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Abstract—Contemporary mobile applications exhibit large in-
struction working sets that overwhelm cores’ front-end struc-
tures, leading to frequent pipeline stalls that significantly harm
performance. We find that a key contributor to the front-end
bottleneck is code pollution in the unified L2 cache (L2C)
stemming from a high incidence of fetches and prefetches on
the wrong execution path. Such wrong-path allocations waste,
on average, ~20% of a large L2C’s capacity with instruction
cache lines that are useless — i.e., lines that are evicted from the
cache before any of the instructions they contain ever commits.

This work demonstrates that tracking whether a code line
contains committed instructions provides a robust foundation
for code-aware cache management. Building on this insight,
we propose Bumper, a lightweight microarchitectural scheme
that dynamically propagates usefulness hints based on commit
information to the cache hierarchy and selectively prioritizes
useful code lines in the L2C, enabling rapid eviction of useless
lines. The principal challenge addressed in the design of Bumper
is how to orchestrate the propagation of usefulness hints based
on commit information across the CPU pipeline and cache
hierarchy, while minimizing microarchitectural overheads. Using
an industry-grade simulator, we show that Bumper mitigates
the front-end bottleneck of real-world mobile applications by
reducing L2C code pollution and improving the lifetime of useful
code lines, outperforming state-of-the-art schemes by over 5.4%,
on average, at a storage cost of just 422 bytes.

Index Terms—front-end, cache management, cache replace-
ment, mobile applications, branch prediction

I. INTRODUCTION

Modern high-end CPUs [1]-[3] dedicate significant re-
sources to the front-end to sustain performance. Examples
include sophisticated branch predictors [4], multi-level Branch
Target Buffers (BTBs), and large first-level instruction caches
(L1I). To sustain high instruction supply bandwidth, they
also decouple the Branch Prediction Unit (BPU) from the
Instruction Fetch Unit (IFU) [5] using the Fetch Target Queue
(FTQ), while employing Fetch Directed Instruction Prefetch-
ing (FDIP) [6] to exploit this decoupling to issue instruction
prefetches into the L11 ahead of demand accesses.

Server workloads, with their large code footprint, have been
shown to overwhelm front-end structures [7], [8] and have
driven most recent research on improving the CPU front-end.
Studies by Google [9] and Meta [10] demonstrated that front-
end stalls account for 15-30% of pipeline slots in servers [2],

[11]. While the relevance of the front-end bottleneck is well-
established for server workloads, mobile applications have
remained comparatively underexplored, despite their ubiquity
and demanding software stacks. We bridge this gap by char-
acterizing real-world mobile workloads drawn from market
research using an industry-grade, cycle-accurate simulator.

Our analysis [12], [13] demonstrates that contemporary
mobile applications (i) have massive code and data footprints
ranging between 0.5MB-2.3MB and 2.0MB-15.0MB, respec-
tively, (ii) are heavily front-end bound, spending on average
41% of cycles waiting for front-end resources, and (iii) place
substantial pressure on cache hierarchies representative of
modern high-end mobile CPUs, with a notably-high L2 cache
(L2C) MPKI for instruction lines' (8.4 MPKI on average).
Such high L2C instruction MPKI stems from a key front-end
inefficiency: on average, more than 50% of the fetch blocks
that insert code lines into the L2C are subsequently flushed
due to front-end re-steers, caused by BTB misses and branch
mispredictions. The combination of wrong-path execution and
FDIP-directed prefetching on the wrong path results in the
L2C being polluted with many useless code lines that do
not result in any instructions being committed before their
eviction. For a representative 6MB L2C design [2], we found
20.3% of the L2C capacity, on average, to be occupied by
useless code lines when running modern mobile applications.

We considered a number of microarchitectural options to
mitigate code pollution in the L2C for modern mobile applica-
tions, but found that all fall short. For instance, the state-of-the-
art code-aware L2C replacement policy [14] fails to mitigate
L2C code pollution because it lacks the ability to discriminate
between useful and useless code lines and, as a result, ends
up prioritizing a large number of useless code lines that are
allocated on the wrong path and whose instructions never
commit. We also attempted tuning the FTQ size to manage the
aggressiveness of FDIP and filtering prefetch requests [15], but
found this direction impractical: removing a large number of
useless requests is required to realize meaningful performance
gains, but filtering even a small fraction of useful requests can
severely harm performance.

'We use instruction line and code line interchangeably throughout the paper.
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To enable effective capacity management of instruction lines
in the L2C, we make a critical observation: The presence
of committed instructions in L2C-resident code lines can be
used as a reliable proxy for determining the lines’ usefulness.
By using this insight to discriminate useful and useless code
lines, simple cache management policies can be deployed to
prioritize the former and rapidly evict the latter.

Our work capitalizes on this insight and proposes Bumper, a
low-cost microarchitectural scheme that distinguishes between
useful and useless code lines in L2C. Bumper initially inserts
all code lines into the L2C at low-priority and subsequently
promotes only the ones it identifies as useful, i.e., those that
contain committed instructions. As a result, useful code lines
have a chance to stay in the cache long enough to be reused,
while the useless ones are rapidly evicted. The key challenge
addressed in the design of Bumper is how to orchestrate the
propagation of usefulness hints based on commit information
across the CPU pipeline and cache hierarchy, while minimiz-
ing wiring, bandwidth, and implementation overheads.

Our evaluation of Bumper on a set of contemporary mobile
applications shows its effectiveness in reducing the average
lifetime of useless code lines in the L2C by 57.9%, which
enables all other L2C-resident lines (code, data, MMU) to
persist longer and experience more reuse. Bumper reduces the
fraction of useless code lines in the L2C from an average
of 20.3% in the baseline to 9.5%, which in turn leads to an
improvement in application performance of 6.5% (on average).
Notably, Bumper achieves these gains at a negligible storage
cost of merely 422 bytes and minimal complexity atop an
existing high-end mobile CPU. Finally, we demonstrate that
Bumper amplifies the benefits of state-of-the-art L1I prefetch-
ers by reducing the impact of their useless prefetch requests.

In summary, this paper makes the following contributions:

e We perform an in-depth characterization of real-world
mobile applications (Section III-B) using a microarchitectural
baseline representative of modern high-end mobile CPUs
(Section VI). The key conclusions we draw are: (i) mobile
applications are heavily front-end bound due to their massive
code footprints and (ii) they suffer from a high L2C MPKI
for instructions due to frequent wrong-path (pre)fetching that
brings useless code into the L2C.

e We show that the presence of committed instructions in
code lines is a reliable proxy for their usefulness, enabling
precise identification of useless code lines (Section IV).

e We propose Bumper, a microarchitectural scheme that
efficiently propagates commit hint information across the CPU

fetching (FDIP) deployed in a contemporary microarchitecture.

pipeline and the cache hierarchy to improve L2C management
decisions (Section V). Bumper outperforms state-of-the-art
schemes that dynamically filter IFU requests [15] or apply
a code-aware replacement policy [14] by 5.4% and 7.5%,
respectively, across a set of contemporary mobile applications,
while requiring only 422 bytes of storage and low implemen-
tation complexity (Section VII).

II. BACKGROUND ON PROCESSOR FRONT-END

To sustain high instruction supply in increasingly wide
and deep core designs, modern front-ends decouple the
Branch Prediction Unit (BPU) from the Instruction Fetch
Unit (IFU) [2], [5] by inserting a Fetch Target Queue (FTQ)
between the BPU and the IFU, as depicted in Figure 1. Each
FTQ entry represents a fetch block, which ends at a predicted
taken branch or after a maximum size (e.g., one cache line
worth of instructions). The BPU predicts the next basic block
to be fetched (start and end address) and appends a new entry
to the tail of the FTQ. The instruction fetch pipeline pops the
cacheline-aligned address of FTQ entries from the Fetch Head
and uses it to issue memory requests to the cache hierarchy.

