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Abstract—Hardware data prefetching is a latency hiding technique that mitigates

thememory wall problem by fetching data blocks into caches before the processor

demands them. For high performing state-of-the-art data prefetchers, this increases

dynamic and static energy in memory hierarchy, due to increase in number of

requests. A trivial way to improve energy-efficiency of hardware prefetchers is to

prefetch instructions on the critical path of execution. As criticality-based data

prefetching does not degrade performance significantly; this is an ideal approach to

solve the energy-efficiency problem.We discuss limitations of existing critical

instruction detection techniques and propose a new technique that uses re-order

buffer occupancy as a metric to detect critical instructions and performs

prefetcher-specific threshold tuning.With our detector, we achievemaximum

memory hierarchy energy savings of 12.3%with 1.4% higher performance, for PPF,

and average as follows: (i) SPECCPU 2017 benchmarks: 2.04% lower energy,

0.3% lower performance, for IPCP at L1D, (ii) client/server benchmarks: 4.7% lower

energy, 0.15% lower performance, for PPF, (iii) Cloudsuite benchmarks: 2.99%

lower energy, 0.36% higher performance, for IPCP at L1D. IPCP and PPF are

state-of-the-art data prefetchers.

Index Terms—Cache memory, microarchitecture

Ç

1 INTRODUCTION

STATE-OF-THE-ART data prefetchers [1], [2], [3], [4] train on the
demand memory access stream at private caches and generate
prefetch requests into the memory hierarchy to provide perfor-
mance improvement. However, these techniques do not discuss
about the increase in memory hierarchy energy consumption due
to (i) prefetcher’s training and (ii) inaccurate requests into the
memory hierarchy.

The Problem. Fig. 1 shows an increase of as high as 122% in
dynamic and 26% in static energy in the memory hierarchy in the
presence of state-of-the-art data prefetchers [1], [2], [3], [4] for 89
single threaded benchmarks. Across 89 benchmarks, dynamic
energy increases by more than 10% for 15 benchmarks, and by
more than 5% for 34 benchmarks. For 21 benchmarks, static
energy is higher than baseline. Overall, more than 50 benchmarks
show energy consumption higher than the average case. We use
PCACTI [5] to model on-chip memory hierarchy energy for 7 nm
FinFET technology (See Table 1). We use high-performance con-
figuration for L1D and energy-efficient configuration for the rest.
We use power-gating [6] for L2 and L3 caches, and DRAM [7].
We extend Orion [8] to 7 nm technology to model on-chip inter-
connect energy.

A Trivial Solution. Data prefetchers increase the number of
accesses in the memory hierarchy, hence, dynamic energy. With
lower execution time, static energy reduces. However, with energy
optimization techniques like power-gating [6], an increase in
requests leads to an increase in static energy due to lower power-
gating opportunity. A trivial solution to reduce memory hierarchy

energy while retaining performance that prior works [9], [10], [11]
propose is to perform prefetching only for critical load instruction
pointers (IPs). Critical IPs are instructions on the critical execution
path, that contribute to the application’s overall execution time.
Another approach is to use prefetcher throttling [12] which tunes
the prefetcher’s aggressiveness to minimize inaccurate requests
and improve performance.

Challenges. Existing critical IP detectors and prefetcher throttlers
are either costly (operations per cycle) or do not use apt metrics
(Section 3). This motivates us to find an apt critical IP detection
metric. Since, different prefetcher and benchmark combinations
can impact differently with various data prefetching techniques,
the challenge is to ensure that the critical IP detector can tune itself
specifically for the prefetcher and the benchmark.

Our Contributions. We use data prefetching for critical IPs for
energy-efficiency in memory hierarchy. We motivate for the usage
of re-order buffer (ROB) occupancy as the critical IP detection met-
ric (Section 4) to overcome limitations of existing detectors and
throttlers (Section 5). We introduce prefetcher-specific threshold
relaxation to tune critical IP detection thresholds at run-time (Sec-
tion 4, 5). With data prefetching for critical IPs, we show a maxi-
mum reduction of 14.94% and 16.02% in dynamic and static
energies with 0.5% performance loss and 1.4% performance gain,
for PPF [4] and SPP [3], respectively. Our detector incurs a hard-
ware overhead of 1.4 KB. To the best of our knowledge, this is the first
work that (i) uses ROB occupancy for critical IP detection, (ii) performs
prefetcher and benchmark specific threshold relaxation at run-time for
critical IP detection, and (iii) shows the impact of prefetching only for crit-
ical IPs with state-of-the-art data prefetchers and state-of-the-art critical
IP detection techniques.

