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Abstract—Modern Q00O CPUs employ deep pipelines with
high branch misprediction recovery penalties. Instructions spec-
ulatively executed along mispredicted paths can significantly
alter microarchitectural state. During design space exploration,
architects often rely on trace-driven simulators, which are signif-
icantly faster than execution-driven models but trade accuracy
for speed. Despite this benefit, trace-driven simulation often fails
to adequately model the effects of wrong-path execution because
traces are typically collected only from the correct-path. While
prior work can accurately model wrong-path effects on the
instruction stream, it often makes unrealistic assumptions when
modeling the impact on the data stream.

In this work, we examine the effects of wrong-path execution
and present an infrastructure for enabling its modeling in a trace-
driven simulator. Our analysis shows that wrong-path execution
extensively affects structures on both the instruction and data
sides, yielding performance variations ranging from —3.6% to
85.7% compared to a baseline that ignores these effects. To
benefit the research community and enhance the accuracy of
simulators, we provide our traces and tracing utility. We aim
for this to encourage industry to provide wrong-path traces
generated by internal simulators, enabling fast academic research
without exposing industry proprietary IP.

I. INTRODUCTION

Accurate modeling of modern Out-of-Order (Oo0O) CPUs
presents a significant bottleneck in design space exploration
due to high simulator complexity and long simulation times of
execution-driven simulators. Consequently, architects often use
simpler and faster, though less accurate, trace-driven simula-
tors, thereby trading accuracy for speed. The goal of our work
is to bridge this gap by enabling trace-driven simulators to
model important characteristics of execution-driven simulation
without sacrificing performance.

Typically, the instruction traces used in trace-driven simula-
tion are generated on real machines leveraging instrumentation
tools, such as Intel PIN [34], DynamoRIO [2], and Spike [3]].
These tools capture the sequence of committed instructions,
which form the correct-path (CP), from a given program and
save them to a trace file for the trace-driven simulator to
use during execution. In the event of a branch misprediction,
however, while a real machine will execute wrong-path (WP)
instructions (with an impact on caches and various predictors’
and prefetchers’ states), a trace-driven simulator will typically
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Fig. 1: Proposed flow: an execution-driven simulator generates
WP-aware traces for rapid, accurate, trace-driven simulation.
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stall the front-end of the machine until the branch mispredic-
tion is resolved and CP execution can be resumed. Ignoring the
impact of WP execution on microarchitectural state can distort
performance estimates, as we demonstrate in this work.

Prior works [13]], [49] have proposed solutions to model WP
effects in trace-driven simulators. However, existing solutions
primarily capture WP effects on the instruction stream; mod-
eling WP memory accesses and their impact on the data-cache
hierarchy remains limited. To our knowledge, no existing ap-
proach encompasses both the pollution and prefetching impact
on both the instruction and data streams. The alternative is to
use more “accurateﬂ’ execution-driven models, but they are
substantially slower than trace-driven simulation [21]], [33].

The success of trace-driven simulation can be attributed
to its ability to support rapid modeling of novel microarchi-
tectural ideas. Its simplicity and speed make it an attractive
choice during the initial design exploration phase. Notably,
the frequent appearance of trace-driven simulation [12]], [26],
[49], [50[, [59] in top-tier conference publications underscores
the ongoing need for such tools. We improve the fidelity of
trace-driven simulator by introducing a WP-augmented trace
format that encodes both WP and CP instruction execution.
Fig. E] illustrates our workflow, in which a one-time execution-
driven run produces WP-augmented traces that enable rapid
WP-aware trace-driven design-space exploration. To realize
this workflow, we extend an execution-driven simulator [33|]
to generate WP-augmented traces and enhance a trace-driven
simulator [21]] to execute them.

'While some execution-driven simulators do model wrong-path, there is
no guarantee that they model other aspects of the core more accurately than
trace-driven simulators.



This paper makes the following contributions:

« A new methodology for more accurate trace-driven simu-
lation that fully incorporates the prefetching and pollution
effects of WP on both instructions and data caches.

e An open implementation built on gem5 and Champ-
Sim, including a new trace format, tracing utility, and
WP-aware simulator.

o An open set of WP-aware traces of widely used data
center, graph, and SPEC workloads ready to be used.

« Extensive analysis quantifying the impact of WP execu-
tion on cache state and performance.

We show that with minor increases in trace size and limited
impact on simulator runtime, WP instructions can be accu-
rately modeled without sacrificing the benefits of trace-driven
simulation.

II. MOTIVATION

There is a critical need to reconcile the accuracy of high-
fidelity simulation with the speed and scalability of trace-
driven analysis. A trace-driven simulator models the impact
of executing a stream of instructions on various microar-
chitectural components, such as caches, branch predictors,
prefetchers, and memory systems. These instruction streams
typically encode register dependencies and memory operation
addresses but omit the actual register or memory values,
focusing instead on the structural behavior of the program.

Modeling WP execution in such simulators presents unique
challenges. When a branch is mispredicted, the simulator
must determine the sequence of instructions that fall along
the incorrect control path, which together constitute the WP.
Accurately simulating WP behavior involves propagating these
instructions through the early pipeline stages (Fetch, Decode,
Rename) and through Execution. Once the misprediction is
detected and resolved, the pipeline must be flushed to discard
the WP instructions, resuming CP execution.

Capturing WP instructions in traces is not possible with
existing dynamic binary instrumentation frameworks, such as
Pin [34], because they record only committed instructions that
have retired and updated the architectural state. Since WP
instructions are speculatively executed and ultimately squashed
before commit, they are typically invisible to such tracing
tools. This absence limits the ability of trace-driven simulators
to model speculative side effects such as cache pollution or
branch predictor state changes caused by WP execution.

We propose a new methodology to improve the accuracy
of existing trace-driven simulators. In particular, we use an
execution-driven simulator, gem5 [33]], to capture WP instruc-
tions and encode them in the trace. We also modify an existing,
popular trace-driven simulator, ChampSim [21], to support the
execution and squashing of WP instructions. This allows us to
perform Execution-Driven Wrong-Path Simulation (ED-WP).

