reads (CReads) and consecutive writes (CWrites) on
the blocks in a bank for different benchmarks.
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Fig. 6.5 Refresh energy percentage for different retention regions

6.3.2 Interval between Consecutive Writes

If a block is written/updated, it is treated as a refresh and hence the block need not be
immediately refreshed. We note that a block loaded for writing incurs several writes
before it incurs a read or gets evicted. Similarly, a block loaded on a read request will
incur several reads before incurring a write or getting evicted. Figure 6.4 shows the time
interval between consecutive writes to blocks across various sets (and benchmarks). The
figure shows the access intervals for blocks loaded on a write request (GETX) and on
read requests (GETS). It is evident from the figure that blocks loaded on write-requests
incur writes more frequently compared to the blocks loaded on read requests. Blocks
loaded on reads (GETS) incur a write much later after getting loaded. We use this
information to infer that the access behaviour of block is dependent on the type of
request on which the block gets loaded. We can use this information to decide the best
retention time for block placement at the time of loading. In particular, we note that
blocks loaded for writing get frequent writes and hence can be loaded in low retention
regions while blocks loaded for reads (including instruction blocks) can be loaded in
higher retention regions.

6.3.3 Comparing the Refresh Overhead

In a multi-retention STT-RAM cache, the blocks need to be refreshed at the end of
retention time. A randomly placed block using basic LRU policy and without considering
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the type of access pattern will incur several more refreshes in addition to the write energy
and latency. Whereas, a non-volatile STT-RAM cache needs no refreshing. Figure
6.5 shows the energy needed to refresh as percentage of total energy. It shows energy
of various regions and as is evident the Low Retention Region (LRT) has the highest
overhead. Thus, it is imperative to save the refreshes in order to save overall dynamic

energy.

6.4 Proposed Policy: CAPMIG

This section describes our proposed block placement technique for multi-retention
STTRAM Last Level Cache that reduces dynamic refreshes. The method observes
the coherence messages keep track of the request type and corresponding state in the
protocol. This technique prevents a block from being refreshed excessively by assigning
it to the best possible region inside the cache.

R ERT TR TR, < >
- Instr: An Additional bit used - e mmmm e eeeemm——eeeeem————eeee———. e mmmme e e eeeme—aeeeee—————————— .
- to check Instruction Block : ' LRT-Region H HRT-Region
;:ngl i[ Way-0 to Way-3_|[ Way-4 to Way-7 | ::[Way-8 to Way-11 | [Way-12 to Way-15|
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: used to trigger refresh H T H " H H '
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Fig. 6.6 CAPMIG: Proposed multi-retention based LLC Cache Architecture

6.4.1 Architecture

We proposed multi-retention Hybrid cache architecture for a 16-way low-level STTRAM
cache. According to Figure 6.6, way-0 to way-3 is implemented with Low Retention
Time STT-RAM design and way-12 to way-15 are implemented with High Retention
Time STTRAM design.

In order to track the expiry status of the retention time of a cache block, we associated
a timer with every block. There are 3 instances when these counters are updated: 1)
Initially when block allocated to LLC , ii) On each writeback, when new data updated
on the block, and iii) When blocks are written after migration from another region. The
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timer of the blocks is lesser than the retention time of the corresponding block. When a
timer reaches its final state, it triggers the refresh operation for the particular block. Note
that the multi-retention baseline also uses such timers. The retention time of a cache
block refers to the amount of time that data in the cache entry is valid after the most
recent write. With the help of expiry counters, we keep track of blocks that are about
to expire. To do so, we set the clock period to be N times shorter than the retention
duration, where N is lesser than the cache retention time by a factor of N. The cache
entry is invalidated and written back to main memory when the counter reaches the final
state (if dirty). We have four states where we need two bits for the expiration counters.

In our cache architecture, within each cache set, we divide the cache ways into four
equal-sized groups with retention times 100us, Ims, 10ms and 100ms respectively. Each
cache block has an associated foRefresh bit (a.k.a To-Ref) that keeps track of the blocks
exclusively held by the Upper Level Cache(ULC). We triggers refresh operation only for
the blocks for which To-Refresh bit is set. Similarly, to place instructions exclusively in

the R3 region, we use an is/ntr bit to identify instruction blocks.

6.4.2 Block Placement

As discussed in the architecture sub-section, we have different retention regions. The
leftmost (RO) is the lowest retention time (LRT) region and the rightmost (R3) the highest

retention time (HRT) region. We make the following observations:

* Block residing in RO will expire quickly due to low retention. If the blocks
get frequently updated by the application then the occasions to refresh them are
reduced. In particular, if a block gets written before it reaches its retention interval,
then we need not refresh that block.

* Block residing in R3 will have more time before they expire. Hence even if the
block is not updated at frequent intervals, the occasions of refreshing them is much

less compared to the case of RO.

Exploiting the properties of coherence protocol and the above observations we arrive
at the following block placement policy depending on the type of request generated
by the upper level cache (ULC). The policy is described based on each type of cache
request. However, at an abstract level we propose that: blocks which are more read
intensive are kept in high retention regions: R2 and R3; whereas blocks which are prone

to receive writes are kept in low retention regions RO and R1.
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For a request coming from ULC to LLC on block B, it could result in either a

cache-hit or a miss. We list below the set of actions taken depending on the outcome for

each type of request.

