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With the stagnation of single-threaded performance, the need for optimizations targeting sequential code
performance is greater than ever before. Modern workloads have also been growing in code footprint, exposing
a bottleneck in the processor front-end, specifically its inability to maintain a sufficiently high fetch throughput
to saturate available execution units. To address them, two optimizations exist in modern processors: (1)
Fetch-Directed Instruction Prefetching (FDIP) and (2) the micro-op cache (𝜇op cache), both of which improve
fetch throughput leading to improved overall performance. However, since they target the same code regions,
in the presence of FDIP, the 𝜇op cache becomes mostly redundant as a performance optimization. This work
proposes JumpStart: a novel and lightweight mechanism that synergistically exploits hints from FDIP to
early-detect a 𝜇op cache miss and wake up the decode pipeline ahead of time, alleviating a key front-end
bottleneck.

CCS Concepts: • Hardware; • General and reference→ Performance;

Additional Key Words and Phrases: Microarchitecture, CPU, 𝜇op Cache, Recovery, Misprediction

ACM Reference Format:
Logan Moody, Bhargav Reddy Godala, Gilles Pokam, and Ashish Venkat. 2026. JumpStart: Alleviating the
Front-End Bottleneck in Modern x86 Processors. ACM Trans. Arch. Code Optim. 1, 1 (October 2026), 23 pages.
https://doi.org/10.1145/nnnnnnn.nnnnnnn

1 Introduction
Modern server workloads are known to have large code footprints and irregular instruction access
patterns due to the increasingly complex nature of multi-layer software stacks and high development
velocity. For example, a study by Google revealed that the code footprint of search, a product under
constant development, had been growing at the rate of 27% every year, placing significant pressure
on the processor front-end [17]. As processors have continued to grow in size and complexity, the
front-end bottleneck has become increasingly apparent, resulting in sharply dropping utilization
rates of back-end processor resources.

To tackle this bottleneck, modern processors employ two major optimizations. The first optimiza-
tion, Fetch-Directed Instruction Prefetching (FDIP) [35], decouples branch prediction from demand
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fetch via a Fetch Target Queue (FTQ), allowing instructions along the predicted control path to
be aggressively prefetched into the ICache, ahead of the actual demand fetch. FDIP significantly
improves the front-end throughput by avoiding expensive ICache misses and maintaining a steady
supply of instructions to the rest of the pipeline. The second optimization, typically employed in
processors implementing the x86 instruction set, seeks to eliminate the x86 decode tax that stems
from identifying instruction boundaries of variable-length x86 instructions and further breaking
them down into internal micro-ops (𝜇ops), via an in-processor cache called the 𝜇op cache dedicated
to storing decoded 𝜇ops from hot code regions. The 𝜇op cache not only reduces the latency incurred
by the fetch/decode engine but provides significant power savings by avoiding ICache lookup and
bypassing the decoding process, by serving the back-end with cached 𝜇ops when available.
Although these optimizations have been an integral part of modern front-ends over the last

decade and have seen an upward trend in transistor investment (i.e., larger FTQs and 𝜇op caches),
in this work, we show that this trend is not sustainable in the absence of synergistic policies that
boost their effectiveness in a complementary manner. We find that, while FDIP and the 𝜇op cache
work well as separate optimizations, they become increasingly redundant from a performance
standpoint when combined naïvely, as is done in conventional processor designs. This is because the
primary performance benefit of a 𝜇op cache comes from storing decoded 𝜇ops for hot code regions.
Incidentally, FDIP also targets the same hot code regions, and as long as FDIP successfully prefetches
them into the ICache, the decode pipeline (which is fully pipelined) will be full of instructions and the
system will experience little throughput benefit from the 𝜇op cache, particularly on conventional
processors with wider decode pipelines (on Lion Cove [24], the decode pipeline can deliver 8
𝜇ops/cycle whereas the 𝜇op cache can deliver 12 𝜇ops/cycle, although this is limited by short
prediction windows, in particular whether there lies a taken branch within those 12 𝜇ops.).
Furthermore, Singh, et al. [41] make the observation that scaling the size of the 𝜇op cache

yields little performance benefit to a pipeline already featuring FDIP, even when the ICache is not
inclusive of the 𝜇op cache. They also identify a key front-end bottleneck that may be attributed to
the control path that the processor is resteered to upon misprediction recovery, where misses in
the 𝜇op cache and perhaps the ICache could result in long idle cycles. These bottlenecks can be
more pronounced on modern applications with large code footprints. To tackle this, they propose a
𝜇op cache prefetching (UCP) mechanism that introduces a second decode pipeline and secondary
branch predictor structures to allow for prefetching the alternate path of hard-to-predict branches.

This work proposes a novel low-cost optimization that addresses this critical front-end bottleneck
by proactively jump-starting the decode pipeline, regardless of whether the bottleneck occurs on
the correctly speculated path or the resteered path, by just adding 5-12 bits per 𝜇op cache line,
uncovering front-end throughput enhancement opportunities beyond prefetching into the 𝜇op
cache along the resteered path. JumpStart is a synergistic optimization that leverages hints from
FDIP to early-detect a 𝜇op cache miss that occurs farther down the correctly speculated or the
resteered path and wake up the decode pipeline ahead of time, enabling a continuous supply of
instructions. Specifically, JumpStart targets the scenario where a 𝜇op stream spanning multiple
cache lines is only partially cached in the 𝜇op cache, requiring a switch to the decode pipeline to
demand fetch and decode the remaining instructions. However, since the decode pipeline remains
inactive when streaming from the 𝜇op cache [5, 22], this not only entails a switch penalty of one
cycle but also runs the risk of experiencing an ICache miss upon demand fetch. By waking up the
decode pipeline early, and in particular, while 𝜇ops are still being streamed out of the 𝜇op cache,
JumpStart can effectively hide long fetch/decode latencies.

However, jumpstarting the fetch/decode pipeline is only possible when part of the decoded 𝜇op
stream located at the speculated branch target or the branch resteer address (upon a misprediction)
already resides in the 𝜇op cache. We find that traditional recency- and hotness-based replacement
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policies [36, 48] only focus on improving the hit rate of the 𝜇op cache and do not necessarily improve
our ability to jumpstart. To this end, we also propose a cost-informed 𝜇op cache replacement policy
that allows for partial streams of critical 𝜇ops to be prioritized and preserved in the 𝜇op cache for
longer intervals, enhancing our ability to jumpstart, targeting critical scenarios where the execution
units are severely underutilized. Our contributions are as follows.

• We uncover a key front-end bottleneck and propose a novel synergistic mechanism called
JumpStart that wakes up the decode pipeline ahead of time in scenarios where the 𝜇op cache
only partially holds a decoded 𝜇op stream, allowing us to issue early demand fetch requests.

• We show that JumpStart provides gains on top of prior works such as UCP [41] and the
Misprediction Recovery Cache (MRC) [30], accelerating not only the resteered path but also
the correctly speculated path.

• We perform a significant infrastructure overhaul of the Gem5 microarchitectural simulator
(to be released upon publication) to faithfully model modern x86 pipelines by introducing a
decoupled front-end with FDIP alongside a 𝜇op cache while incorporating critical bug fixes.