We choose ChampSim as the target simulator for ED-
WP due to several compelling reasons. ChampSim is widely
used in the computer architecture community, it has been
used for several architecture competitions, and it is the basis
of many top conference publications. This is partly due to

ChampSim providing significantly faster runtimes, often an
order of magnitude faster than full-system simulators such
as gem3. Its codebase is smaller and more accessible, and
it already includes a wide range of prefetchers, replacement
policies, and other microarchitectural components. By extend-
ing ChampSim to support WP behavior, we aim to preserve
its speed while greatly enhancing its accuracy.

While we use ChampSim as our experimental platform,
our core contribution extends beyond any specific tool or
implementation. Our work fundamentally examines how WP
execution influences the behavior and accuracy of trace-
driven and execution-driven simulation, the two predominant
methodologies for microarchitectural evaluation. ChampSim
exemplifies trace-driven simulation in our study, while gem5
serves as a representative of execution-driven models. How-
ever, the insights we present are broadly applicable to any
framework following these paradigms. The central message we
aim to convey is a deeper understanding of when trace-driven
simulation is appropriate, where it falls short, and most impor-
tantly, how its limitations can be mitigated without sacrificing
the performance and scalability that make it so attractive.
By elevating the discussion from specific tools to general
simulation methodology, we hope to ensure that the broader
relevance of our work is not obscured by implementation-
specific details.

A. Prior Approaches

Some prior work exists for modeling WP execution [26]],
[42], [49] in trace-driven simulators; however, this has certain
limitations. Protean’s [26] method introduces WP prefetching,
primarily focusing on branches. As a result, it does not
account for other types of mispredictions or fully capture cache
impacts. EIP’s [49] use of instruction history helps model
dependencies, but it may miss dynamic address changes,
leading to some inaccuracies. UDP’s [42] Scarab [4f], while
replaying previously recorded WP instructions, has challenges
with accurately modeling data cache pollution due to address
reuse. We refer to these approaches as Trace-Inferred Wrong-
Path Simulation (TI-WP). Broadly, while these approaches
make useful strides, no existing approach models both the
prefetching and pollution effects in both the instructions and
data caches comprehensively.

III. TRACE-DRIVEN SIMULATION OF WRONG-PATH
INSTRUCTIONS

This section describes our system to enable execution-driven
WP simulation in a trace-driven simulator. First, we describe
our WP trace format along with the modifications to the
execution-driven simulator. Then, we detail the modifications
to the trace-driven simulator to support the execution of those
traces. Finally, we discuss other implementation aspects.

A. WP Trace

We first introduce a new trace format designed to explicitly
capture the stream of instructions executed along a mis-
speculated path, whether the mis-speculation arises from a



branch misprediction or a memory ordering violation due to
incorrect load-store disambiguation. In both cases, speculative
execution leads the processor down an incorrect control or data
path before the mis-speculation is detected and corrected.

In a traditional execution model, WP instructions are spec-
ulatively fetched and potentially executed but are eventually
squashed once the mis-speculation is resolved. These instruc-
tions do not commit and hence are typically excluded from
conventional traces. Our format extends the trace structure to
include WP instructions, preserving their order and context
following the mis-speculated instruction. Additional metadata
fields are used to differentiate WP instructions from those on
the CP, enabling the trace-driven simulator to model their side
effects more accurately without affecting architectural state.

Modern processors use decoupled front-ends often using a
form of Fetch Directed Instruction Prefetching (FDIP) [47]],
where the branch predictor runs ahead of the fetch unit, queu-
ing predicted targets in the Fetch Target Queue (FTQ). Mis-
predictions, whether control-based or memory-based, cause
the front-end to redirect and flush pending fetch entries, but
instructions prefetched before the redirect may still enter
caches and consume bandwidth. Our trace format captures
these prefetched-but-non-executed WP entries so ChampSim
can model the resulting front-end pressure.

InstrID | Instruction WP instr. | FTQ-prefetch
x-2 instr<.....> 0 0
x-1 instr<..... > 0 0
X branch < ..... > (miss predicted) 0 0
instr < ..... > 1 0
instr<.....> 1 0
X+n-2 NOP 1 1
x+n-1 | NOP 1 1
X+n instr<..... > (target of InstriD x) 0 0
x+n+l | instr<... > 0 0

Fig. 2: WP traces format illustrating newly added instruction
& prefetches on WP in gray.

Fig. [2 illustrates WP trace format in the context of FDIP.
Instructions x—2 and x—1 occur prior to the mispredicted
branch and execute normally on the CP. The instruction at
x is a mispredicted branch — it is itself on the CP, but it
causes the Instruction Fetch Unit (IFU) to temporarily follow
the WP. The two subsequent instructions (denoted by .) are
fetched and pushed into the pipeline along this WP. These
are speculatively executed and are ultimately discarded, and
therefore marked with WP instr. =1and FTQ-prefetch
= 0. The instructions at x+n-2 and x+n-1 are designated
“NOPs” because, despite being actual instructions, they were
never executed in the original simulator, instead they were
prefetched via FDIP before the pipeline was redirected but
flushed before execution. Although they were not executed,

Correct Path

br2 Wrong Path 1

\

Fig. 3: Speculative Execution with Nested Mispredictions.

Wrong Path 2

they reside on the WP and influence the microarchitectural
state by consuming fetch bandwidth and polluting the instruc-
tion cache, hence, WP instr. =1 and FTQ-prefetch =
1. The instruction at x+n is the first correct-path instruction
at the actual target of the mispredicted branch and is on CP.
Finally, x+n+1 is the next sequential instruction on the CP.

By including both executed WP instructions and FTQ-
prefetched instructions, our extended trace format provides a
more complete representation of speculative instruction flow,
allowing ChampSim to more faithfully reproduce the dynamics
of real-world out-of-order processors.