Response
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[ Read Request from ULC |
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Fig. 6.7 Flow Chart of Operations performed on Read Request from ULC.

Cache Miss

Cache miss can occur on a read request for instruction, read request for data block, or

write request for data-block. Each case is discussed below:

* GET-INSTR (Read-miss)

Blocks which are loaded using GET-INSTR request are instruction blocks. These
blocks will never receive any writes and hence they will need to be refreshed upon

expiry. In order to reduce the number of times they need to be refreshed, we place

them in the highest retention time region. The block is loaded in R3 if there is

empty space. If there is no space in R3 we invoke block migration and/or LRU

eviction. This is discussed later when we describe the block migration policy.

We give priority for instruction type blocks to stay within R3 and to keep track of

which block is loaded as an instruction we keep one bit with each block: isInstr

which is true for instruction type blocks. Figure 6.7 shows the set of actions taken
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on a read-miss. Note that this figure also includes the actions for read-miss on
data blocks.

GETS (Read-miss)

Blocks which are loaded using GETS are used for reading data items. Such blocks
will incur reads for sometime, before incurring any writes in future. However, on
account of temporal locality, we predict that GETS type blocks will have more
reads in the beginning. Therefore, we choose to load such blocks in high retention
region R3. If there is no space in R3 then we place the block in R2. If there is no
space in R2 then we evict the LRU from the combined region R2+R3 and place
the block in the LRU position. The bit indicating isInstr is set of false for data
blocks. This is shown in figure 6.7.

GETX (Write-miss)

Blocks which are loaded using GETX request are mainly data blocks loaded for
writing. These blocks will incur several writes during their lifetime in the cache.
As these blocks will get frequently updated by the application and each write
is similar to a refresh, it is beneficial to load them in lowest retention region
(preferably R0O). We also make note that the block which is loaded on GETX will
be modified by the ULC and the corresponding copy in LLC is stale. In that, this
copy will get updated on a writeback and hence we need not refresh as long as it
is cached in the ULC. For doing this we keep an additional bit with each cache
block called toRefresh set of false, indicating that the particular block need not be
refreshed upon expiry. We change this bit to true once the block is written back to
the LLC from the ULC. By default this bit is set to true for all blocks in the cache.

The block (B) is loaded in RO if there is empty space. If there is no space in RO
we invoke block migration and/or LRU eviction. This is discussed later when we
describe the block migration policy. Figure 6.8 shows the set of actions taken on a

write-miss.

Cache Hit

Cache hit can occur on a read-access, write-access, or write-back of data from ULC.

Each case is discussed below:

* GETS (Read-Hit)

Read-hits are treated normally. In that the data block is sent to the ULC. This has

no impact on the refresh schedule of the block.
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| Write Request from ULC |

Response
To ULC

A
Read and
Serve Request
. Set ToRef = 0
Allocate in RO
" Migrate B"
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Allocate in R1
_Set ToRef=0 _

Evict LRU ]
From RO+R1

Fig. 6.8 Flow chart of operations performed on Write Request

* PUTX (Writeback)

When a dirty block gets written back from the ULC to the LLC we receive a request
of the type PUTX. In this the data is written to the LLC and the corresponding
toRefresh bit is set to true. Normally this block will be located in RO or R1;
however it is also possible that it is found in region R2/R3 as it might have been
loaded earlier in R2/R3 due to a read-miss. If the block is located in RO, then we
invoke migration as discussed in the next sub-section. Figure 6.9 shows the set of
actions taken on a write-back.

GETX (Write-Hit)

When we get a write request for an already loaded block, we return the block
to the ULC and set its toRefresh bit to false, (cf. figure 6.8). This will save any
refreshes to the block until it gets written back from the ULC. Note that the block
can be in any region when it gets a write-hit. Our policy of loading (write-miss)
blocks in RO is only during the initial load from the main memory. However,
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blocks residing in R2 and R3 (that were loaded by GETS (read-requests)) can also

incur write-hits in the future.

Writeback

No Redirect data
coming from
ULC to entry in
Yes ToRef==0 R1 Update
corresponding
tags

[ Swap B Entry | I Update Block ]
with a B in R1 Set ToRef =0

Fig. 6.9 Flow Chart of operations performed on writeback.

6.4.3 Block Migration

During the residency of the block in the LLC, there will be occasions when the location
of the block needs to change from one region to another. This is mainly done to place
the block in the correct region or to make room for another better candidate. Below we
discuss the proposed methodology. Similar to the treatment under block placement, we
discuss block migration for various types of requests and whether they are cache hit or

miss.

Cache Miss

* GET-INSTR (Read-miss)
For loading the new instruction block B our first choice is to load it in R3. Please
refer to Figure 6.7. In case there is no space in R3 and there is a block B’ in R3
which is not of type instruction (i.e., it has isInstr=0) we choose to migrate B’ to
R2 and load B in R3 in place of B’. In case all blocks in R3 are of type instruction,
then load block B in R2 if there is space. If there is no space in R2, then evict the
LRU block from the combined partition R2+R3 and load B at LRU.
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¢ GETX (write-miss)
For loading the new block B on write-miss our first choice is to load it in RO.
Please refer to Figure 6.8. In case there is no space in RO and there is a block B’
which has its toRefresh=1, we choose to migrate B’ to R1 and load B in RO in the
place of B'. In case all blocks in RO have toRefresh=0, then load block B in R1
if there is space. If there is no space in R1, then evict the LRU block from the
combined partition RO+R1 and load B at LRU.