• JumpStart provides a geomean speedup of 1% on a large collection of SPEC CPU 2017
and server benchmarks, with multiple hard-to-optimize applications (exchange at 6% and
text-processing at 4.5%) gaining significantly.

2 Background

Fig. 1. Overview of the Modern x86 Front-End with our Proposed Extensions (highlighted using blue dotted
lines)

The Micro-Op Cache. To mitigate the decode tax, modern processors incorporate a vital
component known as the 𝜇op cache that stores decoded 𝜇ops for hot code regions [21, 22, 28, 36, 39,
44, 44–47]. When present in the 𝜇op cache, these 𝜇ops can be swiftly dispatched to the back-end
(execution engine) of the processor, bypassing the need for legacy decoders. Compared to the
four to five-cycle latency inherent in the legacy decode pipeline [13, 47], streaming instructions
from the 𝜇op cache incurs a notably reduced latency of one or two cycles. As shown in Figure 1,
the instruction fetch source selector steers 𝜇ops either from legacy decode pipeline or the 𝜇op
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cache which are placed in a queue of decoded 𝜇ops that feeds into the rest of the processor
pipeline. Leveraging the 𝜇op cache enables the processor to fetch and decode a greater number of
instructions per cycle than when reliant solely on the legacy decoders. For instance, in Intel’s Alder
Lake microarchitecture, the 𝜇op cache is capable of streaming up to 8 𝜇ops per cycle, surpassing
the 6 𝜇op limitation of the legacy decoders [1]. Moreover, when 𝜇ops are being streamed from
the 𝜇op cache, the legacy decode pipeline is powered off, resulting in a significant reduction in
chip power consumption. However, in the event of a miss in the 𝜇op cache, the fetch engine must
stall for one cycle to power on and reset the state of the legacy decode pipeline. The 𝜇op cache is
included in the ICache, which means that if a line is evicted out of the ICache, it is also flushed out
of the 𝜇op cache.
Fetch-Directed Instruction Prefetching. Modern processors also employ Fetch-Directed

Instruction Prefetching (FDIP) [35] that decouples the branch prediction unit and instruction fetch
allowing instruction prefetch requests to be issued based on predicted branch targets. As shown in
Figure 1, this decoupling is accomplished by adding a Fetch Target Queue (FTQ) between the branch
prediction unit and the instruction fetch unit where instead of predicting the next instruction
pointer, the predictor predicts the next basic block (start and end addresses) to be fetched and
places that prediction in the FTQ [8]. Once entries are placed at the tail of the FTQ, they are broken
down into cache lines for which fetch-directed prefetches will be issued. Note that these operations
could be pipelined in that the FTQ entry insertion following a branch prediction and the prefetch
issue may happen in separate cycles, given the typical multi-cycle latency of TAGE predictors [37].
By the time the FTQ entry makes its way to the head of the queue, at which point, the fetch unit
is ready to issue a demand fetch to ICache, the cache line would have potentially already been
prefetched into the ICache leading to fewer ICache misses and faster front-end throughput. In
essence, the decoupling of the front-end allows for branch prediction and instruction prefetch to
run well ahead of the rest of the pipeline allowing cache lines from lower levels of the memory
hierarchy to be prefetched into the ICache in time. FDIP remains an active area of research: recent
work improves the accuracy and timeliness of fetch-directed prefetches [31] and uncovers branches
missing from the BTB within already-fetched cache lines [33]. In fact, FDIP has been shown to
hide enough instruction fetch latency that instructions can often bypass the L2 cache [16], an
observation similar in spirit to ours regarding the 𝜇op cache.

3 Interplay of FDIP and the Micro-op Cache

Fig. 2. FDIP and 𝜇op Cache Impact on IPC (bars) and Issue Rate (diamonds)

Like many complex microarchitectural optimizations, FDIP, the 𝜇op cache, and their interactions
are notably underdocumented for academic use. To this end, we perform a characterization study
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Fig. 3. Breakdown of Instruction Addresses (weighted by frequency) reliably covered by FDIP and the 𝜇op
Cache

(methodology in Section 6) to understand their impact in isolation. Figure 2 shows the results of
this study. The baseline neither includes a 𝜇op cache nor implements FDIP. We observe that, in
a system with only a 𝜇op cache, applications achieve a speedup of 2% on average and as much
as 7% on SPEC workloads that are known to exhibit low ICache pressure. On the other hand, in
a system with only FDIP present, we observe a speedup of 18% on average and as much as 65%
on large code footprint workloads. When combined, many of the workloads show the additive
performance of both optimizations. However, workloads such as nab, exchange, and gcc exhibit less
performance uplift from the addition of a 𝜇op cache when FDIP is already resident in the system,
since the two optimizations target mostly overlapping regions. A small selection of workloads,
most notably verilator gain significantly more from a 𝜇op cache on top of FDIP. This is because
verilator experiences a staggering 62 branch mispredictions per thousand instructions (MPKI),
due to which the 𝜇op cache’s ability to supply a large number of 𝜇ops immediately following a
branch misprediction can drastically affect performance. The right y-axis of Figure 2 highlights
this fast recovery by showing the increase in the issue rate in the 20 cycles following a branch
misprediction.
Since the gains are mostly additive from both optimizations, we hypothesize that there is a

significant overlap in the code regions targeted by FDIP and the 𝜇op cache, due to which the regions
covered by FDIP also experience a small boost in performance for being additionally cached in the
𝜇op cache, potentially leaving out code regions that do not benefit from FDIP uncached at both
levels. In Figure 3, we classify instruction addresses into four distinct categories. In the absence of
a 𝜇op cache, if an instruction is reliably (>99% of the time) brought into the ICache by FDIP, we
attribute it to be covered by FDIP (shown in green). Similarly, in the absence of FDIP, if the 𝜇op
cache is successful at reliably (>99% of the time) caching all 𝜇ops of an instruction, we attribute
it to be covered by the 𝜇op cache (shown in blue). We then examine the intersection (shown in
purple and overlapping the two categories above) where the code regions are targeted by both
optimizations. The final category shows regions targeted by neither optimization. We observe that
FDIP does a remarkable job of supplying instructions in time for demand fetch, and there exists
a small subset of instructions that are not well covered by FDIP but do reside in the 𝜇op cache.
On a selection of large code footprint workloads, there is a sizeable set of instruction addresses
that neither optimization covers reliably, leaving additional headroom to be gained when the two
optimizations are combined synergistically.
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3.1 Relaxing the Inclusivity Restriction
One of the key consequences of a decoupled front-end that implements FDIP is that the prefetching
runs far ahead of the instruction decoding and streaming operations. This implies that aggressive
FDIP could potentially evict lines in the ICache and the included 𝜇op cache. Furthermore, since
branch predictors make decisions based on prior execution sequences, they will likely predict
execution down a hot code region. This results in FDIP issuing prefetches for the hottest regions of
code, missing opportunities down the mispredicted path. An inclusive 𝜇op cache would then only
ensure that the hottest subset of the lines in the ICache remain resident in the cache. Relaxing the
inclusivity restriction allows us to potentially continue to maintain instructions along the resteered
path in the 𝜇op cache, even if aggressive FDIP has evicted the line out of the ICache, thereby
enabling faster recovery. While UCP also assumes non-inclusivity [41], there are key differences in
how we handle aliases and ICache prefetches.
Aliases. In non-inclusive caches, homonym aliases (the same virtual address from different