B. WP Integration

In conventional trace-driven simulators (e.g., ChampSim),
each branch instruction triggers a query to the Branch Predic-
tion Unit (BPU) to determine its predicted direction and target.
The simulator then compares the BPU’s prediction against
the ground truth in the trace to detect mispredictions. During
branch resolution, the front-end stalls; once resolved, a fixed
pipeline repair penalty is incurred before fetch resumes along
the CP. Since WP instructions never enter the pipeline, there is
no need to squash structures or perform recovery actions, and
they do not introduce any cache pollution. To enable modeling
of WP instructions within ChampSim, we modify stages of
the pipeline as follows: The Fetch stage continues consuming
the trace after a misprediction, issuing I-cache requests along
the WP and stopping only when a resteer redirects it to the
CP. The Decode stage identifies mispredicted unconditional
direct CP branches, squashes younger instructions, flushes
front-end buffers, and issues a resteer that advances the
trace to the correct target. The Execute stage handles all
remaining CP mispredictions by marking younger Reorder
Buffer (ROB) instructions as WP, flushing them along with
associated pipeline structures, and updating rename mappings
to eliminate speculative dependencies.

C. WP Mispredictions

To simplify the modeling of nested mispredictions in a
trace-driven simulator like ChampSim, we restrict branch res-
olution to branches on the CP only (e.g., br1 in Fig. [3). This
choice maintains implementation simplicity while remaining
consistent with the behavior of execution-driven simulators.
Because both branch predictions and targets are embedded
within the trace, the effects of WP branches (e.g., br2) are
inherently captured, regardless of whether their predictions
were correct or not.



Field / Model Alder Lake like Key Source Benchmarks
ISA ARM LCF DaCapo [14] cassandra, kafka, tomcat
Private L1 Cache 1$-32kB (8-way), D$-64kB (16-way), 64B Renaissance [46) finagle-chirper, finagle-hitp
Private L2 Cache IMB (16-way), 64B OLTP Bench [17] tpee, wikipedia
Shared L3 Cache 2MB (16-way), 648 Tailbench [28] specjbb, web-search
Branch Predictor TAGE-SC-L [53] (64KB), ITTAGE [52] (64KB) Cloudsuite V4 [T97 | data-serving, media-sireaming
BTB Size ‘ 16K Entries (S—way) Chipyard [6] verilator
gzg(/leR/oseggnes %‘21 /W51 iii Entries Browser Bench [[1] speedometer2.0
Tssue / Load / Store Q. | 194 / 144 7 112 GAP GAP [11] ] be, bfs, cc, ccsv, pr, prspmv, s.ssp, tc
Tnt 7 Vec. Registers 2437400 SPEC | CPU 2017 [15] 505.mcf, 525.x264, 531.deepsjeng

541.1eela, 548.exchange2, 557.xz

TABLE I: Processor configurations

Feature No-WP | TI-WP | ED-WP (Our Work)
FDIP v v v
WP Inst X Fl v
WP Data X X v

TABLE II: Comparison of Simulation Methodologies

This methodology is applicable to a broad range of microar-
chitectural exploration tasks. However, integrating gemS5’s
branch prediction outcomes limits the ability of the resulting
tool to explore branch prediction optimizations, since the trace
must be regenerated whenever the branch predictor is modified
to ensure that gem5 and ChampSim follow the same WPs. For
future work, we are investigating mechanisms to collect deeper
WP information that would enable evaluating different branch
predictors directly in ChampSim without regenerating traces.

IV. SIMULATION METHODOLOGY

This section outlines the simulation infrastructure, the dif-
ferent models of WP execution evaluated, and the benchmarks
used to evaluate these models.

A. Simulation Infrastructure

We extended ChampSim [21]] to incorporate support for
WP instructions, as described in the previous section. We
configured the simulated CPU microarchitecture to reflect
Intel’s Golden Cove core, which is featured in Alder Lake
processors. To generate traces with WP information, we use
the gem5 simulator [33] configured in O3CPU mode with a
decoupled front-end. Both gem5 and ChampSim are config-
ured with a 10 million-instruction warm-up phase followed
by 100 million instructions of detailed simulation, using the
microarchitectural parameters listed in Table [T}

B. Simulation Models

To evaluate the impact of WP execution on application
behavior, we compare three simulation models in ChampSim,
as summarized in Table [

e No-WP is the baseline: our enhanced ChampSim with
FDIP support but no WP modeling. On a misprediction,
the front-end stalls until the branch is resolved.

o TI-WP (Trace-Inferred Wrong-Path) models WP exe-
cution by replaying previously recorded instructions, as
in EIP [49] and UDP [42]. Since WP instructions are
drawn from the original CP trace, their data addresses
reflect prior CP behavior rather than actual wrong-path

TABLE III: Benchmarks used in our evaluation.

addresses, resulting in data accesses that predominantly
hit in the existing cache state.

« ED-WP (Execution-Driven Wrong-Path simulation
mode), our proposed approach using our modified trace
format to encode WP instructions obtained from an
execution-driven simulator.

C. Benchmarks

To evaluate the impact of WP execution across a diverse set
of application behaviors, we selected benchmarks from several
widely used suites. The full list is shown in Table [III

First we assembled a selection of 13 widely used client-
side and server-side multi-threaded workloads with substantial
code footprints, specifically curated to stress the instruction
cache and front-end pipelines. These workloads were selected
from various benchmark suites, as listed in Table (11,
[6l, 1141, [17], [46]. We selected benchmarks with an L1I
MPKI exceeding 10. In the rest of this section, we refer to
these workloads as “Large Code Footprint” or LCF workloads.
These benchmarks have also been utilized in prior related
studies [22], [29], 301, 391, [44].

Next, we incorporate 8 benchmarks from the GAP bench-
mark suite [[11f], including irregular and memory-intensive
applications designed to highlight pressure on the memory
hierarchy and speculative execution mechanisms (these bench-
marks are denoted as "GAP”). For both of these suites, since
the standard simpoints methodology does not apply, we used
Intel’s VTune Profiler [3] on a modern Alder Lake Intel
processor to run benchmarks on a real machine to determine
when a given workload reaches its steady state, creating a
gem)5 checkpoint at this point for our simulations.