GET_INSTR Request GETS Request
from ULC from ULC

° z ° z
u <
O o

GETX Request PUTX Request

from ULC from ULC

Fig. 6.11 Operations performed on GETX and PUTX request from ULC.

Cache Hit

e PUTX (Writeback)
Please refer to Figure 6.9. If the block B being written back is located in RO we
try to perform the writeback of B in the region R1. This is done for following two
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reasons: (i) as B is written back, it will have to be refreshed and hence we prefer
to place it in a higher retention region; and (ii) it will enable some candidate block

from R1 to get promoted to RO if it has its toRefresh bit set to false.

If there is a block B’ in R1 with toRefresh=0 then we migrate B’ in place of B in
RO and writeback B in R1. Effectively swapping the positions of B and B'. If there

is no B with toRefresh=0 then we writeback B in its original location in RO.

6.4.4 Working Example

For a cache miss, the block is fetched from main memory. This block to be placed in a

particular region before being served to ULC. Below we give two illustrations: one on a

read-miss and second on a write-miss.

e Read Miss

This includes GETS and GET INSTR request from ULC. According to figure 6.10,

newly fetched blocks from main memory.

Case-1: Instruction Blocks are placed in R3-region (shown by arrow-1) and a
copy is served to the ULC. If no space available in R3-region, one block randomly
selected with is-Instr=0 from R3 and migrated to R2-region (shown by dotted

arrow-2).

Case-2: For Instruction blocks, In case R3 contains all the instructions blocks we

allocate block to R2-region (shown by arrow -3).

Case-3: On GETS request, priority would be given in R3-region on allocation
(shown by arrow 4). If no space in R3-region we allocate block to R2-region
(shown by arrow-5).

Write miss
This includes GETX request from ULC, a block to be fetched from main memory.
There would be following cases:

Case-1: As shown in figure 6.11, on GETX, we place block at RO-region (shown
with arrow-1). If no space available in RO-region, one block randomly selected
with To-Ref = 1 from RO-region (shown with dotted arrow-2) and moved to

R1-region.

Case-2: In case RO contains all the blocks with To-Ref==0 then we allocate block
in R1-region (shown with arrow-3) .
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Case-3: On PUTX request from ULC to RO-region (shown by dotted arrow-4),
we perform writeback in R1-region (shown by arrow-5) if there is a block in R1
with To-Ref=0. In this case we swap this block with the position of the original
block in RO (shown with dotted arrow-6).

In case for a particular block, no space available in corresponding regions a combined
LRU from RO+R1 and from R2+R3 would be evicted from LRT and HRT region

respectively.

6.4.5 CAPMIG_SZ: SKip refreshing on Zero Data Blocks

Black Can Ded Face Ferr Freq Swap X264 MEAN

100

5 T = S+ B & &
o o o O

U5 of Zero Data Blocks

o

Fig. 6.12 The percentage of zero data block (ZDB) in different benchmarks
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Fig. 6.13 Flow-chart for the CAPMIG_SZ policy. We can see additional modification to
the tag array(at bottom).

One of the major observations done over the different benchmarks and literature
survey, that we have a considerable amount of data blocks with zero bits as content.
Ekman and Stenstorm [17] have found that for their workloads, 30% of blocks have
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all 64-bytes as zero. Figure 6.12 shows the percentage of zero-data blocks in our
benchmarks. Evidently, the frequency of zero-data blocks is different in the benchmarks,
and on average, 44.4% blocks are zero data blocks (ZDB). Based on this information,
our next proposal is to skip the refresh operations on the ZDBs.

Based on this information, we have performed an augmentation over CAPMIG;
Skipping zero over CAPMIG policy. Our next proposal is to skip the restore operations
on the Zero-Data Blocks (ZDB). Whenever a block having zero content is read, we do
not refresh its contents. This saves both read energy and the need to restore the block.
In this way, the zero-detection approach saves both access time and dynamic energy. If
the data content is not zero, then a read operation happens normally, and the block is
refreshed periodically. We further propose another optimization, where a writeback to a
block with zero data content will not be written to the LLC. This optimization would
further reduce the number of writes performed in the LLC.

Architecture: Figure 6.13 shows the changes to the tag array. Here, the LLC tag
array is associated with one zero indicator bit (ZIB) to indicate whether the data block
has zero content or not. If this bit is set, then the block has zero value content. We
use a comparator unit called the “zero detection logic” (ZDL) to detect the data value.
Whenever a block is loaded in the LLC from the main memory or written back from the
ULC, it is passed through the ZDL.. If the block has a zero value, then the block is not
written in the LLC, but the ZIB is set. When a block is read from the LLC, which has
the ZIB set, we do not perform an actual read operation on the data block from the LLC.
Instead, we use a zero block reconstruction logic (in particular, a register storing zero
value) to send a block with zero content. Note that the ZIB bit information is maintained
with the tag array.