Building on top of the decoupled front-end, Fetch Directed
Instruction Prefetching (FDIP) [6] adds a Prefetch Head to
the FTQ to guide instruction prefetches into the L1I cache
ahead of demand accesses, as shown in Figure 1. When the
instruction fetch pipeline is not fully using the L1I cache
bandwidth, FDIP continues issuing prefetch requests ahead of
the Fetch Head, as long as there are fetch blocks available in
the FTQ. FDIP reduces fetch L11I cache misses, thus mitigating
the front-end stalls and improving front-end throughput.

FDIP has been a cornerstone in the front-end across CPU
generations [5]. However, its efficacy is contingent on having
a highly accurate branch predictor and low BTB miss rates.
As Section III shows, contemporary mobile applications pose
a growing challenge to the BPU, since their massive code
footprints and complex dynamic behavior overwhelm state-
of-the-art predictors and on-chip structures, leading to cache
pollution due to inaccurate FDIP prefetches.

III. MOTIVATION

This section highlights that modern mobile applications
are heavily front-end bound, explains why state-of-the-art
approaches fail to reduce this bottleneck, and demonstrates
that correlating committed instructions with the corresponding
lines in the unified caches can provide significant benefits.
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Fig. 2: Top-down analysis (average across all our mobile apps).

A. Front-End Bottleneck

Modern applications are increasingly complex, often fea-
turing deep software stacks, and exhibit large code footprints
that exceed the capacity of both the L1I cache and, in many
cases, the L2C [8]. These large instruction working sets
exert significant pressure on front-end structures (e.g., L1I,
BTB), making the processor front-end a dominant performance
bottleneck. Studies from Google [9] and Meta [10] reveal
that front-end stalls account for 15-30% of pipeline slots in
datacenter workloads. As Section III-B shows, modern mobile
applications also suffer from a severe front-end bottleneck due
to their massive and rapidly expanding code footprints. Addi-
tionally, modern mobile CPUs employ aggressive prefetching
for high performance [16], further exacerbating pressure on
the on-chip resources.

B. Analyzing Real-World Mobile Applications

To date, the computer architecture research community has
put considerable of effort into characterizing and tackling the
front-end bottlenecks in server workloads, while neglecting the
mobile domain, despite the latter’s ubiquity and importance.
To bridge this gap, this section quantifies the impact of
modern mobile applications on the processor front-end and
cache subsystem, highlighting that these applications impose
significant challenges that state-of-the-art microarchitectural
schemes fail to address. To do so, we use an industry-
grade simulator with ARM ISA modeling an out-of-order
core with FDIP [6] and state-of-the-art front-end and back-end
schemes including a multi-level Branch Target Buffer (BTB),
large-capacity cache hierarchy, and multiple data hardware
prefetchers equipped with adaptive throttling schemes. Our
workloads consist of real-world applications representative of
contemporary mobile workloads (e.g., games, web browsing,
social networks) with substantial instruction and data foot-
prints (code: 0.5MB-2.3MB, data: 2.0 MB-15.0 MB). Sec-
tion VI presents the details of the simulation infrastructure
and the properties of the considered mobile workloads.

1) Top Down Analysis: We use the top-down approach [12],
[13] to break down execution cycles of the considered mobile
applications across four categories: front-end bound, back-end
bound, bad speculation, and retiring. Results, averaged across
all studied mobile applications, are shown in Figure 2. We
observe that a large fraction (41%) of pipeline slots are stalls
attributed to the front-end, highlighting that front-end per-
formance is a dominant bottleneck for contemporary mobile
applications and pointing to the need for further improvements
in front-end designs for mobile CPUs.

2) Impact on Cache Hierarchy: Next, we study the impact
of modern mobile applications on the cache hierarchy. Our
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aim is to understand the impact of caches on front-end
efficiency. We evaluate a cache configuration representative of
a state-of-the-art mobile CPU featuring a non-inclusive non-
exclusive cache hierarchy with a 192KB L1I cache and a 6MB
unified L2C (Table III). The LI1I cache is non-coherent to
L2C and it does not perform write-backs nor does the L2C
track the presence of lines in the LII cache [1], [3], [17],
[18]. The mobile apps we study have large code and data
footprints (code: 0.5-2.3MB, data: 2.0-15.0MB), which exceed
the capacity of the L1 caches; therefore, we focus on the L2C.

Figure 3 breaks down the L2C Misses per Kilo Instructions
(MPKI) caused by LSU (data load/store) and IFU (instruction)
requests. The results reveal that contemporary mobile appli-
cations exert significant pressure on the L2C, with average
MPKISs of 8.4 and 5.5 for code and data, respectively. Although
the studied mobile applications have larger data footprints
than code footprints, we observe lower data MPKIs than code
MPKIs because data prefetchers eliminate a large fraction of
the L2C data misses. The main conclusion is that mobile
applications place significant pressure on the cache subsystem
with a notably high L2C MPKI for instructions.

C. Understanding Code Line Behavior in Unified L2Cs

As Section III-B showed, mobile workloads are predomi-
nantly front-end bound and instruction requests are the domi-
nant cause of L2C misses. This result seemingly contrasts with
the fact that the instruction working set (0.5SMB - 2.3MB)
should be able to fit into the 6MB unified L2C. While
contention with the large data footprint of mobile workloads
is a factor, we find that an important culprit behind the high
instruction L2C misses lies in the BPU, which guides both
front-end prefetching (through FDIP) and demand fetch.

Figure 4 quantifies the pressure that the studied mobile
workloads exert on the BPU by reporting the total BPU
MPKI (mispredictions per thousand instructions), i.e., the total
number of front-end resteers due to BPU mispredictions over
the number of committed instructions. We additionally break
down the BPU MPKI into resteers caused by last-level BTB
misses (BTB MPKI) and those caused by branch direction
or target misprediction (Direction/Target MPKI). Across our
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Fig. 5: Analysis of code lines in L2C.

mobile workloads, we observe an average BPU MPKI of 8.0,
predominantly caused by BTB capacity misses.

Due to mispredictions, the FTQ is frequently re-steered. A
key consequence of this behavior is that, on average, more than
50% of the code lines that enter the cache hierarchy do not
contribute to committed instructions because they are either
fetched or prefetched on the wrong execution path. The end
result of this dynamics is that over 50% of code lines that are
inserted into the L2C are useless. Definition 12 formalizes this
concept, which we use throughout the paper.

Definition 1. A cached code line is useless if no instruction
contained within that line commits before the line is evicted.

Note that a direct consequence of Definition 1 is that a
hit to an instruction line does not indicate that the line is
useful. Since wrong-path hits do not contribute to performance
(because the corresponding instructions never commit), they
cannot be considered useful.

1) Lifetime of Code Lines in the L2C: Intuitively, because
useless code lines do not contribute to the execution of the
program, they should be evicted as quickly as possible from
the L2C, thus allowing other (useful) lines to stay longer and
get more chances to exploit reuse through locality.

Alas, our analysis shows that this is not what happens
in practice. Following Definition 1, Figure 5 breaks down
L2C occupancy and lifetime into three categories: (i) useless
code lines, (ii) useful code lines, and (iii) other lines (de-
mand/prefetch data, MMU). Figure 5a shows that 17.5% to
52.8% (33.2% on average) of L2C capacity is occupied by
code lines. Of those, over half (61.1% on average) are useless
code lines. In fact, useless code lines occupy 20.3% of the
entire L2C, amounting to over 1.2MB of capacity, on average.