Finally, we use a subset of six SPEC CPU 2017 [15]]
benchmarks, to round out the suite of workloads examined. We
use the simpoints methodology [25] to identify representative
program phases for this suite. We evaluate all six workloads
that our simulation toolchain currently supports. This combi-
nation of compute, memory, and front-end bound benchmarks
enables a comprehensive analysis of WP effects across a wide
performance spectrum.

In order to fully understand the impact of WP through
the core modeling, we examined the relative performance
changes for a number of prefetchers and replacement policies
at different cache levels. The full list is shown in Table [V]

2Only if present in the original trace.



Key Prefetcher

LII Next Line [9], BARCA [23], BIP [24], DJolt [40], TAP [20] |
EIP [48], [49], FNL+MMA [54], Mana [7], PIPS [35]

L1D Next Line, IP Stride [S8], Berti [41], IPCP [43]

L2C Next Line, IP Stride, SPP [31], Bingo [10]
MLOP [56], SMS [57], Streamer [16]

LLC Repl. | SHIP [60], SRRIP [27], DRRIP [27], Mockingjay [55]

TABLE IV: Prefetchers and replacement policies examined

V. EVALUATION

This section presents a performance analysis of simulating
WP execution through ED-WP mode and compares it with
No-WP and TI-WP mode on all benchmarks detailed in
Section [V-C| We also examine the impact of TI-WP and ED-
WP modes on the cache hierarchy, providing measurements for
the L1 instruction (L11), L1 data (L1D), and L2C caches []]

A. WP Impact on Instructions processed

Modern processors have aggressive decoupled front ends,
large structures, and deep ROBs, allowing a substantial number
of WP instructions to be fetched and executed before a branch
misprediction is detected and resolved.
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Fig. 4: Increase in LI1I footprint under TI-WP and ED-WP,
relative to No-WP.

Fig. A shows the increase in unique L11I cache lines accessed
under TI-WP and ED-WP relative to No-WP. Both WP-aware
modes show comparable footprint growth, as the additional
accesses stem from WP instruction fetches absent in No-WP.
LCF workloads exhibit the largest increase at 88.6%, reflecting
their wide instruction footprint and frequent mispredictions
that expose new cache lines along the WP. GAP and SPEC
benchmarks show 30.4% and 55.5% increases, respectively.
These results demonstrate that No-WP significantly underesti-
mates the instruction working set under speculative execution.

Fig. [B] shows the data brought into L1D by WP execution,
expressed as a percentage of CP L1D misses in the No-
WP baseline. This metric captures how much additional data
WP loads introduce into the cache hierarchy. For GAP and
SPEC workloads, ED-WP produces meaningful L1D fills,
averaging 8.8% and 18.0% of No-WP CP misses respectively.
Individual benchmarks such as ccsv (35.4%), cc (22.9%),
and 505.mcf (22.2%) show particularly high fill rates. In

3We also examined the LLC, both for cache misses and prefetching, but
found results largely similar to L2C and thus omitted them for brevity.
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Fig. 5: L1D cache lines filled by WP execution, as a percentage
of CP L1D misses in the No-WP baseline.

contrast, TI-WP produces near-zero fills, as its WP loads
almost entirely hit in L1D. This demonstrates that ED-WP’s
WP execution acts as an implicit data prefetcher, an effect
entirely absent in TI-WP. For LCF workloads, the overall
fill rates remain low (under 11%) for both modes, indicating
that WP data fills are not the primary driver of performance
differences in instruction-intensive workloads.
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Fig. 6: Comparison of extra instructions executed and MPKI.
The bars represent the percentage of extra instructions exe-
cuted due to wrong-path execution (ED-WP), while the lines
show the MPKI for each benchmark in the respective suite.

Fig. [6] reports the additional instructions along the WP
in ED-WP, showing significant variation across workloads.
WP instruction volume correlates with branch MPKI, which
determines how frequently execution diverges onto the wrong
path. However, the relationship is not strictly linear, structural
limits such as ROB and FTQ sizes bound how far specula-
tion can proceed. This explains why LCF workloads, despite
moderate MPKI, produce relatively few WP instructions: their
wide instruction footprint causes frequent L1I misses that stall
the front-end, limiting speculation depth. GAP workloads, in
contrast, have compact instruction footprints that rarely miss
in L1I, allowing deep speculation along mispredicted paths.
To aid in the interpretation of this behavior, all benchmarks
within each workload suite are sorted in ascending order by
branch MPKI in all figures.

B. WP Impact on Cache State

1) Instruction Cache State: Modeling the execution of WP
instructions significantly alters the microarchitectural state,
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Fig. 7: Relative increase in L1I hits and misses under ED-WP
compared to No-WP.

with the L11 being the most affected component. In particular,
ED-WP mode introduces a notable transformation in LII
behavior compared to No-WP mode. This is illustrated in
Fig. [7 which shows that there is an average 84.8% increase
in L1I hits and a 25.7% increase in L1I misses across the
LCF benchmarks in ED-WP mode. This trend suggests that
WP instructions increase instruction reuse within the pipeline,
possibly due to re-fetching along mispredicted paths or revis-
iting instruction sequences during recovery.

The GAP suite exhibits the most dramatic changes. On
average, GAP benchmarks show 3.2x increase in L1I hits,
with individual benchmarks such as bfs and cc showing
5.2x and 4.5x respectively. Despite being speculative, these
WP-influenced accesses populate the instruction cache with
high-locality sequences, reducing cold and capacity misses
during CP execution. This also leads to an average 62.1%
increase in L1I misses, indicating some degree of pollution
leading to the eviction of useful lines and subsequent new
misses. In contrast, the SPEC benchmarks show relatively
modest variations. The average increase in L1I hits is around
118.6%, while misses increase by 19.3%, driven primarily by
memory-intensive workloads such as mcf and xz.