Block Placement: As we discussed in section 6.3 , We are exploiting the features of
coherency protocol and placing blocks depending on the type of request generated by
ULC. At the time of placement, our proposed ZDL architecture ensures setting ZIB bit.
We make the following updates:

¢ For blocks with ZIB=1 indicates blocks are Zero data blocks. Thus, we save write
energy while blocks placement. We do not write actual blocks; update only tag

bits. We skip refresh operations for such blocks.

* For blocks with ZIB=0 indicates it’s a Non-Zero data block. Block placement as

per the conditions mentioned in section 6.3.
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Table 6.1 System Configuration

| System Component | Configurations |

Processor X86 Quad-core @ 2Ghz
32KB Private , 4 way, split I/D caches, 64B block,
LRU, MESI , write back policy
4MB(4 bank each bank of 1MB), 64B cache block,
16-way, LRU, MESI Protocol.
L2 STT-RAM Cache Retention Times: 100us,1ms, 10ms, 100ms
(with ways, 0-3,4-7,8-11,12-15
of cache set respectively)
Blackscholes (Black), Canneal (Can),
Multi-Threaded Dedup (Ded), Facesim (Face) , Ferret (Ferr),
Benchmarks Fluidanimate (Fluid), Freqmine (Freq),
Swaptions (Swap), X264

L1 SRAM Cache

Working: Figure 6.13 shows the flow-chart for the CAPMIG_SZ policy. For every
request coming to the LLC from the ULC, apart from CAPMIG we also maintain the
following criteria for CAPMIG_SZ on:

(1) Read hit: Check the ZIB bit of the block. If ZIB=1, read access to a zero data
block; hence, the read is served by reconstruction of the data block with zero values.
This avoids unnecessary read operation on the data block. If ZIB=0, the read operation
takes place, and after this, periodic refresh operations is performed according to the
corresponding region.

(2) Write hit: The write-hit also amounts to a block read from the LLC perspective.
Therefore, the same actions as those taken on a read-hit take place in this case.

(3) Writeback and cache miss: A write needs to be performed to the LLC on a
writeback from ULC to LLC and on a cache miss when the data comes from the main
memory to the LLC. In both these cases, the ZDL checks the data contents and sets the
ZIB. If the contents are zero (ZIB=1), write to LLC is skipped. However, if the contents
are non-zero, a write happens normally.

Migrations: In order to place the block in the correct region or to make room for
another better candidate. We did migrations in our proposed methodology. We do block
migration for various types of requests and whether they are cache hit or miss. The
procedure to be followed would be the same as CAPMIG. We get a benefit over write
energy. For blocks with ZIB=1, we do not require write energy; this will save read count

and a significant amount of dynamic energy during migration.
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6.5 Experimental Evaluation

6.5.1 Setup

We evaluate our proposal on a full system simulator GEMS5 [87]. The memory module
is simulated using Ruby module inside GEMS5. The MESI CMP based cache coherence
protocol is used and modified to implement the proposed refresh optimization proposal.
This works based on data-width only and hence, can be integrated with any cache
coherence scheme. Table 6.1 shows the architecture parameters used in our setup.We use
L1 as private caches and Multi-Retention STT-RAM based L2 as the last level cache.

The LLC performs a block level refresh. We have 4 different retention intervals
varying from 100us to 100ms. The parameters of STT-RAM cache are obtained using
NVSim [129]. We model the different relaxed retention times and energy parameters
depicted in table 6.2 [78]. As for workloads, we use PARSEC [115] benchmarks with
medium input sizes. We have done simulation on medium variant of the 4-threaded
PARSEC benchmark applications to verify our proposed policy. These benchmarks
include large variety of multi-threaded applications such as mining, multi-media, an-
imation, computer vision, etc. as shown in Table 6.1. All the design overheads and
effects of protocol changes are taken into consideration during simulations. We compare
the proposed policy with the Pure STT-RAM based cache with no refresh issues (i.e. a
non-volatile STT-RAM) We show the results for the following techniques:

* SRAM: This is a baseline SRAM cache which needs no refreshing and has the

best access latency. However, such caches suffer from high leakage energy.

e NV-STT: This scheme is an ideal, Refresh-Free STT-RAM cache, which needs no
refresh as it retains data for considerable interval. However, it takes longer latency

and energy to write the data; and at the same time it is slower in reads compared
to the volatile STT-RAM design.

* DRS[76]: Dynamic Refreshing Scheme (DRS) [76] is an ideal multi-retention
cache which needs periodic refresh scenario. This setup places the block randomly
using LRU replacement policy, irrespective of the retention time of the location.