2 BACKGROUND & RELATED WORK

Energy Consumption. Dynamic energy consumption is due to run-
time operations (reads/writes etc.) in memory hierarchy. Static
energy is leakage energy in inactive or idle state. Prefetching
increases dynamic energy consumption. Ideally, prefetching reduces
static energy as it reduces execution time of an application (energy is
directly proportional to time) [13]. Power-gating [6] reduces leakage
energy by powering off caches in idle state.

State-of-the-Art Data Prefetchers. Instruction Pointer Classifier-
based spatial hardware Prefetching (IPCP) [1] uses a light-weight
(< 1 KB) multi-level prefetcher for private caches. Bingo [2] fine-
tunes its learning with longer event recurrences, i.e., IP and full
address or address offset. Signature Path Prefetching (SPP) [3] per-
forms lookahead to predict future address deltas for a given signa-
ture (e.g., a memory region). The prediction of deltas and prefetching
continues until the confidence drops below certain thresholds. Per-
ceptron-based Prefetch Filtering (PPF) [4] augments SPP by allowing
it to continue prediction and filters prefetch requests with a percep-
tron-based prefetch filter.

State-of-the-Art Critical IP Detectors. Focused Value Prediction
(FVP) [14] uses ROB stall, confidence-based critical IP detector.
Criticality Aware Tiered Cache Hierarchy (CATCH) [10] uses enu-
meration of data dependency graph (DDG) to detect critical IPs.
Focused Prefetching [9] uses the number of cycles for which ROB
stall occurs as a critical IP detection metric, and uses preset thresh-
olds. Subramaniam et al. [11] use the number of loads’ direct
dependents as a metric, and train on low issue rate in the processor
pipeline.

Prefetcher Throttling. Feedback Directed Prefetching (FDP) [12]
controls the aggressiveness of prefetcher by taking into account (i)
prefetch accuracy, (ii) lateness, and (iii) cache pollution due to
prefetcher.
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3 MOTIVATION

Figs. 2 and 3 show the memory hierarchy dynamic and static
energy consumption, respectively, with no prefetching and state-
of-the-art hardware prefetchers.

Dynamic Energy Consumption. Fig. 2 shows maximum increase
in dynamic energy of 2.2X for mcf-1554B. Fig. 2 shows dynamic
energy for five prefetcher friendly and unfriendly benchmarks.
We name a benchmark friendly and unfriendly if it shows at least
24% and at most 4% performance improvement, respectively.
Fig. 2 also shows the critical, as per the detector we propose (Sec-
tion 4), and the total number of load IPs per benchmark. Here,
out of thousands of load IPs, only tens are critical to the
application’s performance. Yet, prefetchers train and prefetch on
all load IPs instead of just critical ones. Ideally, a data prefetcher
should improve performance significantly, while consuming mar-
ginal energy and critical IP based prefetching is one of the ways
to achieve this.

Static Energy Consumption. Fig. 3 shows that static energy con-
sumption increases with data prefetchers in some cases (26% for
bwaves-891B). Two factors contribute to this: (i) increase in cache
or DRAM activity with power-gating, (ii) low or nil performance
improvement with prefetchers. For example, in client_001 in
Fig. 3, with Bingo, overall static energy is less than baseline, but
DRAM static energy is higher. Performance improvement for cli-
ent_001 with Bingo (7%) is high enough to reduce overall static
energy consumption even with power gating. However, static
energy is higher than baseline when performance improvement is

not enough to counter static energy increase due to an increase in
cache or DRAM activity.

Based on these observations, we pose the following questions:
(i) can we perform energy-efficient data prefetching to gain similar
performance?, and (ii) even if we do not improve performance fur-
ther, can we reduce static energy?

Limitations of Existing Critical IP Detection Techniques. FVP uses a
2-bit confidence counter and aggressively marks IPs with incom-
plete execution in retire width as critical. CATCH finds the maxi-
mum cost incoming edge for each DDG node. So, it performs at
least retire width number of operations per cycle. Both CATCH and
Subramaniam et al.’s technique also use 2-bit confidence counters,
thus aggressively mark IPs as critical. In Focused Prefetching, the
processor has to increment a global counter in every cycle to com-
pute the number of ROB stall cycles. Further, preset thresholds are
ineffective in detecting critical IPs for certain benchmarks. Subra-
maniam et al.’s technique inaptly trains on a low issue rate. Large
code footprint applications can have low issue rate due to the fetch
stage (front-end) of the pipeline too. We find that when the pipe-
line issues one or zero instructions into ROB, it is not full 60% of
the time.

In summary, (i) FVP, CATCH, and Subramaniam et al.’s tech-
nique make overpredictions, (ii) CATCH and Focused Prefetching
are costly in terms of operations per cycle, (iii) using preset thresh-
olds is not optimal in Focused Prefetching, (iv) Subramaniam et al.
use inapt metrics, and (v) FDP may reduce energy consumption by
reducing prefetcher’s aggressiveness, but it can lead to perfor-
mance loss as well.