Cache lines brought in due to WP instruction execution can
be either useful (eventually used on the CP) or useless (evicted
without being used). WP-induced useless fills reduce effective
cache occupancy and may evict critical lines, while WP-
induced useful fills effectively prefetch lines later accessed
by CP instructions. On average, 74% of WP fills in L1I cache
are useful, demonstrating a strong prefetching effect.

2) Data Cache State: Fig. [§] shows the relative increase
in L1D and L2C misses when WP execution is modeled. At
the L1D level, ED-WP increases misses for GAP (12.2%)
and SPEC (8.2%) due to wrong-path loads accessing new
data, while TI-WP shows near-zero L1D miss changes for
these suites. LCF workloads show modest L1D miss increases
under both modes. At the L2C level, LCF workloads show the
largest miss increases ( 9.7% for both modes), driven by the
additional instruction and data traffic propagating down the
hierarchy. GAP shows negligible L2C impact, while SPEC
shows a modest 4.2% increase under ED-WP.

Fig. [9] shows the relative increase in L1D and L2C hits. TI-
WP consistently shows larger L1D hit increases than ED-WP

e TI-WP L1D = ED-WP L1D = TI-WP L2C = ED-WP L2C
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Fig. 8: Relative increase in L1D and L2C misses under ED-
WP and TI-WP compared to No-WP.
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Fig. 9: Relative increase in L1D and L2C hits under ED-WP
and TI-WP compared to No-WP.
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— 200.7% vs 73.3% for GAP, 40.2% vs 20.4% for SPEC,
and 10.6% vs 4.2% for LCF. This is because TI-WP’s wrong-
path loads predominantly access data already present in L1D,
inflating the hit count without bringing new data into the cache.
ED-WP’s wrong-path loads, in contrast, access speculated
addresses that more frequently miss in L1D, producing fewer
hits but more fills as shown in Fig. El At the L2C level, hit
increases are modest for both modes across all suites.

This distinction has direct performance consequences: ED-
WP’s new fills act as implicit prefetches for subsequent CP
accesses, whereas TI-WP’s WP loads do not alter cache state.

C. WP Impact on the Core Backend

To understand how ED-WP affects the backend, we report
the occupancy of the ROB. Since ROB usage fluctuates con-
stantly during execution, we choose to measure it at the point
of branch misprediction resolution, because it offers a consis-
tent and meaningful point for comparison across simulation
modes. By the time a misprediction is resolved, speculative
instructions have often accumulated, including those on the
WP, giving us a representative snapshot of backend pressure.

As shown in Fig. [T0] ED-WP sees substantially higher
ROB occupancy, averaging 208 entries compared to just
94 in No-WP—a 2.2x increase. This is expected: ED-WP
continues executing instructions along the mispredicted path,
filling the ROB more aggressively. While these instructions
are eventually squashed, the higher occupancy more accurately
reflects real hardware behavior, where deep speculation puts
additional pressure on backend resources like register rename
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Fig. 10: Average ROB occupancy at branch misprediction.

tables, issue queues, and execution units. Moreover it also
increases the window of in-flight instructions, enabling more
opportunities for memory loads and stores to overlap and
prefetches to be issued earlier.
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Fig. 11: ROB Full Events per Kilo Instructions (PKI).

In addition to average occupancy, we track the total number
of times the ROB becomes full throughout execution, as shown
in Fig. [T1] When the ROB is full, dispatch stalls until space
becomes available, directly impacting pipeline throughput.
Under ED-WP, the ROB becomes fully occupied much more
frequently, with 4.50 full ROB events per kilo instructions
for the LCF workload, 18.82 for GAP, and 3.76 for SPEC. In
comparison, No-WP sees fewer full ROB events: 3.54 for LCF,
15.20 for GAP, and 2.24 for SPEC. The increased ROB pres-
sure under ED-WP underscores the importance of modeling
WP execution, as overlooking it risks underestimating core-
level contention that affects real-world performance. Despite
this pressure, ED-WP sustains higher IPC than No-WP for
most benchmarks, as the prefetching benefits of speculative
execution offset the backend contention.

D. Performance Impact

As discussed previously, the performance impact of WP
instructions cannot be accurately captured by analyzing cache
behavior, branch mispredictions, or back-end effects in iso-
lation. WP instructions interact with these components in
different ways depending on the workload, and only a compre-
hensive, unified analysis can reflect their true impact. Fig. [12]
presents the IPC speedup of the ED-WP and TI-WP modes
relative to No-WP configuration across a range of benchmarks.
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Fig. 12: IPC of TI-WP and ED-WP relative to the No-WP.

Overall, both WP-aware models deliver performance im-
provements over No-WP, indicating that the beneficial
prefetching effects of WP execution outweigh the associated
cache pollution. For instruction-heavy LCF workloads, TI-WP
performs on par with ED-WP, as both models incorporate
WP instruction behavior similarly. However, on data-intensive
benchmarks such as 505.mcf, 557.xz from SPEC, and
cc, be, cecsv, and bfs from GAP suite, ED-WP shows
clear advantages. GAP workloads have low baseline IPC
(0.21-0.69), so small absolute IPC gains yield large relative
improvements. ED-WP’s advantage stems from its faithful
modeling of WP data cache accesses.

Within LCF workloads, wikipedia illustrates the impor-
tance of data-side modeling: ED-WP achieves a 2.8% speedup
over No-WP, while TI-WP captures only 0.6%, with the 2.2%
gap attributable to WP data effects that TI-WP cannot model.
x264, with low MPKI (1.3), shows negligible difference
between ED-WP and TI-WP (0.04%), as few mispredictions
leave little room for WP effects. verilator-bolted has
high MPKI but limited WP instruction growth and many
early-resolved unconditional branches, leading to performance
degradation due to squashed WP instructions (cf. Fig. [6).