* CACHE REVIVE [121] This policy refreshes only Most Recently Used(MRU)
blocks by copying the blocks with diminishing retention time in the refresh buffer

and then moving back to main cache.
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Table 6.2 Timing and Energy parameters for Pure STTRAM and Retention-relaxed
STT-RAM cache configurations at different retention time

Cache Config. IMB, 64B line size 16way
Mem. Device | SRAM | NV-STT retention-relaxed STTRAM [78]
Retention i i 100us | 1ms | 10ms | 100 ms
Time
Write Ener. 1) 330 07 | 7.68pJ | 0.3920J | 0.404nJ | 0.419nJ | 0.438 nJ
(per access)
HitEner. 15 3181y | 5.794nJ | 5.794n) | 5.794 n | 5.794 nJ | 5.794 nJ
(per access)
Leakage Pow. | 3,34 91 | 391 mw 2200.032 mW
(in mW)
Read Lat, 2 7 2 2 2 2
(in cycles)
Write Lat 2 21 3 4 6 7
(in cycles)
Full Form Mem.=Memory, Lat. = Latency, Pow.= Power, Ener.= Energy

* CAPMIG: This is our proposed policy with customized placement and migration

in multi-retention cache.

* CAPMIG_SZ: This includes a combination of CAPMIG and skipping the Zero-
Data Block policy.

6.5.2 Results and Analysis

Refresh Count: Our proposal identifies private blocks loaded in ULC and avoid refresh-
ing them in the LLC. At the same time the block placement helps to avoid refreshes of
blocks that get written-back. We get a significant reduction in RO-region as we are trying
to place blocks which are held exclusively by the ULC. Figure 6.14 shows the reduction
in refreshes achieved by our proposed methodology against the baseline, DRS, which
refreshes every cache line due to random placement of blocks. Whereas, we place blocks
to best possible location according to read and write locality. We get a reduction in the
range of 4% - 74% with an average reduction of 34.5% in CAPMIG. The improvisation
of skip zero CAPMIG_SZ, gives 41% reduction in refresh count w.r.t DRS. The existing
Cache Revive policy is not shown towards refresh count and refresh energy because

this policy is mainly for writebacks and occasionally refreshes the blocks (just before
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expiry). The writebacks generated by Cache Revive will affect the performance and

miss rate. This effect is shown in the relevant subsections.
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Fig. 6.14 Refresh count of CAPMIG policy normalized w.r.t. random placement pol-
icy.(lesser is better)

Regions comparison A detailed breakup of region-wise reduction in refresh counts is
shown in figure 6.16. As can be seen, we get considerable reductions in every region. We
also get maximum reduction in RO-region as our policy makes sure that write intensive
blocks are loaded in RO and we also skip the refreshes for GETX block which are held
exclusively with the ULC. The number of refreshes incurred by the HRT are lesser
compared to the LRT and hence the savings are also comparatively lesser. The block
placement policy makes sure that: the HRT incur only the minimum required number of

refreshes and the major savings comes from the LRT.

Performance: Figure 6.15 shows the normalized CPI for all techniques wrt SRAM
cache. We use SRAM as baseline here to show the degradation in performance on
account of higher access latency. Due to longer access latency non-volatile STT-RAM
degrades CPI by 7% over SRAM. The access latency in multi-retention based cache
is lower in comparison to pure STT-RAM and therefore the DRS scheme using multi-
retention STT-RAM degrades CPI by 4.7%. Our proposed policy CAPMIG improves
on the CPI over DRS and achieves CPI within 4.7% of SRAM. Overall we go closer to
CPI of SRAM and also save energy compared to DRS. This will give us better EDP. If
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Fig. 6.15 Performance of various policies normalised with baseline SRAM (lesser is
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RO mR1 mR2 mR3
12

1
= Ny m B [ 5] =] || i)
- 5]
0.8 . = 5 |
5 =
0.6 =
0.4 N =

0.2

Normalized Refresh Count

0
¢ 9 ° & 9

< < <
& Q)éf ¢ & & @9 “’ﬁé&’@@/@‘“@@’ é*b/&‘b@\“ & & 6“?& e“ﬁq@" 4"“ -\5{&‘.&“

Fig. 6.16 Region wise normalised Refresh Counts for proposed policy CAPMIG (_C)
and CAPMIG_SZ (_CZ)w.r.t DRS with random allocation. (_D).

we compare the existing policy CACHE-REVIVE, it results in 13% degradation over
SRAM whereas our final policy improves on CPI over existing policy.

Block placement in CAPMIG affects their lifetime in the cache which in turn affect
the miss-rate. This is because the selection of victim is based on the region and not
the global LRU. The existing policy CacheRevive writebacks the blocks on expiry if
they cannot be refreshed. This too results in increase in miss-rate. Figure 6.18 shows
in normalised miss rate wrt SRAM. As expected CacheRevive increases miss rate
considerably. Whereas, our proposal is able to control the same within 5% degradation.

Energy Consumption:
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Figure 6.17 shows the normalised refresh energy values for DRS and CAPMIG. As
can be see our saving of refreshes also saves energy. In particular we get 41% savings
over DRS.

We use NVM to take advantage of low leakage energy. The total energy (static
+ dynamic) is shown in Figure 6.20. Baseline SRAM consumes the maximum. The
proposed policies that optimise on refreshes save energy. In particular, CAPMIG
outperforms SRAM by 12% on overall total energy and whereas NV-STT and DRS save
86% and 5% energy respectively wrt SRAM.

The frequent reallocation of our algorithm causes an energy overhead compared to
DRS. However, our combined eviction policy, redirecting writeback to the R1 region
and block placement in correct region help in overall energy savings.