threads pointing to different physical addresses) may present a problem when the upper-level cache
is virtually-indexed and virtually-tagged (VIVT). While we assume a VIVT 𝜇op cache due to its
low access latency, we handle homonym aliases by flushing the 𝜇op cache upon a context switch
by monitoring changes to control registers such as CR3 that maintains the base address of the
top-level page table. Note that the 𝜇op cache is already flushed at enclave boundaries [5, 36]. These
overheads are accounted for in our evaluation. Alternatively, we could maintain inclusivity with
the iTLB by storing only the iTLB entry index (and certain bits of the virtual tag when the iTLB is
partially tagged) in the 𝜇op cache tag array, allowing us to selectively invalidate 𝜇op cache lines
upon a TLB shootdown.

On the other hand, synonym aliases may occur when two different virtual addresses may point to
the same physical address due to page sharing. Intel processors keep one copy in the 𝜇op cache by
enforcing the restriction that no two lines in the 𝜇op cache set may correspond to a single ICache
way [5, 41]. This requires sets between the 𝜇op cache and ICache to line up appropriately. AMD
processors seem to handle this through physical tagging (also assumed by UCP [41]), which has the
drawback of needing a small enough iTLB to meet 𝜇op cache timing requirements. Additionally, an
iTLB miss would result in the front-end stalling unless the 𝜇op cache is accessed with a speculative
translation, which would then need to be validated later, and require appropriate misprediction
recovery handling. Instead, we make the observation that, in the absence of self-modifying code
(SMC), aliases in the 𝜇op cache are always consistent. So upon detection of SMC, we flush the
entire 𝜇op cache set since synonyms are typically constrained to the same set due to the simple
linear mapping scheme used in modern x86 processors [11, 21] (specifically accessed by address
bits 5 through 9, which are within the page offset bits).

To ensure correctness during SMC execution, most processors equip the ICache with the ability
to receive snoop signals from the L2 cache when a write request is intercepted to an included
line. The ICache could then notify the processor core, so that all in-flight instructions up until
the offending store get flushed. With a non-inclusive 𝜇op cache, the only change needed would
be for the snoop signal to also be forwarded to the 𝜇op cache, which in turn may forward snoop
requests to the processor core. This is achievable without introducing new complexity as the ICache
already forwards snoop requests to the 𝜇op cache to trigger invalidations [22, 42]. The rest of the
mechanisms for SMC handling operate as-is. Our workloads include SMC behavior and we model
this effect.

ICache Prefetch Handling. The FTQ needs to remain in full control of the fetch state machine,
which means that regardless of the fetch source (i.e., the 𝜇op cache or the legacy decode pipeline),
the head of the FTQ will always correspond to the basic block currently being fetched. Thus, in the
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presence of a non-inclusive 𝜇op cache, as soon as the branch predictor populates an FTQ entry,
before issuing a prefetch to the ICache, the processor must examine the entry to check if the
instructions are resident in the 𝜇op cache. If present, the P bit (present in 𝜇op cache bit) of the
corresponding FTQ entry is set and the line’s hotness is saturated to maximize the chance that
it is resident in the 𝜇op cache at the time of demand fetch. Alternatively, we could lock the 𝜇op
cache line to prevent it from getting evicted before the demand fetch occurs or store its contents as
part of the FTQ entry. However, we go for the former approach due to its simplicity and take a hit
in performance in the rare scenario that the P bit is set but the demand fetch misses in the 𝜇op
cache (which occurs 0.27% of the time on average in our evaluation). When FDIP processes the
FTQ, if the P bit of an entry is set, no prefetch is issued for the corresponding cache lines, thereby
effectively utilizing the expanded cache capacity and saving precious prefetch bandwidth. Thus,
the 𝜇op cache tag array needs to be looked up once at the time an FTQ entry is populated and once
during a demand fetch to stream the 𝜇ops from the 𝜇op cache.
Furthermore, a problem arises when considering that it is possible for a partial hit to occur in

the 𝜇op cache. This can occur when probing the 𝜇op cache for a particular cache line, the probe
PC is resident but the entire cache line is not. Since 𝜇ops are placed in the 𝜇op cache as they are
speculatively decoded it may not even be necessary that entire basic blocks are resident in the 𝜇op
cache as FDIP would expect. To this end, we propose to extend the 𝜇op cache tag array to also
include the number of bytes stored at the probe PC in the corresponding 𝜇op cache data line (5-bits
per line shown as VB (valid-bytes) in Figure 1). This would further allow FDIP to make smarter
decisions on what addresses it should issue prefetch requests. Additionally, the 𝜇op cache will
require an additional read port to avoid arbitration between prefetch check and fetch unit access.
This port, along with the 5 extra bits results in a 1.7% increase in peak power across the core.

Fig. 4. Impact of Increasing 𝜇op Cache Size on IPC, HitRate (percentage of fetched instructions streamed from
the 𝜇op cache), and Switch PKI (switches from 𝜇op cache to legacy decode pipeline per thousand instructions)
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3.2 Traditional Scaling Falls Short
We next analyze the impact of relaxing the inclusivity restriction and further examine the effect
of scaling the size of the 𝜇op cache as one of the key benefits of non-inclusivity is the effective
increase in ICache capacity. Figure 4 shows the results of this experiment. We make the following
observations. First, non-inclusivity only provides a small (<1%) speedup on most benchmarks as
the 𝜇op cache uses a hotness-based replacement policy and a majority of the lines in the 𝜇op cache
continue to be included in the ICache, providing little additional room for other lines along the
resteered path. Second, we observe a small performance benefit with the doubling of the 𝜇op cache
size but that starts to taper off at the 20k 𝜇ops limit where the number of code regions cached in
the 𝜇op cache exactly matches that of those that can be contained within the ICache. We observe
this tapering effect because the 𝜇op cache continues to rely on the ICache for instruction supply
and in the absence of an independent supply source, the extra cache capacity added would remain
underutilized. Third, since we expand the capacity by increasing associativity, the hit rate of the
𝜇op cache improves with scaling, although that does not necessarily translate into an improvement
in overall performance in all applications. In fact, in agreement with our results, the UCP [41] study
shows that the mode switching rates vary between applications even if they have the same hit rate,
resulting in different overall fetch throughput.
Overall, non-inclusivity alone does not improve performance but enables the preservation of

lines in the 𝜇op cache that could get evicted out of the ICache due to aggressive FDIP. The next set
of optimizations we describe seeks to identify such lines, showcasing the benefits of non-inclusivity
as an enabler of other optimizations.

4 JumpStart: Enabling Faster Recovery
We next propose JumpStart, a novel light-weight microarchitectural technique that further improves
the synergy between FDIP and the 𝜇op cache, significantly accelerating front-end recovery in x86
processors.