Moreover, as Figure 5b shows, useless code lines exhibit
remarkably similar lifetimes as wuseful code and other lines

2The definition could be generalized to also apply to data lines; since this
paper focuses on instruction lines, we leave such discussion to future work.

in the L2C. This is problematic because useless code lines
occupy valuable L2C space for extended periods, reducing the
opportunity for other lines (useful code, data, MMU) to reside
in the cache and, ultimately, harming performance. Therefore,
we conclude that a scheme capable of meaningfully reducing
the lifetime of useless code lines in the L2C has the potential
to deliver great performance enhancements.

D. Can we Improve the BPU Accuracy?

Since BPU accuracy is the root cause of L2C pollution,
we first tried to directly address this problem by looking for
improvements to the branch predictors and the BTB. We found
that improving these aspects on a state-of-the-art baseline
(Section VI) is very challenging. Our baseline uses a large,
state-of-the-art multi-level branch predictor; further improving
prediction accuracy is a known very difficult problem [19]
and recent attempts showed minor gains despite significant
complexity and high implementation cost [4], [20]-[22].

Similarly, our baseline uses a large, state-of-the-art multi-
level BTB. We experimented with different BTB designs [23]-
[25], but found them unable to sufficiently increase the effec-
tive BTB capacity to accommodate the large working sets of
today’s mobile workloads, thus providing marginal benefits.
As a representative example, we increased the BTB size from
16K entries (our baseline) to 18K entries, a 12.5% capacity
uplift, as a proxy for the level of benefit that such techniques
can realistically achieve for the studied workloads. The result
was a 1.1% IPC gain. In contrast, as our evaluation reveals
(Section VII), our proposal achieves higher performance and
alleviates this bottleneck more effectively, all at substantially
lower storage cost. BTB prefill techniques [26]-[28] also
struggle to provide benefits because the time at which a code
line is filled into the L1I cache is too late for the BTB to take
advantage of the temporal locality on the branches contained
in that line. The main takeaway is that the problem of useless
code lines polluting the L2C cannot be practically solved by
directly improving the accuracy of a state-of-the-art BPU. In
order to mitigate this problem, we need to look elsewhere.

E. Can we Filter Useless IFU Requests?

Since improving the BPU accuracy is not a practical ap-
proach, we also attempted to filter the IFU requests so as
to reduce the impact of wrong-path fetching. One obvious
attempt is to disable FDIP (i.e., only send fetch and no
prefetch requests from the FTQ), since prefetch requests are
inherently more speculative and more likely to cause insertion
of useless code lines. We found that disabling FDIP does
mitigate the pollution problem: the average fraction of the
L2C occupied by useless code lines is reduced from 20.3%
to only 4.0%. However, disabling FDIP also leads to an
average performance slowdown of 14.6%, indicating that,
despite issuing many inaccurate prefetch requests that pollute
the L2C, FDIP does provide substantial performance benefits
and cannot be trivially disabled. We also experimented with
prior art that tunes the FTQ size so as to keep the ability
of FDIP to prefetch, while tuning its aggressiveness [15]. We
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to Emissary’s high-priority metric and our usefuleness metric.

Fig. 6: Evaluation of Emissary [14] on mobile workloads.

found that this approach provides limited gains on our mobile
workloads. Additionally, we experimented with two other
approaches to throttle FDIP requests: (i) throttling prefetching
after several consecutive fall-through fetch blocks, interpreting
such a case as an indicator of cold code suffering from BTB
misses, and (ii) using UDP [15]. We found that both of these
approaches provide similar benefits as throttling the FTQ size;
Section VII-A provides a detailed evaluation.

In our attempts to accurately filter useless IFU requests, we
observed that the trade-off between filtering useless and useful
prefetch requests is highly asymmetric: while removing a large
number of useless IFU requests is required to get performance
gains, filtering even a small fraction of useful ones can severely
harm performance. We were unable to identify a simple
scheme to preemptively throttle only polluting IFU requests
and turned our attention to cache replacement policies.

F. Can Code-Aware Replacement Policies Help?

Emissary [14] is a recent code-aware replacement policy
targeting instruction cache misses that cause the pipeline to
starve; once the corresponding lines are identified, Emissary
pins them into the L2C, so as to retain them and ensure a
cache hit for future accesses to the same line. In a nutshell,
Emissary focuses on retaining code lines it identifies as high-
priority, not on evicting useless lines faster; as such, Emissary
does not discriminate between useful and useless code lines.

Figure 6a reports performance of the best Emissary config-
uration (max 25% of ways can be pinned, pinning probability
1/16) determined through extensive parameter exploration.
We observe that Emissary harms the performance of modern
mobile applications. The reason for Emissary’s ineffectiveness
lies in the behavior of mobile workloads: As Figure 5a reports,
~30% of the L2C contains code lines and more than half of
those code lines are useless. As Figure 6b shows, Emissary
identifies as high-priority, and thus tries to pin, the majority of
code lines in the L2C, because they correspond to instructions
that cause pipeline starvation. However, it cannot discriminate
between useful and useless code lines. Indeed, 56.7% of the
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lines identified as high-priority by Emissary are useless and
pinning them increases L2C pressure, which explains why
Emissary hurts performance on the studied mobile workloads.

IV. How TO DEAL WITH USELESS CODE LINES?

Our analysis in Section III highlights that over 20% of the
L2C is polluted by useless code lines that tend to reside there
for a long time (see Figure 5). As noted in Section III-E,
how to filter IFU requests that insert useless lines into the
L2C is an open problem. While a predictor [29]-[35] could,
potentially, be trained to identify useful code lines and serve
as a filter, this approach would require a large storage budget
for the code footprint of mobile workloads. It would also harm
performance if useful lines were mispredicted and filtered out
of the prefetch stream (Section VIII).

A more promising approach, from a storage overhead and
complexity perspective, is to reduce the lifetime of useless
code lines in the L2C by evicting them more quickly. A naive
way of doing so is to simply insert all code lines into L2C
at low priority (RRPV=3),® under the assumption that useful
lines will experience hits, which will promote them in the
cache and extend their lifetime, while useless lines will be
evicted quickly in the absence of hits.

Figure 7 presents the evaluation of this approach. We
observe that this naive policy severely harms performance and
reduces the baseline IPC by 13.9% (Figure 7, top). The bottom
half of Figure 7 explains the reason for this poor performance.
While inserting code lines at low priority does indeed reduce
the L2C occupancy and lifetime of useless code lines, it
also adversely affects useful code lines, which are frequently
evicted before they experience reuse. Because all code lines are
aggressively evicted under this policy, we observe that other
line types (data, MMU) enjoy longer lifetimes in L2C.

Why does this policy fail? In other words, why do useful
code lines fail to get promoted quickly, which would prevent

3The baseline L2C replacement policy is DRRIP [36] which relies on Re-
Reference Prediction Values (RRPVs) to approximate the reuse of cache lines;
RRPVs range between 0 (high chance of reuse) and 3 (low chance of reuse).
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Fig. 8: Upper bound potential of discriminating the usefulness
of code lines on L2C lifetime (left) and performance (right).

them from being evicted? We find that the answer lies in the
fact that useful lines tend to experience reuse in the L1I, which
absorbs hits and prevents the L2C from observing that these
lines are, in fact, useful. Thus, while an insertion policy can
help reduce the lifetime of useless code lines, there needs to
be a way to identify the useful code lines and keep them in
the L2C. Next, we quantify this opportunity.

1) Opportunity Upper Bound: To evaluate the opportunity
of a better-informed policy, we extend the approach in the
previous study that inserts code lines into the L2C at low
priority (RRPV=3) by adding a discriminator that identifies
useful code lines and changes their insertion priority to high
(RRPV=0). The discriminator is an oracle with perfect knowl-
edge of whether an incoming code line will be useful or not.