The improvisation of skipping zero policy over the CAPMIG gives savings of 31%
over the baseline. It gives higher savings due to optimization of not writing zero-blocks
to the LLC, which is not adopted by the CAPMIG. We note that the percentage of ZDBs
is highest for x264. Correspondingly, CAPMIG_SZ policy provides the highest savings
for X264 workload.

The CAPMIG_SZ policy leverages advantage by existence of Zero Data blocks in
the application. As shown in fig. 6.12, we get an average of 42.5% zero data traffic at
the last level. As shown in Table 6.3, this traffic is mainly divided across blocks loaded
from main memory (column-3) and blocks written back from ULC (column-4). This
percentage distribution of blocks leads to savings in write energy for our optimization;
also, it directly impact the refresh energy savings by skipping unnecessary refresh of
Zero blocks. Figure 6.19 shows the reduction of Read and Write count in percentage
due to skipping zero in CAPMIG_SZ.
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Table 6.3 Division of written zero data blocks in last level cache.

7DB Written ZDB lotaded /DB Written on 7DB Hit
Bench. in LLC(%) . on Miss .erteback in LLC(%)
in LLC(%) in LLC(%)

Black 35.05 15.23 19.85 10.8
Can 46.93 32.10 14.83 0.003
Ded 55.22 41.40 13.82 22.172
Fluid 334 10.02 23.38 50.47

Body 41.05 25.50 15.55 0.348
Freq 48.51 41.00 7.51 2.627

Swap 6.54 6.17 0.37 18.225

X264 88.86 75.03 13.83 46.633

6.5.3 Comparison with Related Works

Prior work has shown significant reduction in the processor’s power [130]; thus, replacing
SRAM with STT-RAM can considerably improve the energy efficiency. A significant
reduction in leakage power, reduced the total energy consumption in DRS as compared
to the SRAM.

In DRS retention time kept constant throughout the execution of the system. Techni-
cally it performs refresh which require a temporary buffer to hold data during refresh
operations. We have also implemented another existing approach Cache Revive [121],
where author used a temporary buffer of 1900 slots. We have scaled down the buffers
size as per our corresponding configuration. The Cache Revive policy is writeback based,
in that beyond a certain number of blocks that get refreshed, most of the expiring blocks
get written back to the next level. This results in increased miss-rate and affects the
performance. We have shown the effect on both these metrics in the results section.

HALLs [78] proposes an iteration based approach in order to select the best possible
configuration of the cache and retention time interval, whereas our approach is focused
on block placement in order to reduce refresh energy. The HALLS, proposes refresh
free approach by per-block counter lifetime tracking. If counter lapse, the cache block
will be evicted and if they are dirty first written to the main memory before eviction.
We are not performing comparison with HALLs as approach focuses specifically on
configuration and Retention time selection. Besides that it is a pure writeback based
strategy rather than refreshing a block. As our proposal is refresh based and HALLS is
writeback based, we have not quantitatively compared with HALLS.
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Mirror cache [122], is an another energy-efficient block refreshing approach. This
policy relaxes the retention time in order to reduce write latency. This scheme is made
for the L1 i.e Upper Level Cache,where cache blocks mirrored in a different auxiliary
segment of cache. Generally, ULCs are low capacity caches and mirroring could be
possible since overhead will be less. This approach is not scalable for the Last Level
Cache(LLC), therefore we have not compared CAPMIG with Mirror Cache policy.

DASCA [131] proposed policy predicts dead block writes that are written on the
cache. Dead blocks refers to those that are loaded in cache and but not reused thereafter.
A similar idea was proposed by Wang [132] for both NV-STT and NV-RRAM based
Hybrid Cache. They predict access pattern for direct block placement and migration.
[130] Previous work has explained that how inherent retention time is relaxed in order
to make Retention-Relaxed STTRAM [120]. LARS [118] is an approach of adaptable
runtime cache depends on the different applications. It proposes an optimal tuning
algorithm that determines the retention based on energy consumption at runtime. Sun
et al. [76], used retention relaxed STTRAM to make a hybrid version of the cache
with two retention levels. We have a very limited existing policy as an option for a
fair comparison with our proposed policy. As per our knowledge, no previous work
targets block placement strategy as key concept to minimize the refresh operations in

multi-retention LLC.

6.5.4 Overhead Analysis

Latency Overhead: As explained in section 6.3, in order to make space in R3 we
migrate B’ to R2 region. This migration helps in prioritizing Instruction in R3 region.
However, it incurs a read from R3 region (2 cycles) followed by write in the R2 region
(6 cycles). Similarly on write miss, in order to make space in RO we migrate B’ to R1
region. This migration helps in keeping freshly fetched GETX blocks in RO region. It
incurs a read from RO region (2 cycles) followed by write (4 cycles) in the R1 region.
During this migration of blocks, the LLC is stalled, which accounts for the latency
overheads. Besides above migration we have another infrequent relocation on PUTX.
We try to perform writeback in R1 region for blocks previously in RO region. It incurs
a tag migration from RO to R1 region and write redirection. In case no space in R1,
one B’ promoted to RO region incurring read from R1 region (2 cycles) and write in RO
region (3 cycles). These overheads are taken into account in our experimental evaluation.
However, it be noted that in spite of these overheads, we get overall better performance.