Fig. 5. Percentage of Overall Cache Misses Which Occur Following a Branch Misprediction With Branch
MPKI (★)

While FDIP is able to make more aggressive use of the legacy decoders by issuing prefetches,
it also incurs a significant penalty following branch mispredictions. In this scenario, not only
will the processor incur squash and repair penalties, but the resteer PC is likely to also result in
ICache misses since FDIP only issues prefetches along the predicted path [15]. This means that the
execution units of the processor stay fully idle while the cache line is fetched, after which they
need to wait even longer for the decode pipeline to fill its internal stages before decoded 𝜇ops can
be delivered to the 𝜇op queue, leading to a large number of wasted cycles. We observe this effect
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in Figure 5 showing the percentage of total 𝜇op cache and ICache misses which occur within a
ten-cycle window following a branch misprediction. Since most 𝜇op cache misses occur in this
small window (a significant portion of which are followed by an ICache miss), we expect JumpStart
to be most profitable along the resteered path, although opportunity exists for jump-starting the
decode pipeline along the correctly speculated path as well. To fully evaluate its potential along
both paths, we propose two variants: (a) JumpStart that is only activated upon a branch resteer
and subsequent early detection of a 𝜇op cache miss, and (b) JumpStart-Always (JS-Always) that is
always active and kick starts the decode pipeline when it early-detects a 𝜇op cache miss.

Fig. 6. Timing diagram: JumpStart vs. Baseline

The former scenario
is exemplified in Fig-
ure 6 which shows the
flow of instructions from
two different cache lines,
A and B, through vari-
ous stages of the front-
end pipeline, following
misprediction recovery
and branch resteer. In
this example, we assume
the optimistic scenario
where instructions A1
to An that occur along
the resteered path are
already present in the
𝜇op cache and are thus
directly streamed (F(U),
i.e., fetched from the 𝜇op
cache) into the 𝜇op queue
(Q). However, the subse-
quent cache line B misses
in the 𝜇op cache, and as
a result, it would need to
be demand fetched at cycle 7 which goes through legacy pipeline (F(L), i.e., fetched via the legacy
decode pipeline), before it can be placed in 𝜇op queue at cycle 13, and during these cycles the
front-end pipeline will remain idle. Note that depending upon how long it takes to service the
line from the ICache (and potentially other lower levels, in case of a miss in the ICache, which is
likely since FDIP typically does not capture the branch resteered path), the front-end pipeline could
remain idle for an even longer period. However, if we can early-detect that such a miss in the 𝜇op
cache is expected to happen along the resteered path and use that signal to wake up the decode
pipeline ahead of time, these idle cycles can be substantially mitigated as shown in the bottom half
of Figure 6, where front-end JumpStarts the decode pipeline in cycle 2, thereby masking the long
fetch/decode latency.

JumpStart addresses this issue by synergistically leveraging the capabilities of the 𝜇op cache and
FDIP. In the first cycle after a branch misprediction, if the resteer address hits in the 𝜇op cache,
the fetch engine begins to stream directly from the 𝜇op cache, deactivating the decode pipeline
if enabled. In subsequent cycles, as soon as the head of the FTQ entry is updated by the branch
predictor, our early detection logic checks whether the basic block pointed to by the head of the
FTQ resides in the 𝜇op cache. If not, it activates the decode pipeline ahead of time and instructs it
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to start fetching and decoding instructions at that address. JumpStart-Always behaves similarly
except that the early-detection logic is always enabled, rather than only after branch resteer.
The benefit of JumpStart arises specifically from a partial hit along the recovery stream: when

the resteer address hits in the 𝜇op cache, those 𝜇ops are streamed to the back-end immediately,
and it is this streaming window that JumpStart exploits to wake the decode pipeline and issue an
early demand fetch for the subsequent line(s) that are expected to miss. As a result, the ICache
lookup and the multi-cycle decode latency overlap with 𝜇op cache streaming rather than being
fully exposed on the critical path. If, instead, the resteer address itself misses in the 𝜇op cache,
JumpStart alone cannot hide the fetch/decode latency. This is exactly the scenario that motivates
our criticality-based replacement policy (Section 5), which preserves such critical resteer-path lines
in the 𝜇op cache, increasing potential JumpStart activations.
While the 𝜇op cache pipeline continues to deliver a stream of decoded 𝜇ops until a 𝜇op cache

miss is encountered, the jumpstarted legacy decode pipeline fetches and decodes instructions ahead
of time at the address specified by the early detection mechanism. Since the decode pipeline may
have 𝜇ops ready before we have completed streaming from the 𝜇op cache, one approach would
be to insert a staging buffer between the decode pipeline and the 𝜇op queue to ensure a smooth
transition when the 𝜇op cache is depleted. This buffer may be sized to accommodate enough
decoded instructions to cover the latency of the decode pipeline (five cycles in our model). Once the
buffer is full, the decode pipeline can be deactivated to conserve power. Another approach is to stall
the decode pipeline if the 𝜇op cache is still in streaming mode. We take the latter approach since
the decoders can deliver 6 𝜇ops in the very next cycle that they finish stalling, thereby still ensuring
a continuous instruction supply to the back-end. Upon a 𝜇op cache miss, the decode pipeline is
reactivated if necessary, at which point it begins supplying instructions directly from the staging
buffer to the 𝜇op queue until it is completely drained, by when, new 𝜇ops from the re-activated
decode pipeline will be ready to fill the buffer.

5 Enhancing the Potential for JumpStart through Criticality-Based Replacement
JumpStart effectively masks the penalty associated with activating and waiting for the legacy
decode pipeline to fill, while the 𝜇op cache continues to supply the execution units with a steady
stream of already decoded 𝜇ops for immediate execution. However, this is contingent on a partially
cached 𝜇op stream already available in the 𝜇op cache. Figure 7 extends the example in Figure 6 to
illustrate this scenario. Specifically, it considers the case when line Amisses in the 𝜇op cache, forcing
a demand fetch from the ICache which could potentially take several cycles (𝑘) to be serviced. Since
the pipeline restarts after a squash, any additional latency in delivering instructions to the back-end
becomes critical for performance. However, if we are able to deem line A as critical and preserve
it in the 𝜇op cache for a sufficiently longer period of time (than what a typical hotness-based
replacement policy would allow), we would not only be able to avoid the expensive demand fetch
and decode, but also fully exploit JumpStart for the following line B that is expected to miss in the
𝜇op cache, as shown in the bottom half of Figure 7.
State-of-the-art 𝜇op cache replacement policies such as FURBYS [48] focus on improving the

hit rate by keeping transiently hot code regions in the 𝜇op cache. FURBYS is a profile-guided
replacement policy that bundles the value (number of 𝜇ops) and size (number of lines) of a prediction
window (PW) stored in the 𝜇op cache into a cost metric that gets examined at the time of eviction,
in addition to enabling larger PWs to be stored in the 𝜇op cache to mitigate partial hits. While
this results in a substantial reduction (57.8%) in the 𝜇op cache miss rate, it only translates to 0.48%
speedup over an LRU baseline as – (1) the latency benefit of the 𝜇op cache is more pronounced
along the misprediction recovery path which is typically not targeted by hotness-based replacement
policies, and (2) small prediction windows hinder its throughput benefit (i.e., when a taken branch

ACM Trans. Arch. Code Optim., Vol. 1, No. 1, Article . Publication date: October 2026.