Figure 8 quantifies the impact of this idealized policy
lifetime of L2C lines and application performance. Figure 8
(left) reveals that, under this scenario, the lifetime of useless
code lines is significantly reduced, as in the naive approach,
but without harming the useful code lines. In fact, the lifetime
of useful code lines in the L2C increases by ~50%, on average,
compared to the baseline — a highly desirable outcome that
provides more opportunity for reuse. Moreover, because use-
less code lines are quickly evicted, other line types (e.g., data,
MMU) also tend to stay longer in the cache and potentially
experience more reuse. The increased lifetime of both useful
code lines and other lines in L2C, stemming from quicker
eviction of useless code lines, has a direct positive impact
on application performance. As Figure 8 (right) shows, all
considered workloads experience a performance improvement.

2) Seizing the Opportunity: Exploiting the opportunity
shown in Figure 8 requires discriminating useful from useless
code lines in the L2C. However, useful lines tend to see high
reuse in L1I, which prevents the L2C from observing their
usefulness. Intuitively, what is needed is a mechanism for
informing the L2C about the usefulness of its code lines.

A naive version of such mechanism would send a message
from the LI1I cache to L2C on LI1I cache hits, indicating
that a specific line has been used. However, as discussed in
Section III-B, a large fraction of code lines is accessed on a
misspeculated execution path and are not actually useful per
Definition 1. To quantify this behavior, we added instrumenta-
tion code to track the lifetime of all code lines in L2C. Then,
for each L2C code line, we record (i) whether it experiences
at least one hit in the L1I cache while it is resident in L2C

and (ii) whether any instruction belonging to that line commits
before the line is evicted from L2C. With this instrumentation
we compute, for each workload, the fraction of useless L2C
code lines that experienced at least one L1I cache hit during
their lifetime in the L2C. Averaged across all workloads, 47%
of useless L2C code lines experience an L1I hit (min: 43%,
max: 49%). For this reason, L1I hits are not a good proxy for
usefulness of a code line.

Therefore, we need to more strictly follow Definition 1 and
use commit information to drive the detection of useful code
lines in the L2C. While simple in principle, this idea presents
multiple challenges in a real-world design that must contend
with wiring, bandwidth, and energy costs. Specific challenges
include (1) minimizing signaling throughout the core pipeline
(wiring, bandwidth, energy); (2) reducing MMU lookups for
address translation and L1I cache accesses (bandwidth, en-
ergy); (3) minimizing signaling between the LII and L2C
(bandwidth, energy) since a line may see frequent reuse in the
L1I cache, which could trigger many needless accesses to the
L2C if every committed instruction triggered an RRPV update
signal to the L2C. In short, an ideal scheme would minimize
signaling throughout the pipeline and avoid redundant accesses
to the MMU, L1I cache, and L2C. We next present a low-cost
microarchitectural scheme that meets these constraints and
makes commit-driven management of unified caches feasible
in a real-world CPU design.

V. BUMPER DESIGN

Bumper is a microarchitectural scheme that capitalizes on
the insights from our previous analysis. Bumper allows the
L2C to distinguish between useful and useless code lines by
carefully orchestrating the propagation of usefulness informa-
tion across the CPU pipeline and cache hierarchy at a low
implementation cost and with negligible signaling overhead.

At a high level, Bumper inserts all L2C code lines in
the vulnerable position (RRPV=3) and subsequently promotes
only the code lines identified as useful, thereby increasing their
likelihood of remaining in the cache long enough to be reused.
Bumper extends a typical microarchitecture with the ability
to track useful code lines (Section V-A) and exploits this
knowledge to inform L2C management (Section V-B). Figure 9
shows how Bumper extends a microarchitecture to correlate
L2C lines with committed instructions; this design minimizes
the impact on the microarchitecture in terms of both added
storage and signaling. The rest of this section presents how
Bumper operates, referring to the circled markers in Figure 9.

A. Discriminating Useful from Useless L2C Code Lines

A naive approach to track the usefulness of code lines and
inform L2C management decisions would imply sending a
signal, which we call a hint, from the Retire pipeline stage
to the L2C for each committed instruction. Upon receiving
this hint, the L2C would promote the corresponding line,
thus extending its lifetime. However, such approach has two
major drawbacks that prevent its implementation: (i) L2Cs are
typically implemented as physically-indexed physically-tagged
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Fig. 9: Bumper integrated in a microarchitecture. Bumper’s components and operation are highlighted in orange.

(PIPT) structures, but the physical address (PA) of an instruc-
tion is typically not available at retirement, and (ii) sending
hints for each committed instruction (or group of instructions)
would be prohibitively expensive and consume significant
energy and bandwidth, as we show in Section VII-D. Thus,
a more practical approach to tracking useful code lines and
propagating this information to L2C is needed.

Overview of Bumper’s Approach: When a request for a
code line misses in the L2C, it is installed in a vulnerable
position (RRPV=3) and the LII cache is informed of this
fact via a dedicated hint bit. The hint bit is propagated
through the pipeline along with the first instruction in the fetch
bundle reading that line. If the instruction commits, the hint
bit indicates that the line is in a vulnerable position in the
L2C and should be promoted. The L1I cache is informed at
which point a promotion signal is sent to the L2C and the
hint bit is cleared in the L1I cache. Once the bit is cleared,
no additional signaling associated with that line takes place
either in the pipeline or through the cache hierarchy for the
whole residency of the line in the L1I cache, thus avoiding
unnecessary bandwidth and energy overhead. The rest of the
section elaborates on this core idea.

1) Managing Usefulness (Commit) Hints: Instead of trying
to directly send hints from the Retire pipeline stage to the
L2C, Bumper smoothly integrates its hint-passing mechanism
with the existing cache hierarchy, in a place where (i) the PA
is available and (ii) the L2C traffic can be effectively filtered:
the L1I tags. Specifically, Bumper extends each L1I tag with
a new bit called send_hint bit (Figure 9 (@).

The purpose of the send_hint bit is to limit the traffic
to the L2C by sending a promotion hint only when the first
instruction fetched from a code line makes it to retirement,
rather than for every committed instruction within that L1I
line. The send_hint bit is set when the line is filled into
the L11 cache and, once a promotion signal is sent to the L2C,
the send_hint bit is reset.

To further reduce the impact of promotion hints on the pre-
cious L2C bandwidth, Bumper ensures that the send_hint
bit is set only if the line is in a vulnerable position in the
L2C. That is accomplished through the addition of a 1-bit
flag (12_vulnerable_£fill) (b) to the cache response

transaction that fills lines into L11. This flag indicates whether
the corresponding line in the L2C is in a vulnerable position
(RRPV=3). If that is the case, the corresponding send_hint
bit in the L1I tags is set to 1; otherwise, it will be reset to 0.

The combination of the 12_vulnerable_fill signal
and the send_hint bit ensures that at most one promotion
signal is sent to the L2C in the entire lifetime of the code block
in the L11I cache. The promotion happens only when the line is
in a vulnerable position in the L2C and an instruction from that
line commits, thus indicating its usefulness. In all other cases,
promotion signaling is avoided, thus achieving the stated goal
of minimal bandwidth and energy overhead associated with
propagating the commit information to the L2C.