In particular CAPMIG_SZ improvises the results after reduction of
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Energy Overhead: Our technique incurs energy overhead for migrations between
regions. A migration requires read and write of the corresponding source and destination
regions (mentioned in Table-II). A redirection on PUTX from RO to R1 requires tag read
and tag write only as writeback will be redirected to R1 after tag migration.

Storage Overhead: We use SRAM-based saturating expiration counters in each
cache block for the proposed multi-retention system. Each expiration counter has four
states and each cache block takes two bits. We employ two data buffers of 64 bytes
each and two tag buffers of 42 bits each for block reallocation.Our technique incurs the
following overhead: (i) one To-Refresh bit, one Instruction bit, and one zero indicator
bit(ZIB) (ii) a (42bit + 64B)-size swap buffer used to migrate the tag and data block
between the regions. In total, there is 16.06 KB additional storage, which is only 0.39%
overhead for a 4MB cache. Note that the area overhead for the additional tags of
CAPMIG_SZ is modeled using NVSIM [129].

6.5.5 Overhead comparison with existing policies

CACHE-REVIVE includes three types of overhead:1) Static overhead due to buffer slots,
2)Migration overhead from STTRAM to buffer and reviving from buffer to STTRAM,
3) Increase in Writeback percentage.

Cache-revive performs operations over blocks with elapse time 3/4th retention time
interval. If a block belongs to the first half of the MRU slots, a particular block will be
migrated to the temporary buffer if space is available, otherwise evicted. If the block is
dirty, it will be written back to the main memory. If the block belongs to the other half, in
that case, the block is either evicted or written back to the main memory. CAPMIG does
not perform forced eviction from the Cache; However, it suffers from few migrations
among the regions based on the fo-ref and is-instr bit.

CACHE-REVIVE policy contains overhead due to early evictions and writeback.
We can see in figure 6.18, Cache-revive increases the miss rate with respect to the Pure
SRAM cache. It also includes area overhead due to the temporary buffer slots. There is
no extra storage involved in CAPMIG.

6.6 Summary

In order to fulfill the demand for diverse applications, the multi-retention caches have
immense potential to replace other pure non-volatile memories. It reduces the access cost

over the cache with high retention as a longer retention is of no use for the last level cache,
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in that the blocks get updated or evicted before the worst case retention. High density,
reduced access latency and choosing location according to the re-usability of the block
are enough fascinating features to go for the multi-retention caches. However, reduction
in access cost has a trade-off with refresh penalty. To make them good replacement
candidates, we must optimize on the refreshing aspect. Towards achieving this goal, this
chapter presented coherence based method to decide the best region to place the blocks.
As the blocks loaded on a write are likely to receive more writes we place them in the
Low Retention Region (LRT). Similarly, blocks loaded on reads and instruction blocks
are placed in the High Retention Region (HRT). We also proposed certain conditions
under which the blocks are moved across regions. All these contribute to savings in
number of refreshes by 41% leading to 36% improvement in total energy compared to
baseline. The policies also result in performance improvement over the baseline refresh
policy and stays within 5% of the SRAM.

The proposed policy uses the request type to decide the placement and does not
require additional overheads related to identification of write intensity of blocks and bulk
migrations across regions. A simple, one-time decision and occasional block migrations
give us significant savings. Thus use of coherence information can help in making

multi-retention caches usable with minimised block migration and refresh overheads.
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CHAPTER 7

Conclusion

This research work was motivated by the recent trend of employing emerging memory
technologies in the cache hierarchy. SRAM based caches are prone to high leakage
energy leading to use of alternatives like embedded-DRAM and non-volatile STTRAM
based caches. These alternatives come with higher density and low leakage. However
they have certain drawbacks like either requiring frequent data refreshes or consuming
high latency and power during writes. The STTRAM write latency-energy drawback
can be overcome by designing them in such a way that the cells can be written quickly
and/or their dimensions can be reduced. This design implies that the retention time of
data reduces requiring it to be refreshed. Another obstacle is that the read and write
current become almost similar causing a read to potentially destroy the written value. In
order to maintain data correctness, we need to restore the values every time the value is
fetched.

* We have aimed to address the reliability of data over the volatile caches by ensuring
the retention of data blocks. Towards this we have designed various strategies

with minimal overhead.

* The thesis aimed at reducing the number of times we need to refresh or restore
the data values in eDRAM and volatile-STTRAM based caches. Towards this we
designed policies by looking at the content of the data and determining whether it
needs to e refreshed and we also exploited coherence protocol based messages to
intelligently decide when to refresh and where to place the block so that it need

not be refreshed often.
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* Our content and coherence based strategies have significantly reduced the
refresh energy without hampering the performance. All policies compared fairly

well with existing state-of-the-art works.

» New contributions to knowledge were made in respect of volatile large last level
caches. Whereas the objective of SRAM cache has traditionally been to reduce
long disparity between processor and main memory; this work demonstrates that
this performace gap can reduced by eDRAM and volatile-STTRAM based caches.