Thus, we propose the usage of ROB occupancy for critical IP
detection (as a ROB stall affects all instructions in the ROB), with
run-time threshold relaxation. It requires one subtract operation on
a ROB stall i.e., between the ROB’s head and the tail.

4 DATA PREFETCHING FOR CRITICAL IPS

ROB Occupancy: We term IPs causing more than 90% of ROB stalls
as MjS IPs (Major Stalling IPs) and IPs causing rest ROB stalls as
MnS IPs (Minor Stalling IPs). We capture IPs causing the most
stalls as MjS, until we cover 90% of ROB stalls. Fig. 4 shows that, in
most cases, average ROB occupancy is higher for ROB stalls that
MjS IPs cause. Average ROB stalls per kilo cycles (SPKC) are also
higher for MjS IPs (27.7) than MnS IPs (3). So, we check both ROB
occupancy and stall frequency, to determine critical IPs.

Fig. 1. Memory hierarchy energy consumption for 89 benchmarks (refer Section 5)
normalized to no prefetching.

TABLE 1
Energy consumption With 7 nm FinFET [5]

Dynamic read energy (pJ) Static power (mW)

L1I Cache 33.6 2.935
L1D Cache 1100 49.3
L2 TLB 1.1 0.6
L2 Cache 45.5 17.81
L3 Cache 101.1 64.57

Fig. 2. Dynamic energy consumption in memory hierarchy with data prefetchers
normalized to no prefetching.

Fig. 3. Static energy consumption in memory hierarchy with data prefetchers
normalized to no prefetching.

Fig. 4. ROB occupancy for MjS & MnS IP ROB stalls.
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Critical IP Detection. We use two hardware filters to classify an
IP as critical (Fig. 5). IPs that pass through filter I are present in crit-
ical IP training table (critical IP candidates). IPs that pass through
both filter I and II, are present in critical IP cache. When a ROB-
stalling load IP ’A’ commits (�1 ), we check if the ROB occupancy is
greater than candidacy threshold (�2 ) (filter I). If so, we add or
update an entry in the training table. This table stores the sum of
ROB occupancy for all ROB stalls (through filter I) by IP ’A’ (�3 ).
After updating the entry, we check if sum of ROB occupancy is
greater than reliance thresholds (filter II) (�4 ). We use a preset static
reliance threshold, and a dynamic one i.e., average of sum of ROB
occupancy at all ROB stalls in current one million instructions win-
dow. We pass a critical IP bit with every load request to the mem-
ory hierarchy. Based on empirical results, we use candidacy
threshold of 50 and static reliance threshold of 20,000.

We use 64 (2 ways) and 128 (4 ways) entries for critical IP train-
ing table and critical IP cache, respectively.

Prefetcher-Specific Threshold Relaxation. Our goal is to gain themaxi-
mumperformance per benchmark from each prefetcher. So, our criti-
cal IP detector tunes itself, without needing prefetcher-specific
information. We observe critical IP detection during windows of one
million instructions, and update the thresholds (candidacy and static
reliance) as follows: Initially, the prefetcher trains and prefetches for
all IPs for a one million instructions window. Then we note the
instructions per cycle (IPC) of the application using the processor’s
performancemonitoring counters. In the nextwindow, the prefetcher
trains and prefetches only for critical IPs. If the IPC is higher by ’d’%
in the first window, we reduce the thresholds by ’x’%.We repeat this
process until the IPC difference falls below ’d’%. Based on empirical
analysis, we use ’x’ as 20 and ’d’ as 4. For resilience against applica-
tion phase change, we compare the moving average of L1D demand
accesses per cycle (APC) of last 16 windows with the APC of the cur-
rent window [15]. If difference between the average-APC and cur-
rent-APC crosses a threshold, a phase change is reported, upon
whichwe start the threshold relaxation process again.

5 RESULTS

We use ChampSim [18] with an extensive front-end and virtual mem-
ory support for evaluation.We use 89 benchmarks: memory-intensive
SPEC CPU 2017 [19], client/server [20], and Cloudsuite [21]. We
report results for 50 million instructions for client/server and Cloud-
suite, 100million instructions for SPEC CPU 2017, after warmup of 50
million instructions. Table 2 shows the systemparameters.

Effect of Switching Penalty With Power-Gating. We implement L2/
LLC power-gating at a 256KB size bank level. The switching penalty
for a 2MB LLC (6T SRAM cell with 0.8V supply) is one to two cycles
[5]. With a pipelined L2 and LLC implementation (32 MSHRs at L2
and 64 at LLC) for a 352 entry ROB, we see negligible performance
impact (average gap of less than 0.03%). We corroborate our find-
ings with one of the prior works [22]. For DRAM, we model energy
[7]with andwithout the power-gating penalty.With a power-gating
penalty in power-down mode, we observe an average performance
slowdown of 2.9% (maximum across all prefetchers). We show
results without power-gating penalty, as conclusions do not change.