2) Carrying Hints Through Retire Stage and Back: Once
the send_hint bit is set in the L1I cache for a code line,
Bumper waits for the first instruction fetched from that line
to retire, indicating that the line is useful and should be
promoted in the L2C. For that purpose, Bumper propagates
the send_hint bit for the first instruction (and, later, the
first uop) from a line that has its send_hint bit set @
through the pipeline. This is accomplished by adding a 1-
bit flag to each ROB entry (or an alternative order-preserving
structure) to carry the flag until the corresponding instruction
(or its first uop) retires. Eventually, when an instruction with a
send_hint bit set to 1 retires @, Bumper sends its virtual
address (VA), which is already available for recovery purposes,
back to the IFU to check if a promotion hint should be sent
to the L2C. If that is the case, the promotion hint clears the
corresponding send_hint bit in the L1I cache, preventing
further hints for this cache line for its entire lifetime in the L11I
cache. As our evaluation shows (Section VII-D), this approach
effectively minimizes Bumper’s L1I bandwidth impact.

3) Generating L2C Promotion Hint Requests: Once the
IFU receives the VA of a retired instruction that should
generate a promotion hint (2), it first needs to retrieve the
corresponding physical address (PA) in order to find the
corresponding line in the L2C. To do so, Bumper uses the
existing address translation structures. In practice, Bumper
uses a Hint Lookup Queue (HLIQ) (3) that stores Hint
Requests that opportunistically accesses the ITLB whenever
the FTQ requests do not use the full ITLB bandwidth (4).



L2C Request Type & Status Action

Component & Description Size (in bytes)

Insert with RRPV=3
Promote to RRPV=0 only if RRPV<3
Promote to RRPV=0

IFU Request Miss
IFU Request Hit
Hint Request Hit

Hint Request Miss No action

Other Requests

TABLE I: Changes to the RRPV-based L2C management.

No change to the baseline policy

After address translation, the Hint Request proceeds to the
L1I cache where, like a regular FTQ request, it accesses the
LII tags (5). If the send_hint bit (1) of the hit entry is set,
Bumper resets it before sending the promotion signal to the
L2C, because there might be multiple instructions of the same
cache line in the pipeline and Bumper wants to send only one
promotion signal to the L2C per LII cache line. Assuming
that the send_hint bit of an L1I line is set, Bumper resets
it and the Hint Request proceeds to the L2C (6) to promote
the corresponding code line. At the L2C, the Hint Request is
queued in another Hint Lookup Queue (HL2Q)* (7), similar to
step (3). Hint Requests from HL2Q are arbitrated with all other
requests (e.g., LSU requests, data prefetch requests). Finally,
the promotion request can finally access the L2C with the PA
of the line that should be promoted and trigger Bumper’s
updated L2C management policy, explained in Section V-B.

B. Commit-Aware Unified Cache Management with Bumper

Bumper leverages the commit hints, as explained in Sec-
tion V-A to guide a modified L2C management policy that
promotes the useful code lines once they are identified. Table I
presents how Bumper changes the baseline replacement policy
[37]: These generic changes apply to any RRPV-based policy.

First, all code lines brought into the L2C are statically
inserted with low priority (RRPV=3) to minimize the pollution
caused by useless code lines. Hint requests that hit in L2C
indicate that the corresponding line has been identified as
useful (9) in Figure 9); therefore, the L2C policy bumps
the RRPV value for that line to O (highest priority). We
experimentally confirmed that <0.1% of the hint requests ever
miss in the ITLB, L1I, or L2C; these events are rare because
these structures are large enough to hold the corresponding
information for the time between a code line being fetched and
the time its first instruction retires. In the event of a hint request
missing in the L2C, Bumper does not trigger any action.

Another important modification introduced by Bumper to
the baseline replacement policy concerns IFU requests that hit
in the L2C. As explained in Section V-Al, IFU requests that
hit in an L2C code line with RRPV=3 (lowest priority) set the
12_vulnerable_fill flag in the corresponding response
to the L1I cache, which in turn causes the send_hint
bit to be set and a promotion hint to be generated if an
instruction from that line eventually retires. Crucially, until the
promotion hint reaches the L2C, the corresponding line is kept
at RRPV=3. In contrast, if the L2C code line that experiences a

4We empirically found that an 8-entry HLIQ and an 8-entry HL2Q are
adequate to extract the full potential of Bumper.

send_hint bits in the L1I; 1 bit per tag 256 bytes
send_hint bit in the ROB; 1 bit per uop 80 bytes
HL1Q, 42bit (VA[47:6]) x 8 entries 43 bytes
HL2Q, 42bit (VA[47:6]) x 8 entries

43 bytes
12_vulnerable_£fill (1 bit in the L2C-to-L1I response) -

Total: 422 bytes (0.41KB)

TABLE II: Storage overhead of Bumper.

hit is not in the most vulnerable position (RRPV<3), Bumper
uses the baseline policy and upgrades the priority of that line to
least vulnerable (RRPV=0). In other words, Bumper promotes
L2C code lines upon a hit only if their RRPV is not 3.

The rationale behind this policy is that an L2C code line
with RRPV of 3 (lowest priority) is either (i) recently inserted
and useful but not yet promoted; (ii) useless (will never be
promoted and should be evicted quickly); or (iii) previously
found wuseful and promoted but later aged again towards
the lowest priority. In the first case, Bumper waits for the
promotion hint to (potentially) reach L2C later if the line is
found useful, rather than promoting a potentially useless line
right away. In the second case, decreasing the RRPV value
would clearly be counterproductive. In the third case, Bumper
treats the line the same way as a newly-inserted line since,
in both cases, its RRPV=3. In other words, the line will be
promoted only if and when it is found useful. We did not find
alternative policies, which treat newly-inserted lines differently
from aged lines that reach RRPV=3, to be beneficial.

C. Storage and Area Overheads

Bumper’s design philosophy focuses on minimizing traffic
across the pipeline and caches so as to reap the largest benefits
from reducing code line pollution in the L2C with minimal
bandwidth and energy overhead. We also designed Bumper to
minimize storage requirements and implementation complex-
ity on top of a typical out-of-order core microarchitecture.

Table II breaks down and quantifies the storage required for
implementing Bumper on top of our baseline. In total, Bumper
necessitates a mere 422 bytes of state. Additionally, in contrast
to previous work [14], Bumper’s storage overhead scales
only with the size of L1I and not the L2C, thus facilitating
Bumper’s adoption in future designs with even larger L2Cs.
The extra management logic to implement Bumper, shown in
Section V, is limited to simple operations that are off the crit-
ical path. We conclude that the area and complexity overhead
of Bumper is negligible in a high-performance mobile CPU.

D. L2C Inclusion Policy

While we designed Bumper for a non-inclusive, non-
exclusive L2C with respect to the L1I cache (Section VI), it
can be adapted to any other inclusion policy. In an exclusive
L2C scenario, a code line will be inserted into the L2C upon an
L1I cache eviction. The priority chosen at insertion would then
be based on the send_hint value: a committed L1I cache
line would be inserted at high priority, while a non-committed
line would either be inserted at low priority or discarded, i.e.,
not inserted at all. For an inclusive L2C where a L2C code



620-entry ROB, 32-entry (fetch blocks) FTQ, FDIP [6],

Code Footprint (MB) Data Footprint (MB) Description

Core 16-wide fetch. 10-wide retire app | I 2.2 7.1 Client for a search engine
- app 2 1.0 59 Social media-online video app
Branch Prediction Unit (BPU) 64KB TAGE-SC [38], [39] and iTAGE, 1K-entry L1- - —
1cti I BTB, 16K-entry L2-BTB, RAS app 3 IEEE—— 2.0 43 Chat app
app 4 IEEEE—— 2.3 5.5 Online shopping app
ITLB, DTLB, L2TLB 256-entry, 224-entry, 4096-entry -
app 5 I |.] 4.9 Content creation app
L1I 192KB, 6-way, pLRU app 6 N |.5 15.0 News app
L1D 128KB, 4-way, pLRU app 7 1.0 5.7 Messaging and social media app
L2C 6MB [1], 12-way, DRRIP [36] app 8 N 1.2 44 Mobile game (rpg)
Memory DDRS5-8800 app 9 mm 05 2.0 Mobile game (role play)
app 10 m—— ].2 22 Mobile game (strategy)
TABLE III: Baseline system configuration. app 11w 1.0 47 Mobile game (racing)
app 12— 14 8.4 Mobile game (moba)

line cannot be evicted as long as it also resides in L1I cache,
then Bumper would send the hints upon L11 cache invalidation
or writeback, similar to the case of an exclusive L2C.