* Several new observations support the proposed use of the strategies that was
developed and investigated in this work; Zero data detection method was used
to optimize and enhance result in order to reduce overhead; SRAM Read buffer
in our work CORIDOR played a cruicial role in order to deal Read Disturbance

issue.

7.1 Summary of Contributions

* Refresh Optimisation through Dynamic Reconfiguration Based Policy in eDRAM:
embedded-DRAM caches need to refresh the data at regular intervals. This work
concentrated on looking at the content of the block to decide whether to refresh
it or not. In particular, the blocks having zero data values need not be refreshed.
We identify such blocks by using a zero detection logic and keep a bit with each
block identifying whether it is a zero block. Whenever the refresh is triggered
for eDRAM, all the blocks with identified zero content will not e refreshed. Note
that such blocks have invalid data and when a read request arrives for this data
we cannot return the stored content. In that we need to reconstruct the zero block
before serving the read. For this we use an additional (zero value) register whose
content is forwarded on reads to zero data blocks. In order to ease the refresh
selection, we relocate blocks with zero data to a separate logical partition within
the cache. Further we extended our proposal to dynamically change the size of
the zero value partition depending on the working set and content of the running
application. In this proposal we achieved refresh reduction of around 38% with
performance gain of 6-9% and 12-14% energy savings.

* Coherence based refresh optimisation in eDRAM caches: Apart from seeing
the content, if we check the access request we can identify certain blocks which
are getting updated in upper level caches and need not be refreshed at the LLC
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level. For this we make use of the coherence protocol messages. Blocks that
are requested for writing by the ULC will be identified to be not refreshed in the
LLC. Only after the block getting written back from the ULC we will flag it for
refreshing. This policy reduces refresh by 55% with performance gain of 4% and
energy savings of 62%.

CORIDOR: Coherence based technique to reduce restores cased by read-
disturbance error in STTRAM caches: In the deep sub-micron region, STT-
RAM suffers from read-disturbance error (RDE), whereby a read operation dis-
turbs the stored data. Mitigation of RDE requires restore operations, which
imposes latency and energy penalties. Hence, RDE presents a crucial threat to
the scaling of STT-RAM. Towards this we offered three techniques to reduce the
restore overhead. First, we make use of coherence protocol to identify blocks that
will get updated at a higher level cache in the near future. For such blocks we
avoid the restore operations upon reads. Second, we identify read-intensive blocks
using a lightweight mechanism and then migrate these blocks to a small SRAM
buffer. On a future read to these blocks, the restore operation is avoided as it gets
serviced from the SRAM buffer. The challenge here was to identify the correct
threshold to declare a block read intensive and also manage replacement policies
for the limited size SRAM buffer. Third proposal was based on content of the
data block. In that for data blocks having zero value, a write operation is avoided,
and only a flag is set. Based on this flag, both read and restore operations to this
block are avoided. Further, we combined these three techniques to design our final
policy, named CORIDOR. Compared to a baseline policy, which performs restore
operation after each read, CORIDOR achieved savings of 51% energy in restore
operations while reducing execution time to 0.64 times. The total energy savings

were 31%.

CAPMIG: Coherence based refresh optimisation in multi-retention STTRAM
caches: Multi-Retention STTRAM caches have been considered as a good al-
ternative over standard STTRAM caches by reducing their retention time which
reduces the write latency. As the retention time is reduced we need to refresh
the data when the retention time expires. This leads to considerable amount of
latency and energy. To mitigate this if the block gets updated by the ULC then the
refresh is automatically done. If we can manage to place blocks in the appropriate
retention zone depending on their access patterns then we can avoid forceful
refresh at the end of retention interval, as the cache access will guarantee block
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7.2

refresh. Towards achieving this, we proposed coherence based policy to decide
the retention partition in which a block gets placed. A block loaded on a write
access is likely to get more writes in future and is therefore loaded in the lowest
retention region. Similarly, instruction blocks are loaded in highest retention time
region. This helps in reducing the number of refreshes incurred by the blocks.
During runtime the blocks may change their access patterns, requiring a change
in their retention region. We also proposes a migration policy to relocate the
blocks to appropriate regions during runtime. Identification of zero data value
blocks and not refreshing them is an additional augmentation to our proposal. The
contributions save refreshes by 41% leading to 36% improvement in total energy
compared to baseline. The policies also result in performance improvement over
the baseline refresh policy and stays within 5% of the SRAM.

Scope for Future Work

eDRAM caches are proliferating in embedded devices as well as on accelerators.
It is seem that machine learning accelerators prefer to use eDRAM on account of
their density and low leakage. We can extend our refresh optimisation methods to
this domain where the data demands are very high and the data have low temporal
locality. The access patterns in this domain may not be similar to our experimental

setup and hence we see scope of extending our proposals.

Similar to RDE, STTRAM also suffers write disturbance errors. We can extend

our proposals to mitigate these type of errors.

eDRAM caches can be combined with SRAM partitions to form a hbyrid cache.
Policies can be proposed to move refresh prone data to SRAM partition so that we
can reduce number of refreshes in eDRAM.
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Aim of the Thesis: Content and Coherence Based Strategies
for Optimizing Refreshes in Volatile Last Level Caches
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Fig. 7.1 Summarizes the contributions of this thesis.
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