JumpStart: Alleviating the Front-End Bottleneck in Modern x86 Processors 11

is intercepted before the full fetch bandwidth is reached). Furthermore, to enhance the potential for
JumpStart, the replacement policy would need to identify critical 𝜇op streams that when missed
in the 𝜇op cache could lead to long idle cycles and at least partially preserve them in the 𝜇op
cache regardless of their hotness, to provide JumpStart with the opportunity to mask the demand
fetch/decode latency. Thus, we focus on designing policies and heuristics to enhance the potential
for JumpStart while offering performance parity with the state-of-the-art replacement policy. Our
policy only targets the lines along the recovery path as that is where jumpstarting is most profitable.

Fig. 7. Timing diagram: JumpStart + Critcality vs. Baseline

Criticality Heuristic.
To identify which instruc-
tions cause these long
latency recovery scenar-
ios and thus entail the
greatest impact on per-
formance, we introduce
our definition of criti-
cality. We define a crit-
ical instruction as one
that is decoded immedi-
ately following a squash
and for which the decode
unit remained idle for a
large number of cycles
waiting on the instruc-
tion. We call the num-
ber of instructions the de-
code unit spent idling as
front-end idle cycles. Dur-
ing our investigations,
we found that for many
benchmarks, also consid-
ering back-end idle cycles led to more profitable instructions being discovered, so we require an
instruction to achieve a minimum total threshold of front-end + back-end idle cycles. Similar to
a front-end idle cycle, a back-end idle cycle is attributed to an instruction whenever a commit is
prevented from making progress in a cycle due to this instruction waiting on a memory response
at the head of the ROB. We also do not consider instructions following a return as critical, as the
target of a return is less consistent than conditional branches since functions are typically called
from multiple distinct locations, leading to multiple potential options for prioritization.
To confirm our hypothesis that lines that cause a high number of idle cycles have a greater

impact on performance, we perform two experiments. In both experiments, we model a processor
equipped with FDIP and an infinitely sized 𝜇op cache. In the first experiment, when an instruction
is decoded for the first time, its 𝜇ops are placed in the infinite cache and will remain there until the
end of execution, or a snoop request is received for the entry. In the second experiment, we only
place a region in the infinite cache when one or more of the instructions in the region meet all of
the following criteria for criticality: (1) occurs immediately following a mispredicted branch, (2)
causes 10 or more idle cycles at decode where the IQ is also empty (front-end idle cycles), and (3)
causes greater than 20 cumulative idle cycles between decode and commit (front-end + back-end
idle cycles). Figure 8 shows the results of these experiments. The bottom half of the figure shows the
uplift in the Instructions-Per-Cycle (IPC) and the top half shows the number of instructions required
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Fig. 8. Speedup: Criticality-Based 𝜇op Cache Limit Study

to be maintained in the infinite cache to achieve that speedup. As shown, the infinite criticality
cache is able to reap a substantial chunk of the performance benefits provided by the infinite 𝜇op
cache, at a significantly smaller instruction footprint (as much as 8% IPC uplift with close to an
order of magnitude smaller storage). However, to provide those gains, the infinite criticality cache
still needs to be large (tens of thousands of 𝜇ops), prompting the necessity for a policy that carefully
places and preserves critical lines in the 𝜇op cache without imposing additional storage overheads.
Since the 𝜇op cache is invalidated upon a context switch to maintain correctness, the maximum
performance of both caches is lower than if it were able to maintain state across context switches,
however, the performance gain remains nontrivial.

𝜇op Cache Prioritization and Replacement. We next propose a cost-informed prioritization
and replacement policy that selectively places and preserves critical lines in the 𝜇op cache. At
commit, we continuously check how many cycles each retiring code region stalls the pipeline,
which we refer to as its cost. Then, whenever a sufficiently critical region commits (i.e., one with a
high cost), we forward its cost to the 𝜇op cache, which then preserves the corresponding lines for
longer than a purely hotness-based policy would.
To calculate this cost, we reuse the notions of front-end and back-end idle cycles defined above

and track them using two saturating counters maintained at decode and commit. Recall that a
front-end idle cycle is one in which the decode unit has no instruction to process, and a back-end
idle cycle is one in which the instruction at the head of the ROB stalls commit while waiting on a
memory response. Each counter is 7 bits wide so that it can accumulate up to 127 idle cycles, which
is large enough to capture the latency of an LLC miss. Front-end cost is attributed to an instruction
by writing the front-end counter value to the ROB entry of the first instruction processed by decode
after idling. Back-end cost is attributed to the first instruction that commits after a period of commit
inactivity. When an instruction commits and its combined cost exceeds the tuned threshold, we
send a prioritization request to the 𝜇op cache carrying (1) the 32-byte aligned uopcache region
indexes containing the high cost instruction and a tunable number of subsequent instructions (we
refer to this set of regions as the criticality window), and (2) the sum of the front-end and back-end
cost.

Upon receiving a prioritization request, the 𝜇op cache looks up each 32-byte index, and upon a
hit, attempts to prioritize the entry. To prevent priority lines from dominating any given set of the
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cache, we first check whether prioritizing this line would exceed the maximum number of priority
lines permitted per set. If the cap is not exceeded, the priority cost (PC) bits in the tag array (shown
in Figure 1) are set to the cost carried in the request. If the set is already at its priority-line cap, a
resident priority line with a lower cost is de-prioritized to make room; if no lower-cost line exists,
the request is dropped.
Finally, we observe that some sets are far more likely than others to hold critical lines, thus,

we implement a per-set dynamic aging policy for priority costs. Whenever a 𝜇op cache line is
accessed, we examine the last access of every priority line in its set, and if a line has not been
accessed within a tuned half-life (HL) threshold, we halve its stored cost; once a line’s cost reaches
zero, it is de-prioritized and becomes eligible for eviction by ordinary non-critical lines. Conversely,
each time a priority line is accessed, its cost is doubled. Together, these rules let a line’s stored cost
reflect both how critical the region is and how frequently it is reused.