VI. EXPERIMENTAL METHODOLOGY

Our evaluation uses an industry-grade cycle-accurate simu-
lator with ARM ISA simulating a modern high-end mobile
CPU [1], [2] with a decoupled front-end [5], FDIP [6],
64KB TAGE-SC branch predictor [38], [39], a two-level BTB
hierarchy [40], which only stores committed taken branches,
post-fetch correction [5], and a non-inclusive non-exclusive
cache hierarchy. L1I is non-coherent with respect to L2C,
meaning that L1I does not perform write-backs nor does L2C
track the presence of lines in the L1I [I], [3], [17], [18].
L2C uses DRRIP [36], a replacement policy that uses Re-
Reference Prediction Values (RRPVs) to approximate reuse
of cache lines; RRPVs range from 0O (high chance of reuse) to
3 (low chance of reuse). We also optimize the insertion and
promotion policies of DRRIP per line type [41].

Contemporary mobile CPUs [1], [2] typically use clusters
of 2 to 4 cores sharing the same L2C. The total L2C capacity,
shared across these cores, ranges between 8MB and 24MB. As
this work focuses on single-core performance, and assuming
the L2C is shared roughly equally between cores in the same
cluster, we size the L2C to 6MB. Section VII-F evaluates
Bumper’s effectiveness at various L2C sizes. While we do not
evaluate L2C sharing among cores, we note that Bumper is
beneficial in such a scenario because it reduces cache pressure
due to useless code lines brought in by each core.

In modern client SoCs (e.g., Qualcomm’s Oryon [2]), the
LLC is a system-level cache (SLC) shared across multiple
CPU clusters, the GPU, and other accelerators. Its primary
purpose is to facilitate efficient data sharing between hetero-
geneous compute units rather than to act as an additional
cache level for CPUs. Given the limited effective SLC capacity
available for lines coming from each CPU core and the
transient residency of CPU cache lines, the SLC has negligible
impact on the performance of user-level applications running
on CPU cores. Consequently, we do not model the SLC in our
simulations, since it would not alter the conclusions of this
work. The results of the L2C sensitivity study (Section VII-F)
can be used to understand the impact of having additional
on-chip storage available.

The modeled system also includes multiple data prefetchers
with adaptive throttling and coordination schemes [42]-[44],
a S5-level radix tree page table, MMU Caches [45], hardware

TABLE IV: Properties of the considered mobile applications.

page table walker [46], and accounts for cache locality in
page walks [46]-[49]. Table III lists the details of the baseline
system.

Workloads: We use a set of real-world applications drawn
from market research on commercial mobile products. These
workloads were selected through performance-critical scenario
analysis targeting user experience and span diverse domains
(e.g., games, commerce platforms). Each application repre-
sents distinct patterns of system demands, user interaction,
algorithmic complexity, and workload characteristics. Table IV
reports the data and code footprint and a brief description
of each application. Although the total memory footprints of
some applications are close to the modeled L2C capacity, this
does not imply that the L2C operates under low pressure.
Aggressive data prefetching, which is critical for high perfor-
mance [11], [50], significantly increase L2C pressure by bring-
ing additional data into the cache. Furthermore, instructions
fetched on the wrong-path, particularly due to high BTB MPKI
(Figure 4), cause additional cache pollution, as Section VII-B
shows, exacerbating L2C pressure. To further demonstrate the
robustness of our proposal, Section VII-F shows that Bumper
consistently improves performance across different L2C sizes,
clarifying that its advantages are not limited to scenarios where
application footprints are close to the L2C size.

We refer to these applications as mobile applications and
keep their names anonymous for business reasons. A modeling
team identified relevant scenarios, corresponding code regions
and inputs for each application that represent common user
behavior and use cases and consist of at least 100M instruc-
tions. Each simulation includes a sufficient warm-up period
for all on-chip resources (e.g., caches and in-core structures).
We also evaluate the SPEC 2017 [51] and Geekbench [52]
benchmarks in Section VII-A to show that Bumper does not
harm non front-end bound applications.

VII. EVALUATION

In this section, we evaluate Bumper’s performance, contrast
it with related work, and provide additional studies that
characterize its behavior and highlight its benefits.

A. Performance

We compare Bumper with two state-of-the-art techniques
that target the front-end bottleneck: Emissary [14] and
UDP [15]. We tune Emissary through parameter exploration
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Fig. 10: Performance comparison. Higher is better.

to its best configuration (max 25% of ways can be pinned
with probability 1/16). For UDP, we consider two different
designs as presented in the original paper. First, we use the
optimal FTQ size per each app, found via offline exploration,
as an upper-bound reference for the dynamic FTQ sizing of
UDP; we refer to this version as FTQ-Size-OPT. Second, we
implement UDP’s filtering approach using the confidence of
the TAGE branch predictor; we refer to this design as UDP.

Figure 10 presents the performance comparison. Emissary
degrades performance in modern mobile applications because
these applications have many performance-critical code lines,
leading Emissary to pin many lines in the L2C. This excessive
pinning increases cache contention instead of mitigating pol-
lution, as discussed in Section III-F. FTQ-Size-OPT achieves
modest gains (1.1% speedup, on average) through better bal-
ancing of FDIP aggressiveness with prefetch accuracy, which
improves performance in some workloads. UDP also provides
modest speedups (1.2% on average) by using the TAGE
confidence to filter out likely-wrong-path FDIP prefetches. The
reason for such modest benefit from UDP is the high BTB
MPKI. Whenever a BTB miss occurs, the associated branch
is not predicted by TAGE and, as a result, branch confidence
cannot be used to throttle FTQ prefetches. The result is a high
incidence of prefetches on the wrong path stemming from BTB
misses. Bumper consistently improves performance (average
speedup of 6.5%) by dynamically identifying and retaining
useful code lines in the L2C while promptly evicting useless
ones, as Section VII-B shows in more detail. We also evaluate
Bumper in conjunction with FTQ-Size-OPT (Bumper+FTQ-
Size-OPT) and find that it slightly improves performance
over Bumper alone. Overall, Bumper outperforms Emissary
by 7.5%, FTQ-Size-OPT by 5.4%, and can be combined
with FTQ-Size-OPT to yield an additional 0.8% performance
gain. We also evaluated composite designs where Bumper is
combined with Emissary or UDP; however, such combinations
did not provide any benefit over Bumper alone.

Notably, we found that the optimal FTQ sizes for
Bumper+FTQ-Size-OPT are consistently larger than those
found for FTQ-Size-OPT alone. As Figure 11 shows, the
average optimal FTQ size grows from 26 (for FTQ-Size-OPT)
to 51 (for Bumper+FTQ-Size-OPT). By mitigating the impact
of aggressive FDIP through rapid eviction of useless L2C code
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Fig. 11: Analysis on optimal FTQ size per application. Bumper
enables larger FTQs since it reduces L2C code pollution.