The prefetching effect of WP instructions dominates in
a majority of benchmarks. Fig. [I3] shows the percentage
reduction in CP cache misses when running in TI-WP and
ED-WP mode, relative to No-WP. The L1I miss reduction
is the most pronounced, with ED-WP reducing misses by
47.1% for LCF, 14.7% for GAP, and 38.4% for SPEC on
average. Notably, mcf achieves 100% L1I miss reduction, as
its compact instruction footprint is entirely prefetched by WP
instruction fetches. TI-WP achieves nearly identical L11I reduc-
tions, confirming that both modes capture the instruction-side
prefetching effect of WP execution equally well. The critical
difference between ED-WP and TI-WP emerges on the data
side. ED-WP reduces L1D CP misses by 11.7% for GAP and
21.8% for SPEC, with individual benchmarks such as ccsv
(41.4%), cc (33.5%), and mcf (27.1%) showing substantial
reductions. TI-WP, in contrast, achieves near-zero L1D miss
reductions for these suites, as its WP loads hit in L1D without
prefetching new data. This gap explains the IPC differences
observed in Fig. [T2] This pattern extends to L2C, where ED-
WP reduces misses for SPEC by 28.2% while TI-WP shows
no improvement. Comparable reductions in L1I misses do not
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yield the same performance improvement as similar reductions
on the data side. This aligns with expectations for modern
000 processors, where aggressive front-end designs are better
equipped to tolerate instruction cache inefficiencies, whereas
performance is highly sensitive to data cache behavior.

E. Takeaways

Culminating the results from Sections [V-A] - [V-D] we find:
1) WP execution introduces substantial additional instructions,
with significant prefetching effects and execution resource
pressure throughout the system; 2) Prior work techniques that
only model the inferred WP (TI-WP) miss substantial changes
due to the data prefetching effects of WP execution.

FE. WP Execution Validation

Fig. [4] shows a per-cycle breakdown of execute-stage
activity. Each bar is partitioned into: CP (only Correct-Path
instructions executed), WP (only Wrong-Path instructions
executed), CP+WP (both), ROB Empty (no instructions in
the ROB), ROB Empty (No WP) (ROB is empty and no
wrong-path instructions are available from the trace), and ROB
Not Ready (instructions are present but blocked on unresolved
dependencies). This breakdown helps expose where execution
stage state spends its cycles in ED-WP mode.

We use the ROB Empty (No WP) fraction to validate the
completeness of our WP traces. A high fraction would indicate
that the simulator frequently lacks WP instructions when it
needs them, suggesting insufficient trace coverage. This frac-
tion is low across all suites: 7.6% for LCF, 3.2% for GAP, and
3.2% for SPEC, confirming that the traces provide sufficient
WP instruction coverage. These results show that the simulator
is not significantly impacted by a lack of WP instructions for
execution. Notable exceptions are verilator (51.0%), tc
(21.7%), and tomcat (16.7%), all of which have high branch
MPKI, leading to frequent pipeline flushes that outpace the
WP instructions available in the trace. It might be possible to
increase the WP trace depth dynamically depending on branch
MPKI to try and address this issue for those workloads, we
will explore this in future work.

G. Case Studies: Impact of ED-WP vs. No-WP in Evaluating
Microarchitectural Techniques

In this section, we perform a set of case studies examining
the impact of WP instruction simulation when modeling new

microarchitectural techniques. In particular, we examine the
relative performance gain of different L1I, L1D, and L2C
prefetchers when executed in No-WP only versus ED-WP in
simulation. Here, we use the complete set of prefetchers listed
in Table [TV} Most of the L2C prefetchers used in this study
were adapted from the Pythia framework [[12].

1) LII Prefetchers: Fig. [[5a shows the geomean perfor-
mance gains of different L1I prefetchers when only CP in-
structions (No-WP) are executed, versus when WP instructions
are included. Note that the figure shows data only for the
LCF benchmarks, as the other benchmarks showed little
performance impact for L1I prefetching.

The figure highlights that the absence of WP modeling
has a large impact on estimating prefetcher effectiveness.
Seven of the nine policies hurt performance with a more
accurate simulation. Among the evaluated prefetchers, only
EIP [49]] and FNL+MMA [54] see performance improvement.
However, their benefit is greatly reduced to only 0.8% and
1.9%, respectively, when simulated in the ED-WP model,
compared to 8.9% and 7.4% when considering only the CP.
We note that the absence of WP does not just overestimate
the effectiveness of instruction prefetchers but also alters their
ranking relative to one another, undermining the insights about
which prefetchers would perform best in a real system.

2) LID Prefetchers: Similarly, Fig. [T5b] shows a compar-
ison of No-WP vs ED-WP for L1D prefetchers. Here we
see that No-WP continues to overestimate the effectiveness of
data prefetchers, though generally the relative ordering stays
broadly the same. For example, Berti drops from 8.6% to 6.3%
for GAP and from 2.2% to 0.7% for SPEC. Overall, GAP
shows the largest changes between No-WP and ED-WP, con-
sistent with ED-WP’s data prefetching impact (Section [V-B).

3) L2C Prefetchers: Fig. shows the speedup for various
L2C prefetchers on the No-WP and ED-WP. Broadly, prefetch-
ing in the L2C has a modest impact for these workloads, with
only IP Stride and SPP showing much gain and only for the
GAP benchmark suite. LCF workloads show little performance
benefit from L2C prefetching, with gains under 1.4% across
all evaluated prefetchers. GAP workloads involve a great
deal of pointer chasing on the data side, limiting the ability
of typical L2C prefetchers to improve performance due to
relatively poor accuracy. Several prefetchers cause significant
degradation, with Bingo at —23.5% and Next Line at —20.9%
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Fig. 14: Breakdown of execute-stage activity as a percentage of total cycles.

under ED-WP. The subset of workloads chosen from SPEC
also do not have particularly high L2C misses, which lowers
the impact of prefetching on performance. Nevertheless, ED-
WP simulation reduces prefetcher benefit without altering their
ranking, consistent with L1I and L1D results.