6 Methodology

Baseline Processor Front-End
Fetch 8 𝜇ops; stop fetch at taken branch IDQ 192 entries
ICache 64 KB, 16-way, 1 cycle hit, 24 MSHRs Branch TAGE SCL (64KB)
𝜇op cache 5k 𝜇ops, 8-way, 12 𝜇ops/cycle I-Branch ITTAGE (64KB)
Decode 5 cycle latency, 12 𝜇ops/cycle RAS 36 entries
BTB 8K entries, 8-way FTQ 24 entries
Prefetch Q 40 cache lines Fetch Buff 64 bytes

Baseline Processor Back-End
Dispatch 18 𝜇ops PRF 328 INT/FP
Commit 12 𝜇ops FUs 6-Int, 4-FP, 8-AGU
Repair cost 8 cycles from decode, 15 from execute LQ/SQ 189/120 entries
DCache 48 KB, 12-way, 3 cycle hit, 24 MSHRs IQ 318 entries
L2 Cache 2 MB, 8-way, 13 cycle hit, 80 MSHRs ROB 576 entries
L3 Cache 12 MB, 12-way, 30 cycle hit, 256 MSHRs Store Set 1024 entries

Table 1. Microarchitectural Configuration Parameters

Baseline Architecture. Table 1 describes our baseline, which is modeled after the Intel Lunar
Lake Performance Core (Lion Cove) using the Gem5 architectural simulator. As part of our baseline
architecture, we implement support in Gem5 for a decoupled front-end [15] that features both FDIP
and the 𝜇op cache, in accordance with the Intel Architectures Optimization manual and other prior
characterization efforts [5, 8, 13, 35, 36]. Further, since the performance of FDIP depends on the
accuracy of the branch predictor, we made several critical improvements. First, we adopted the
improved TAGE_SC_L [4] model into our simulator, and enabled speculative updates. Second, we
incorporate ITTAGE for indirect branch prediction [38]. Since our baseline features a decoupled
front-end, it remains oblivious to potential multi-cycle latency predictions from TAGE, as at steady-
state, FDIP, the decode pipeline, and the 𝜇op cache will have enough FTQ entries to work with and
enable high throughput. Lion Cove is reported to hold 5,250 𝜇ops and is able to emit 12 𝜇ops/cycle
and thus 12 𝜇ops/way, with no details on the exact organization. To best approximate this, we
implement a 𝜇op cache which is 54 sets by 8-ways, where each way can contain 12 𝜇ops, which
can store a maximum of 5,184 𝜇ops. We will make our simulator available upon publication.

Comparisonwith RelatedWork.We implement the Misprediction Recovery Cache (MRC) [30]
in Gem5 for comparison, albeit adapted to conventional architectures as follows. First, the MRC
operates in conjunction with TAGE_SC_L, FDIP, and the 𝜇op cache, fetching 𝜇ops along the
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resteered path only upon incurring a 𝜇op cache miss. Second, the bandwidth of the MRC is set to be
equal to the bandwidth of the 𝜇op cache, thereby delivering 12 𝜇ops along the resteered path every
cycle. Third, we explore MRCs of varying capacities at which they yield noticeable performance
improvements on the workloads we evaluate against. Their sizes range between 1K and 8K 𝜇ops
(amounting to 7-56 KB additional storage, assuming an average 𝜇op size of 56 bits from a recent
AMD study [22]).

Technique Hardware Overhead
MRC [30] Secondary 𝜇op cache that can host 1K to 8K 𝜇ops
UCP [41] Secondary decode pipeline with 6 decoders,

alternate 24-entry FTQ
32-entry 𝜇op cache MSHR,
32-entry alternate decode queue,
16-entry Alt-RAS
alternate 8KB TAGE-SC-L branch predictor (Alt-BP),
optional 4KB ITTAGE indirect target predictor (Alt-Ind),

JumpStart & 5 bits per 𝜇op cache line,
JumpStart-Always 1 bit per FTQ entry
Criticality-Enhanced 12 bits per 𝜇op cache line, 7 bits per ROB entry,
JumpStart one 7-bit saturating counter, 1 bit per FTQ entry

Table 2. Hardware Overhead Comparison

Since UCP [41] is imple-
mented on a different simu-
lator (i.e., Champsim [14]),
we aren’t able to offer a di-
rect performance compar-
ison. However, we mod-
ify the authors’ Champsim
implementation to iden-
tify points at which Jump-
Start could be activated and
count the number of idle
decode cycles that could
be saved due to JumpStart
on top of UCP. Recall that
these scenarios might arise when the 𝜇ops along the resteered path are only partially cached in the
𝜇op cache, which could occur despite prefetching along the alternate path into the 𝜇op cache. We
offer a hardware overhead comparison against MRC and UCP in Table 2, the results of the study
appear in Section 7.

Suite Benchmarks
SPEC CPU 2017 (C/C++) [43] xalan, perl, leela, mcf, exchange, deepsjeng,

wrf, nab, lbm, xz, gcc
OLTP-Bench (PostgreSQL) [12] sibench, tatp, tpcc, twitter, voter, ycsb, noop
DaCapo [9] cassandra, kafka, tomcat
Renaissance [34] dotty, finagle-chirper, finagle-http, movie-lens
Browser Bench [2] speedometer2.0
Geekbench [3] asset-compression, clang, html5-browser,

text-processing, navigation
Chipyard [7] verilator
Spring Dataset & Benchmark [27] spring
Zebra Crossing Library [6] zxing

Table 3. Benchmark Description

Benchmarks. We
evaluate this work us-
ing 35 long-running
applications curated
from several bench-
mark suites featuring
large code footprint
behavior, including SPEC
CPU 2017 C/C++ bench-
marks (barring some
applications that do
not work with the
latest unmodified ver-
sion of Gem5 due to
lack of support for cer-
tain types of SIMD instructions, privileged operations, and abnormal termination due to memory
corruption and/or high memory usage). These are listed in Table 3. Note that these workloads are
commonly used to evaluate performance behaviors in datacenters, except for speedometer2.0 and
Geekbench. speedometer2.0 is a client workload with complex branching patterns that stress the
front-end of the processor, making it a good candidate for this study. In Geekbench, the remaining
workloads do not exert pressure on the front-end and are thus not included in this study. Further, a
subset of these 35 benchmarks has also been used in prior studies [15, 18–20, 29] that examine the
impact of applications with large code footprints.
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We compile the benchmarks using -O3 optimization level with LLVM 16.0.6 [25]. We construct
representative workloads using the SimPoint [40] methodology as follows. We use PinPlay [32]
and Gem5’s atomic CPU mode to generate checkpoints for multiple simulation points that each
span 100 million dynamic x86 instructions (6 simpoints per benchmark on average). We use the
system call emulation (SE) mode for SPEC CPU 2017 benchmarks (small code footprint) and full
system (FS) mode for the rest to measure the impact of system calls, context-switching, and SMC
behavior. We warm up for 10 million instructions and then perform a detailed simulation of 100
million instructions using reference inputs.
Unless otherwise noted, performance is reported as the change in IPC over the stated baseline.

We compute the geometric mean (GeoMean) over the full benchmark suite for each configuration,
and then take the difference from the baseline configuration to get “Change in GeoMean IPC”.

7 Results

Fig. 9. Performance and Activations Effect of JumpStart (JS), JumpStart-Always (JS-A), a one-size-fits-all
Criticality Replacement Policy and a fine-tuned Criticality Replacement Policy over a baseline with FDIP and
a non-inclusive 𝜇op cache.