Performance and Energy. Overall, there is lower energy consumption
and similar performance improvement with data prefetching for criti-
cal IPs (Fig. 6). Maximum average performance loss is 1.9% with
Bingo.We achieve average dynamic energy savings of 3.5% with PPF:
performance improves by 5.8% for server_022, and prefetch
requests issued reduce by 53.3%. Static energy increases with Bingo as
performance degrades. However, it reduces with PPF and IPCP at

Fig. 5. Critical IP detection process.

TABLE 2
Parameters of the Simulated System

Processor 4 GHz out-of-order, 6-wide issue, 352-entry ROB

TLBs 64-entry ITLB/DTLB, 1536-entry STLB, LRU
L1I cache 32KB 8-way (4 cycles), 8 MSHRs, LRU, FNL+MMA[16]
L1D cache 48KB 12-way (5 cycles), 16 MSHRs, LRU
L2 cache 512KB 8-way (10 cycles), 32 MSHRs, SRRIP[17]
L3 cache 2MB 16-way (20 cycles), 64 MSHRs, DRRIP[17]
DRAM 6400 MT/s, 1 channel

Fig. 6. Normalized speedup and memory hierarchy energy with all IP vs. critical IP
data prefetching.

Fig. 7. Normalized speedup and memory hierarchy energy with existing techniques
and our critical IP detector.

TABLE 3
Comparison of Existing Critical IP Detectors

Subramaniam
et al.[11]

Focused
Pref.[9]

CATCH
[10]

FVP
[14]

ROB
occu.

Num. critical IPs 3192 344 2012 4272 84
Operations/cycle 0.03 1.07 4.24 0.03 0.07
Coverage (%) 68.5 63.1 97.7 100 35.5
Accuracy (%) 0.41 51.6 0.68 0.82 68

Fig. 8. Normalized speedup and memory hierarchy energy with all and critical IP
prefetching, with and without FDP.

Fig. 9. Normalized speedup and memory hierarchy energy with threshold relaxa-
tion and preset thresholds.
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L1D with more opportunity for power-gating due to less requests in
memory hierarchy. We achieve maximum energy savings (including
dynamic and static) of 12.3% forserver_013withPPF. For 53 bench-
marks,we detect less than 32 critical IPs; for three benchmarks, zero.

Comparison With the Critical IP Detectors. Fig. 7 and Table 3 com-
pare our critical IP detector with existing techniques. Our technique
is the most conservative to detect critical IPs, with lower operations
per cycle than CATCH and Focused Prefetching to identify critical
IP candidates. Subramaniam et al.’s technique [11] is ineffective, as
94.9% of the time, it detects a low issue rate. We compute coverage
and accuracy based on MjS IPs. FVP, CATCH, and Subramaniam
et al.’s technique provide low accuracy due to overpredictions. For
2/3rd of benchmarks that we study, our technique shows higher
energy savings than FVP and Focused Prefetching (maximum gap
of 10.36%). Our technique shows performance loss higher than 5%
for five benchmarks, whereas we observe the same with FVP and
Focused Prefetching for 1/4th of benchmarks. Our technique shows
a maximum performance loss of 13%, whereas the same for FVP
and Focused Prefetching is 24% and 37%, respectively.

Comparison With the Prefetcher Throttler. Fig. 8 shows that FDP
[12] degrades performance except for SPP. Performance improves
with SPP due to aggressive prefetching; dynamic energy consump-
tion increases too. Critical IP based prefetching shows higher
reduction in dynamic energy consumption than FDP except in
IPCP at L1D. Further, FDP is unable to complement critical IP-
based prefetching. Ideally, a prefetcher throttler can complement
critical IP based prefetching to reduce inaccurate prefetch requests.

Threshold Relaxation: Fig. 9 shows threshold relaxation provides
highest performance improvement except for IPCP at L1D, and
consumes lowest energy in most cases. No specific preset threshold
performs the best for all prefetchers. Fig. 10 shows the utility of
prefetcher-specific threshold relaxation for critical IP detection for
sensitive benchmarks. We also see cases where different prefetch-
ers use different thresholds for a single benchmark, making it pre-
fetcher and benchmark specific.

6 CONCLUSION

In this paper, we showed increase in dynamic and static energy
consumption in memory hierarchy by data prefetchers. We pro-
posed a ROB occupancy based critical IP detector, with prefetcher-
specific threshold relaxation. We showed our proposal can provide
competitive performance with lower memory hierarchy energy
consumption (maximum savings of 12.3%) with critical IP based
energy-efficient hardware data prefetching.
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