4) LLC Replacement Policies: As shown in Fig. [I5d] ED-
WP does not significantly alter the overall geomean per-
formance. However, it impacts their relative rankings no-
ticeably—especially for LCF workloads. DRRIP [27], for
instance, sees a marked improvement when WP accesses are
included, while Mockingjay [55]] sees minimal change.

The effect of WP on ranking is particularly evident in
LCF workloads, which generate a high volume of speculative
accesses to the LLC due to their large footprints. This change
in ranking is explained by the fundamental differences in how
these policies handle cache management. Mockingjay [55]
tries to mimic Belady’s optimal replacement by learning and
predicting reuse distances using detailed access history and
timing information. Because of this, it is more susceptible to
interference from speculative accesses, which can throw off its
predictions and lead to poorer eviction choices. DRRIP [27], in
contrast, uses simpler insertion heuristics and is less sensitive
to noise from WP execution due to its set-dueling mechanism’s
effectiveness at isolating thrashing lines by steering them
toward SRRIP. Thus, including WP effects is important to
ensure a more accurate picture of system behavior.

H. Simulation Overhead

We observe significant advantages of trace-driven simula-
tion over execution-driven approaches in both performance
and usability. For example, simulating 100 million instructions
with gem5 takes about 1 hour on our HPC setup. In
contrast, ChampSim [21]] completes the same workload in
roughly 10 minutes. ChampSim traces are also more portable,
requiring only a single trace file per workload, whereas gem5
setups involve binaries, input data, and scripts. ED-WP in-
troduces minimal simulation overhead, averaging only 1.13x
the runtime of baseline ChampSim with a range of 0.93-1.40x
across individual benchmarks. These overheads reflect only the
trace-driven simulation; the one-time cost of trace generation
using gem5 is not included. WP-augmented traces are larger
than their CP-only counterparts, growing by 1.53x for LCF,
3.25x for GAP, and 2.02x for SPEC on average.

VI. RELATED WORK

The effect of modeling WP execution on processor perfor-
mance has a rich history in the literature. Researchers have
explored how to mitigate or exploit WP effects.

A. Quantifying and Exploiting the Effect of WP Execution

Pierce and Mudge introduce an instruction prefetcher that
aggressively fetches through all targets, ignoring the branch
predictor [45]]. Using a trace-driven simulator, they found that
WP prefetching outperformed contemporary prefetchers.

Mutlu et al. characterize the impact of WP execution
on performance, demonstrating that modeling WP effects is
essential to accurately estimating performance due primarily
to the trade-off between the positive WP cache prefetching
effect and the negative WP cache pollution effect [37], [38].
They use an execution-driven simulator capable of measuring
the effect of loads and stores along the WP.

Sendag et al. extend this exploration to multiprocessors [S1],
showing that WP memory accesses cause a significant increase
in cache coherence events and proposing an optimization to
recover performance in the presence of these events.

Armstrong et al. exploit the ability to simulate cache activity
on the WP to explore a novel branch prediction technique
that uses the anomalous behavior of WP events to detect
and correct a misprediction [§]. Again, this work was made
possible by using an execution-driven simulator that captures
cache activity on the WP. The same group followed this line
of work to demonstrate a cache filtering optimization [36] as
well as a way to fine-tune fetch throttling based on whether
WP effects will be harmful or beneficial [32].

B. Improving Simulation Methodology

Prior work has explicitly explored techniques for accurately
modeling WP execution in processor simulators. Bhargava
et al. addressed this problem by recreating a copy of the
application code to insert WP instructions into a trace-driven
simulator. Although this is appropriate to know the instructions
that will be fetched on the WP, it fails to faithfully reproduce
the memory locations of the loads in the WP, and hence cannot
accurately show the effects of the WP on the data side.

More recently, Eyerman et al. explore three different ways
of simulating WP instructions in the context of functional
simulation [I8]: 1) reconstructing the instructions along the
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Fig. 15: Geomean IPC speedup of various prefetchers and LLC
replacement policies under No-WP and ED-WP.

WP using previously recorded CP information, 2) using more
aggressive and costly simulation to attempt to reconstruct
memory addresses along the WP, and 3) combining the first
idea with doing a less aggressive reconstruction of memory
addresses by exploiting control reconvergence. They report
that this third technique provides the best balance between
simulation speed and accurate estimation of performance.
Unfortunately, this approach is still execution-driven rather

than trace-driven. It requires having the binary executables
as well as inputs, making the simulation infrastructure more
complex and possibly infeasible if the goal is to study pro-
prietary software for which traces but not binaries can be
made available. Trace-driven simulation also has the advantage
of complete determinism, while functional simulation can
behave nondeterministically based on e.g. using time-of-day
information to seed random number generators.

Ros and Jimborean propose a WP model based on
information collected from a trace. While accurate for mod-
eling the front end, we show in this work that it fails to
accurately model data accesses on the WP. In this paper,
we model this approach as TI-WP. Oh et al. [42] propose
a similar model. Execution-driven simulation is used when-
ever possible, while trace-driven simulation is leveraged for
complex, multi-process, and Java-VM-based applications that
cannot be directly executed in their simulator. The trace
data is collected using DynamoRIO and Intel PT, ensuring
a precise reconstruction of dynamically executed basic blocks
and memory accesses for accurate performance modeling. To
provide a credible methodology while using a trace-driven
simulator, when a branch is mispredicted leading to a WP, they
replay previously recorded traces from when that path was the
CP, selecting traces likely to have similar memory behavior, or
NOP instructions if no such path is available. They find that in
99% of cases, there are traces available for which that path was
previously correct. However, again, the sequence of memory
addresses generated from this methodology is not the same
as the actual WP. Replayed load/store instructions reuse prior
memory addresses, potentially affecting WP L1D pollution.