JumpStart Performance. In Figure 9 we compare the potential of JumpStart on the resteered
path as well as the correctly speculated path, against a baseline that features FDIP and an inclusive
𝜇op cache. While the non-inclusivity provides some performance uplift, JumpStart provides addi-
tional performance gains, particularly in applications with large code footprints, such as those from
OLTP-Bench [12], with the number of potential JumpStart activations totaling well above a million
instances within the 100 million instruction execution interval. The number of activations for
JumpStart-Always is significantly greater than that of JumpStart, ultimately translating to additional
gain in IPC. Furthermore, we observe that although the number of JumpStart activations hovers
over a million instances, the number of unique instructions that trigger a JumpStart activation
when they hit in the 𝜇op cache is smaller (in the range of hundreds of threads of instructions).
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However, on larger code footprint workloads, caching these unique execution threads in a sidecar
buffer such as the Misprediction Recovery Cache would be prohibitively expensive, as they could
include tens of thousands of 𝜇ops.
Most interestingly, JumpStart-Always provides significant additional speedups (as much as 6%)

on exchange, gcc, and text-processing. Upon closer inspection, we found that these gains manifest
due to a critical feature of our design that improves the synergy between FDIP and the 𝜇op cache.
In particular, as previously noted, when a new FTQ entry is generated, a lookup is issued to the 𝜇op
cache, and if the result is a hit, a prefetch request is not sent for the corresponding cache lines. This
has the benefit of reducing traffic in the cache hierarchy, allowing that bandwidth and capacity to
be used for other non-resident lines. However, in some instances, when the FTQ entry is ready
to be fetched, the entry may have since been evicted from the 𝜇op cache, in which case the FTQ
and prefetch queues must be flushed. We find that it is common that the FTQ entry spans multiple
𝜇op cache lines and that only part of it is usually evicted. Upon a subsequent hit in the 𝜇op cache,
JumpStart accelerates pipeline recovery.
While it is possible that some of the 𝜇ops speculatively decoded by JumpStart could cause

pollution in the 𝜇op cache, since these decisions are driven by the FTQ and thus a highly accurate
branch predictor, the rate of true pollution remains low. On average, only 0.4% and 0.9% of the overall
𝜇ops placed in the 𝜇op cache during JumpStart and JumpStart-Always truly result in pollution,
meaning that they never commit once placed in the 𝜇op cache. In the common case, even 𝜇ops
which do not occur on the correct path when placed in the 𝜇op cache end up on a future correct path
before being evicted, resulting in a slight alternate path prefetching effect from JumpStart. It is also
worth noting that the 𝜇op cache is resilient to pollution owing to hotness-based replacement [36].

Fig. 10. S-curve of per-checkpoint IPC change for JumpStart (JS) and JumpStart-Always (JS-A) over the
non-inclusive 𝜇op cache baseline. Each point on the x-axis is an individual checkpoint (SimPoint), shown
unweighted and uncombined. The dashed lines mark each configuration’s overall GeoMean IPC change.

To provide more detail into the performance gains, Figure 10 presents a sorted S-curve of the
per-checkpoint IPC change of JumpStart and JumpStart-Always over the non-inclusive 𝜇op cache
baseline. Unlike the other figures, the x-axis in this figure corresponds to individual checkpoint
runs (multiple of which make up a single benchmark result in the other figures). Both variants
are positive on the majority of checkpoints, with only a small fraction at the left of the curve
showing any degradation, confirming that JumpStart rarely hurts performance. JumpStart delivers
universally modest gains, with most checkpoints clustered near its GeoMean and the best reaching
roughly 1%. In contrast, JumpStart-Always exhibits a long upper tail: while a large portion of
checkpoints see gains in line with its roughly 1% GeoMean, a meaningful number of front-end-
bound checkpoints benefit substantially, with the most recovery-heavy regions improving by as
much as 12–13%. This tail is driven by the FDIP/𝜇op cache synergy described above, in which
JumpStart-Always accelerates recovery on FTQ entries that were partially evicted from the 𝜇op
cache between prefetch and demand fetch. These are the same checkpoints that produce the large
per-benchmark gains on exchange, gcc, and text-processing noted earlier. The left portion of the
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curve corresponds to the small- and moderate-footprint regions discussed in Section 7, where the
instruction working set is largely 𝜇op cache resident and a high-capacity MRC can match or exceed
JumpStart-Always, albeit at considerably higher storage cost.

Fig. 11. JumpStart-Always Sensitivity to Legacy Decode Pipeline Delay

When our fine-tuned criticality-based replacement policy is applied over JumpStart-Always, we
see slight performance gains across all benchmarks, with a 0.2% gain in Geomean IPC, consis-
tent with prior work on 𝜇op cache replacement policies [48]. However, we do observe that our
criticality-based policy significantly enhances the potential for JumpStart-Always, resulting in as
many as a million more activations overall as shown in the top graph. Note that our fine-tuned
criticality detection mechanism is tuned specifically to each benchmark to show how fine-tuning
our replacement policy can remove degradation on benchmarks with many hot code regions, and
improve uplift on workloads where additional critical 𝜇ops are beneficial, essentially mimicking
profile-guided heuristics selection [10, 23], again consistent with the recent work on FURBYS, a
heuristics-based 𝜇op cache replacement policy [48]. For completeness, we also include a one-size-
fits-all criticality policy that is not tuned to any specific benchmark. This policy retains some of the
performance gains of the fine-tuned policy, but causes degradation on others such as exchange and
finagle-chirper, where the criticality policy is too aggressive and leads to the eviction of useful lines.
As a result of the varying execution characteristics of these applications, some of them benefit

from a more or less aggressive replacement policy, as well as targeting a different set of critical
lines.
Since one of the key benefits of JumpStart comes from masking the decode pipeline delay in

addition to potential ICache miss delays (when FDIP isn’t able to prefetch well on the recovery
path), it is important to examine the sensitivity of JumpStart’s performance with varying decode
pipeline delays. Figure 11 shows the results of this study. We examine decode latencies of 2, 5, 10,
and 15 cycles, with 5 cycles corresponding to the decode pipeline delay in Intel’s Lion Cove. We
observe that JumpStart-Always provides performance gains on pipelines with decode delays that
are as small as 2 cycles (potentially mimicking certain RISC pipelines that feature simpler decode
pipelines). These gains continue to become increasingly prominent as the delay gets longer (as
with architectures exposing complex instruction sets).