Lifetime of Useless Code Lines in L2C

\ \ : :
B Baseline EEE BumperL

Lifetime of Useful Code Lines in L2C

: :
B Baseline B2 BumperL

15 Lifetime of Other Lines in L2C
10 _r7 3 Baseline Bumper L
51 W%

Lifetime in L2C (in million cycles)

209> 5007 5902 500 5002 4pP° 500 4o0° 3999309'&%99"\5?9\’1\1\63“

Fig. 12: Lifetime (in million cycles) of L2C lines.

lines, Bumper facilitates deeper speculation with a larger FTQ.
To ensure that Bumper does not harm workloads that are
not front-end bound, we evaluated it on SPEC 2017 [51] and
Geekbench [52] benchmarks and found that it does not impact
performance (results not shown). The instruction working
sets of these workloads fit in L1I, so distinguishing useful
from useless code lines in L2C does not affect performance.
These results confirm that Bumper does not cause performance
degradation for applications with small code footprints.

B. Lifetime in the L2 Cache

This section quantifies the impact of Bumper on the lifetime
of L2C lines. Figure 12 presents the lifetimes of useful code
lines, useless code lines, as per Definition 1, and other lines
(demand data, prefetch data, MMU) in L2C, following the
same methodology as Figure 5b. We observe that across all
studied applications, Bumper significantly shortens the lifetime
of useless code lines compared to the baseline. This reduction
allows other valuable lines to remain in the cache longer,
thereby reducing the Memory Wall bottleneck. Specifically,
the lifetime of useful code lines and other line types increase
by an average of 52.5% and 21.5% over the baseline, respec-
tively. Meanwhile, the lifetime of useless code lines decreases
drastically by an average of 57.9% over the baseline.

Figure 13 further highlights the benefits of Bumper by
breaking down the L2C occupancy into useful code lines,
useless code lines, and other lines (demand data, prefetch
data, MMU), similar to Figure 5(a). The main takeaway is that
compared to the baseline, Bumper enables the L2C to store
more useful code lines (baseline: 12.9%, Bumper: 15.4% of
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Fig. 14: Performance of different Bumper versions.

L2C capacity) and fewer useless code lines (baseline: 20.3%,
Bumper: 9.5% of L2C capacity).

C. Performance Breakdown

Figure 14 evaluates different Bumper versions to justify
our design choices: (i) Bumper-L1I-Hit-Always classifies a
code line as useful if it experiences at least one LII hit
before eviction (i.e., regardless of whether any instructions
commit) and always sends promotion hints to the L2C (with-
out using the 12_vulnerable_fill flag, see Figure 9
@); (i) Bumper-L11-Hit behaves the same as the former,
but it uses the 12_vulnerable_fill flag to filter out
unnecessary hints; (iii) Bumper-Always uses commit infor-
mation to identify useful code lines, but it does not use the
12_vulnerable_fill flag.

We observe that Bumper-L11-Hit-Always yields 3.8% aver-
age speedup over the baseline, showing that even this simpli-
fied policy is beneficial. Bumper-L1I-Hit improves upon this
result and provides a 4.5% average speedup because it reduces
the overhead on L2C traffic by filtering out unnecessary pro-
motion signals. Leveraging commit information has an even
higher impact: except in isolated cases, Bumper-Always out-
performs both previous variants (5.8% average speedup over
the baseline). Finally, Bumper provides the largest speedups
(6.5% on average) by both leveraging commit information and
reducing L2C traffic. Given the low implementation cost for
propagating the commit information and filtering superfluous
cache traffic, we believe that Bumper is the preferred option
for future mobile processors. In case very low implementation
cost is a priority, Bumper-L1-Hit and Bumper-L1-Hit-Always
are attractive design points, both of which deliver over half
of the benefit of Bumper without propagating the commit
information through the pipeline.
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Fig. 15: L2C requests from IFU and Hint Requests.
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Fig. 16: L1I requests.

D. Impact of Bumper on Cache Bandwidth

Bumper introduces additional cache traffic due to the new
hint requests used to (i) propagate promotion hints from
the L1I to the L2C (Figure 9,@), and (ii) manage the
send_hint bits in the L1I tags (Figure 9,(5)). These requests
compete for bandwidth with regular requests and, as we
discussed in Section V, we designed Bumper to minimize
their overhead. Figure 15 and Figure 16 quantify this impact
by analyzing the total number of IFU requests that come to
the L2C and L1I cache, respectively. Both figures report the
number of IFU requests in each benchmark relative to the
baseline and break it down by request type: (i) Fetch requests
from the fetch pipeline, (ii) Prefetch requests from FDIP, and
(iii) Hint requests that Bumper introduces. Overall, we find
that Bumper has negligible impact on the cache traffic.

Figure 15 shows that Bumper reduces the number of IFU
requests to the L2C by 1.8% on average, despite adding a
non-negligible fraction of hint requests to the L2C in some
cases. In particular, for the second half of the benchmarks
(from app6 onward), hint requests increase the total number
of requests by up to 10.4% compared to the baseline. This
result is caused by the long reuse distance of code lines
of mobile workloads, which causes some useful L2C code
lines to age to RRPV=3 or even be evicted between two
uses. On re-use of these lines, Bumper requires a hint to be
sent, as explained in Section V-B, thus increasing the ratio of
hint requests with respect to other requests. This overhead,
however, is counterbalanced by a reduction of the number
of Prefetch requests (FDIP) to the L2C: thanks to reduced
pollution in the L2C, Bumper improves the instruction supply
to the IFU, with the fetch pipeline experiencing less frequent
L2C misses and using more of the L.1I bandwidth, which leads
to a reduction of Prefetch requests.’ In fact, the prefetch traffic
at the L2C is 1.2%-9.1% (5.7% on average) lower in Bumper
compared to the baseline.

SFDIP uses the L1I bandwidth left over by the fetch pipeline (Section II).
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Fig. 18: Impact of L2C size on Bumper’s performance.

Figure 16 shows that the impact of the hint requests on the
L1I cache is negligible (max. 2.3%, avg. 0.4%). This stems
from the fact that Bumper only adds one additional hint request
for those L1I lines that see at least one committed instruction
over their lifetime in the L1I cache. Since L11 lines experience
high reuse, sending one additional hint for some of the lines
represents a negligible overhead.

E. LII Prefetching

To quantify the impact of LI1I prefetching on Bumper’s
performance, we consider DJOLT [53], a state-of-the-art L11I
prefetcher and among the winners of IPC1 [54]. We evaluate
DJOLT alone and in combination with Bumper. Figure 17
presents the performance comparison.

We observe that DJOLT provides performance gains due
to additional coverage over FDIP. Still, Bumper outperforms
DJOLT because, in mobile workloads, reducing L2C code
pollution is more beneficial than complementing FDIP with an
L1I prefetcher. We further find that DJOLT and Bumper com-
plement each other, improving performance by an average of
9.7% over the FDIP-only baseline and by 3.2% over Bumper
alone. The complementarity arises from the fact that while
combining the two prefetchers (FDIP and DJOLT) improves
miss coverage, it comes at the cost of high L2C pollution.
Bumper helps quickly evict useless lines brought in by both
prefetchers while extending the lifetime of useful lines in L2C.
The main takeaway is that Bumper on top of FDIP delivers
consistent benefits compared to, and combined with, an L1I
prefetcher. Section VIII provides a broader discussion of prior
work on LI1I prefetching, where we highlight that Bumper
is orthogonal and complementary to existing L1I prefetching
mechanisms and can benefit from advances in that domain.

E. Sensitivity to L2C size

This section evaluates the effectiveness of Bumper across
a range of L2C capacities, from 1MB to 16MB. Figure 18
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Fig. 19: Sensitivity of the performance of the baseline and
Bumper (left y-axis) and the baseline BPU MPKI (right y-
axis) to increasing BTB size.

reports the corresponding speedups across the evaluated work-
loads. A key take-away is that Bumper consistently improves
performance across all considered L2C sizes. For small L2Cs
(1-2MB), the observed speedups are lower (2.9%-3.6%, on
average) because the large instruction working sets of mobile
applications limit temporal locality in small caches, thus
reducing code pollution alone cannot prevent useful lines
from being evicted before reuse. As the L2C size increases
(4-8MB), Bumper becomes more effective (average speedups
are 5.1%-6.8%) by retaining useful code lines longer and
reducing premature evictions. Beyond 16MB, however, the
benefits taper off, as most of the active instruction and data
working set already fits within the L2C. One notable exception
is app6, for which Bumper provides the highest benefits
when L2C is 16MB; this happens because app6 has very
poor temporal locality and its combined instruction and data
working set does not fit in a 16MB L2C.

G. Sensitivity to BTB size

This section studies the performance of (a) scaling the L2-
BTB size, from 16K entries (baseline L2-BTB in Table III) to
64K entries, and (b) Bumper across different L2-BTB capac-
ities. Figure 19 (left y-axis) presents the mean speedups for
(a) and (b), while Figure 19 (right y-axis) presents the impact
of larger L2-BTBs on the BPU MPKI. From a performance
perspective, significantly increasing the L2-BTB size in the
baseline configuration provides significant gains. Enlarging
L2-BTB from 16K to 64K entries reduces BTB misses (right
y-axis), which in turn lowers the number of front-end resteers.

Bumper continues to be beneficial at larger L2-BTB capac-
ity. Across all BTB sizes, Bumper is effective at shortening
the lifetime of useless code lines in the L2C, thereby reducing
cache pollution and improving effective cache utilization.
Notably, this trend persists even with a 64KB L2-BTB because
the branch working set still exceeds the capacity of both the
L2-BTB and TAGE, so wrong path pollution still occurs.
Nonetheless, when comparing Bumper against the baseline
as the L2-BTB size is increased, the performance difference
between them narrows. This is because a larger L2-BTB
exhibits a lower miss rate, thus reducing the extent of pollution
brought by wrong-path prefetches and demand fetches. This
effect limits the opportunity for Bumper.



H. Energy Overhead

Bumper’s energy overhead stems from look-ups to its
storage and the additional L1I and L2C requests. Given that
Bumper requires only 422 bytes of storage (Section V-C)
while having a negligible impact on LII and L2C traffic
(Section VII-D), we consider its energy cost to be negligible.

VIII. RELATED WORK

Cache Replacement Policies. A class of cache replacement
policies rely only on block recency without using histories of
prior misses [36], [55]-[62], while others exploit features that
correlate with past access behavior to predict the reuse dis-
tance of cache lines [29], [31], [63]-[74]. Mockingjay [64] is
the state-of-the-art replacement policy for lower-level caches,
leveraging long program counter histories to accurately fore-
cast reuse distances. Policies such as SHiP++ [75], PAC-
Man [76], and PACIPV [41] refine replacement decisions by
accounting for prefetch behavior, dynamically adjusting inser-
tion and promotion policies, and exploring RRPVs [37] for
different access types. CLIP [77] builds over the RRIP policy
[36] and increases the priority of code lines in the L2C at the
expense of having more data misses, similar to Emissary [14].
Bumper correlates commit hints to the cache hierarchy and can
be seamlessly applied on top of any RRPV-based replacement
policy, as explained in Section V-B. ICARUS [78] is a new
replacement policy based on Emissary that uses branch history
and reuse information to improve critical code line detection.
Another line of research work designs replacement policies
tailored for translation lines in unified caches [79]-[81]. These
translation-aware policies distinguish between lines storing
data or instructions and those storing translations, prioritizing
translation lines to reduce page walk latency. Bumper can
be seamlessly combined with any replacement policy because
Bumper filters out useless blocks while other policies can be
applied to the remaining blocks.

Instruction Cache Prefetching. A large body of prior work
has explored instruction cache prefetching to mitigate front-
end stalls and improve fetch bandwidth [53], [54], [82]-
[85]. The top-performing prefetchers from IPC1 [54] are
EIP [83], DJOLT [53], and FNLMMA [84]. These three
prefetchers were shown to achieve nearly-identical perfor-
mance gains. Another recent proposal is PDIP [86], a state-
ful LIT prefetcher that complements FDIP by introducing
a priority-based prefetching mechanism. None of these in-
struction prefetch engines targets the code pollution problem
addressed by Bumper. Moreover, they incur non-trivial storage
overhead, whereas Bumper is a lean microarchitectural mech-
anism. Section VII-E shows that Bumper outperforms a state-
of-the-art L1I prefetcher and complements L 11 prefetchers by
promptly evicting useless code lines from the L2C, thereby
improving the overall front-end efficiency. Bumper can be
combined with any L1I prefetcher.

Instruction Cache Optimizations. Prior research on LI1I
cache has primarily focused on replacement policies [87], [88]

and prefetching [53], [83], [89]-[91] to improve instruction
locality and reduce front-end stalls. There are also software
approaches [92]-[98] aimed at minimizing conflict misses and
improve L1I cache locality. DEER [99] is a SW/HW co-design
that uses offline profile analysis to generate metadata and a
dedicated runahead unit in hardware to drive L1I prefetching.
Bumper is complementary to L1I prefetching, as highlighted
in Section VII-E, and L1I cache management optimizations.

Dead Block Prediction (DBP). Prior art [29]-[35], [100]-
[102] uses DBP to identify cache blocks that will not be reused
before eviction, thereby improving cache utilization. Early
work introduced counter-based and signature-based predictors
that track block reuse patterns to decide when a line becomes
dead [29], [30]. Later studies proposed sampling-based and
history-based methods to reduce overheads while maintaining
accuracy [31]. DBP has been applied in various contexts,
including cache replacement [65], bypassing [31], and power
reduction [35]. Despite extensive research, accurately predict-
ing dead blocks remains challenging due to dynamic program
behavior and complex access patterns. Applying DBP to
modern mobile workloads is particularly challenging since
it requires impractically large tracking structures due to the
massive code and data footprints of these applications and
mispredictions can significantly harm performance, making
DBP a risky strategy in mobile systems.

BTB Optimizations. Research on BTBs has explored vari-
ous techniques to improve prediction accuracy and mitigate
capacity limitations. Several works propose alternative BTB
organizations and multi-level designs to expand the effective
BTB capacity without increasing access latency [23]-[25],
[103]. Other works introduce prefill mechanisms [26]-[28],
[104] that proactively insert predicted branch targets into the
BTB to reduce the number of misses. Additional efforts refine
replacement and indexing policies to minimize aliasing and
preserve frequently used entries under high-pressure condi-
tions [105], [106]. Despite these optimizations, BTB capacity
remains a critical bottleneck in modern mobile applications,
where large code footprints and irregular control flow patterns
cause frequent BTB evictions, limiting front-end efficiency.

IX. CONCLUSIONS

This paper demonstrates that front-end performance is a
significant bottleneck in modern mobile applications while
providing evidence that a major contributor to this bottle-
neck is the presence of many useless code lines occupying
a large fraction of the L2 cache (L2C). To mitigate this
pollution, we propose Bumper, a microarchitectural scheme
that discriminates useful from useless code lines through
smart instruction commit hints that are carefully propagated
through the pipeline to affect the L2C replacement policy,
thus significantly reducing the lifetime of useless code lines.
Our evaluation, using an industry-grade simulator to run
real-world mobile applications, reveals that Bumper provides
significant performance enhancements over the state-of-the-art
mechanisms at negligible storage, area, and energy overheads.
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