To study the impact on power, we model the legacy decoder and 𝜇op cache in McPat [26] at the
22 nm technology node. Figure 12 shows energy consumption of JumpStart, JumpStart-Always and
JumpStart-Always with Critical Replacement Policies. It shows that only verilator has above a 1%
increase in energy consumption with JumpStart. The other policies are expected to be higher than
JumpStart, except for exchange and kafka, as they show higher performance gains.
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Fig. 12. Impact of JumpStart and Critical Replacement Policies on Energy

Fig. 13. Performance Comparison to Misprediction Recovery Cache (MRC)

Fig. 14. 𝜇op Cache misses that occur following a misprediction

Comparison with Re-
lated Work. In Figure 13,
we compare JumpStart-Always
against MRCs of varying
capacities, from 1K 𝜇ops
to 8K 𝜇ops. We make sev-
eral observations. First, on
workloads with small code
footprints, neither theMRC
nor JumpStart-Always pro-
vides any significant gain.
Second, on moderate code
footprint workloads such
as xalan, perl, leela, and
deepsjeng, the MRC outper-
forms JumpStart-Always, al-
though it requires con-
siderable storage (roughly
7-56KB) as opposed to JumpStart-
Always that only adds a few bits per 𝜇op cache tag entry. Third, on applications with large code
footprints, such as the OLTP [12], DaCapo [9], and Renaissance [34] benchmarks, even high-
capacity MRCs provide little performance gains, while JumpStart-Always continues to provide
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steady gains. As shown in Figure 9, the number of branches that mispredict (approximated by the
unique JumpStart activations) is too large for the MRC to effectively cache.
We next compare against UCP in Figure 14 by reporting the percentage of potential profitable

JumpStart activations. In particular, we examine the percentage of 𝜇op cache misses that occur
within 8 cycles of a branch resteer , which Figure 5 shows constitutes the majority of 𝜇op cache
misses. While UCP achieves its goal of lowering overall 𝜇op cache misses, a large number of these
misses remain shortly after a misprediction. We note that this analysis uses an 8-cycle window,
whereas the characterization in Figure 5 uses a 10-cycle window. The two values correspond to
the same window of interest, the number of cycles it takes for a 𝜇op fetched from the ICache
and decoded by the legacy decode pipeline to reach an execution port. In our gem5 model this
window is 10 cycles but it is only 8 cycles in the UCP ChampSim model [41] used here. We size each
window to its respective model so that both capture the misses exposed over this recovery path. In
Figure 9 we demonstrate that JumpStart can prove an effective means of improving performance
within these regions by covering the 𝜇op cache miss latency. Thus, the 𝜇op cache misses that
remain in the presence of UCP are a prime target for profitable JumpStart activation. In addition,
JumpStart-Always could be implemented on top of UCP to hide 𝜇op cache miss latency on the
correct path.

Fig. 15. Performance of JumpStart-Always on Top of 𝜇op Cache Prefetching (UCP)

To demonstrate the potential benefit over UCP, we compare against a set of optimistic UCP
approximations. Our NoCostUCP-X experiments are built on top of the same baseline used to
evaluate JumpStart (FDIP and a non-inclusive 𝜇op cache). In addition, we assume a 𝜇op cache hit
for the first X cache lines fetched following a branch misprediction. These lines are not prefetched
into the 𝜇op cache, thus ignoring the 𝜇op cache pollution problem, which, as identified by the UCP
authors, causes negative performance effects in a subset of the workloads. This optimistic policy
also ignores 𝜇op cache placement rules, meaning that it generously assumes a 𝜇op cache hit even
for lines that would not fit in the 𝜇op cache. The UCP authors state that on average, 10 cache lines
are prefetched for each alternate path; hence, we model three NoCostUCP policies of 5, 10, and
20 cache lines. Figure 15 shows the results of this evaluation. Across all benchmarks, we continue
to observe meaningful performance gains from JumpStart-Always over NoCostUCP, even in this
optimistic modeling.

Moreover, since UCP only targets 𝜇ops on the alternate path, the performance gains observed in
xalan, perl, exchange, gcc, and text-processing due to improved recovery from a mismatch between
the 𝜇op cache contents at prefetch time vs. demand fetch time remain mostly unaffected by any
NoCostUCP policy.Our results demonstrate that even up to 20 cache lines after recovery, bubbles
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introduced into the pipeline by an eventual 𝜇op cache miss can affect performance, and JumpStart
can remove these bubbles to keep the back-end of the processor fully saturated.

Fig. 16. Criticality Replacement Design Exploration

Criticality Exploration. To
identify the source of perfor-
mance gain from our criticality
exploration, we incrementally
add optimizations to our base-
line and identify parameters that
achieve maximum performance
on the provided set of work-
loads, by performing a sweep
of the parameters shown in Fig-
ure 16. We examine how fre-
quently a particular parameter
ends up in an optimal configura-
tion for each workload across all
possible permutations of the pa-
rameter space. First, lines that in-
cur a high number of front-end
cycles are preferred, following our claim that instructions that cause front-end stalls create a signif-
icant bottleneck in the processor. This is potentially because in the presence of FDIP, ICache misses
are less frequent, although the potential for a 𝜇op cache miss still exists along the misprediction
recovery path. Second, a smaller extra cost (the difference between the combined front-end +
back-end cost and the front-end cost) is preferred, meaning that the policy performs better when
favoring front-end cycles over back-end cycles. In our other experiments on a smaller core with
fewer IQ entries and execution units, we observed this cost to be relatively more important as
back-end idle cycles indicate critical events where the whole pipeline gets starved due to a line
containing critical long-latency instructions (e.g., a load that misses in the L2 cache) missing in
the 𝜇op cache. However, on Lion Cove, front-end cycles are significantly more critical as high
front-end bandwidth is key to maintaining high utilization of the back-end execution resources.
Third, we observe a favored criticality window size of 64 𝜇ops, which aligns with the maximum
number of 𝜇ops needed by JumpStart to cover the 5-cycle legacy decode pipeline latency (i.e., 12
𝜇ops per cycle × 5 cycles). Recall that smaller criticality window sizes would entail fewer lines
being prioritized and larger sizes would likely be rejected as it would require prioritizing too many
lines, well above our priority way limit. Fourth, most benchmarks perform best with 2-3 priority
ways, since too much contention in the 𝜇op cache between priority and non-priority lines can lead
to degradation. However, a handful prefer to have a higher maximum number of priority ways
with a higher half-life (cycles between halving of the stored priority cost), making the policy more
aggressive, allowing critical regions that exhibit concentrated set pressure to be cached effectively
with minimal effect on non-priority regions in adjacent sets.

When turned to an optimal strategy, the benchmarks favor criticality thresholds and replacement
policies that benefit their unique cache behavior. We observe that perl, leela, exchange, asset-
compression, clang, html5-browser, text-processing, speedometer, and spring exhibit lower reuse
distances between cache accesses and therefore perform better when the half-life is low and cache
turnover is high. Other benchmarks including cassandra, kafka, movie-lens, verilator, xalan, and
zxing perform better when critical lines stay in the cache longer due to their longer reuse distances.
This analysis also shows that some workloads including leela, deepsjeng, asset-compression, kafka,
speedometer, xalan, and zxing perform optimally when focusing on any line which experiences a
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small number of idle cycles in the front-end. In contrast, many of the other benchmarks benefit
from restricting critical lines to those with a higher combined cost.

8 Conclusion
This work examines two key optimizations – FDIP and the 𝜇op cache, and observes that they
target similar code regions, resulting in only marginal improvement in performance when they
operate in conjunction. To improve their synergy, we propose JumpStart, a novel microarchitectural
mechanism that activates the decode pipeline ahead of time when the 𝜇op cache only partially
holds the 𝜇ops regardless of whether they occur on the correctly speculated or the resteered path,
necessarily requiring the demand fetch of subsequent instructions. Our combined solution can
realize up to 2% performance uplift over a baseline implementing both FDIP and the 𝜇op cache, at
minimal design and area overheads.
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