VII. CONCLUSIONS

Modern OoO CPUs speculatively execute a substantial
volume of instructions along mispredicted paths, significantly
affecting cache state and overall performance. Trace-driven
simulators, though widely used for their speed and simplicity,
typically ignore these effects or model them only on the
instruction side. We introduced ED-WP, which incorporates
execution-driven wrong-path behavior into trace-driven sim-
ulation. Our evaluation shows IPC variations of —3.6% to
85.7% compared to ignoring WP effects. TI-WP captures the
instruction-side prefetching effect but misses the data side
entirely, where ED-WP reduces L1D misses by up to 41.4%.
WP modeling also alters prefetcher and replacement policy
rankings. We also provide tools and traces to help improve
simulation accuracy.
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APPENDIX
A. Abstract

This artifact contains the complete experiment workflow
for reproducing all results presented in the paper. It in-
cludes pre-generated ChampSim traces, pre-computed simu-
lation results, and gem5 checkpoints for all benchmarks. Sin-
gularity/Apptainer container definitions are provided for both
ChampSim and gem5 to ensure a reproducible environment.
Three evaluation paths are supported: a quick path that regen-
erates all paper figures from pre-computed results (~10 min),
a full reproduction path that rebuilds ChampSim and re-runs
all simulations from traces (~35 binary configurations x 3
simulation modes x ~27 benchmarks), and an optional trace
generation path that regenerates traces from SPEC CPU 2017,
GAP, and LCF benchmarks using gemS5.

B. Artifact check-list (meta-information)

e Program: gem5 (full-system simulator) and ChampSim
(trace-driven microarchitectural simulator)

o Compilation: GCC 13, CMake, Make (all provided by
the container)

o Traces: Pre-generated ChampSim traces for SPEC CPU
2017, GAP, and LCF benchmarks

o Binary: Precompiled gemS5.opt; ChampSim binaries
built during setup (~35 configurations)

« Data set: Pre-computed simulation results for all bench-
mark/configuration/mode combinations

« Run-time environment: Singularity/Apptainer contain-
ers (Ubuntu 22.04) for both ChampSim and gem5

o Hardware: Machine with > 32 GB RAM

e Metrics: IPC, cache hit/miss rates, cache pollution,
branch MPKI, ROB occupancy, prefetcher accuracy, sim-
ulation overhead

o Output: Simulation statistics files; paper figures as PDFs
and interactive HTML

o Experiments: Bash scripts for all configurations (local
and SLURM); Jupyter notebook for analysis

« How much disk space required (approximately)?:
~50GiB for traces; ~1.2 TiB for gem5 checkpoints (un-
compressed)

o How much time is needed to prepare workflow (ap-
proximately)?: ~15min

o How much time is needed to complete experiments
(approximately)?: ~10min for quick path; ~hours on
HPC / ~days locally for full reproduction; ~weeks for
SimPoint generation, ~hours per benchmark for trace
generation

o Publicly available?: Yes

o Archived (provide DOI)?: 10.5281/zenodo.18914161

C. Description
1) How to access:

o Download artifact from Zenodo:
https://doi.org/10.5281/zenodo.18914161

e Download size: ~38 GB

2) Hardware dependencies:

o At least 32 GB memory.

o At least 350 GB disk space (~1.5TiB for full trace
regeneration).

3) Software dependencies:

« Singularity or Apptainer (install guide)

o All other dependencies (GCC 13, CMake, Python 3,
Jupyter) are provided by the container

o Building the container requires sudo (or equivalent).
On HPC systems without root access, build on a local
machine and copy the .sif file to the cluster.

D. Installation

Extract the artifact tarball and run the setup script:

tar -xzvf cwps-ae.tar.gz -C cwps-ae
cd cwps—ae/ChampSim
bash setup.sh

The script builds the Singularity container, compiles
ChampSim inside it, and runs a smoke test. All subsequent
commands assume you are in the ChampSim/ directory. For
optional trace generation:

cd ../trace—generation
bash setup.sh

E. Experiment workflow
Three evaluation paths are provided:
1) Quick Path (~10min): Regenerate all paper figures
from pre-computed results.
bash scripts/generate_figures.sh \
—-results—-dir paper_results

2) Full Reproduction (~hours on HPC, ~days locally):
Build all ~35 binary configurations, run simulations
across 3 modes (CP, ED-WP, TI-WP) for all bench-
marks, and regenerate figures.
bash scripts/generate_binaries.sh
bash scripts/run_simulations.sh \
——traces-dir \
../trace-generation/output/traces \
—--mode local --suite ALL

bash scripts/generate_figures.sh

For SLURM execution:

SLURM_ACCOUNT=your_account \

bash scripts/run_simulations.sh \
—-—traces—-dir \
../trace—generation/output/traces \
—--mode slurm —--suite ALL

3) Trace Generation (optional, ~weeks for SimPoint
generation on HPC, ~hours per benchmark for trace
generation): Regenerate ChampSim traces from SPEC
CPU 2017, GAP, and LCF benchmarks using gem5. See
trace—-generation/TRACE_GENERATION.md.


https://doi.org/10.5281/zenodo.18914161
https://apptainer.org/docs/admin/main/installation.html

F. Evaluation and expected results

The artifact reproduces all figures presented in the paper.
Figures are generated as PDFs in analysis/pdf/ and
as interactive HTML in analysis/html/. Key results to
verify:

o IPC speedup of ED-WP over No-WP across all bench-

mark suites

o Cache pollution: reduction in correct-path misses at L11,

L1D, L2C, and LLC

« ROB occupancy increase at misprediction points under

wrong-path simulation

o Simulation overhead of ED-WP vs. gem5 full-system

simulation

o Prefetcher and replacement policy sensitivity under

wrong-path effects

Using the quick path with pre-computed results produces
figures identical to those in the paper. Full reproduction using

the provided traces should also produce identical results. If
new traces are generated from checkpoints, results may exhibit
minor variations, but overall trends and conclusions remain
consistent.

G. Experiment customization

Individual suites can be selected with ——suite:

bash scripts/run_simulations.sh \
-—traces-dir ../trace-generation/output/ \
traces —-—-mode local —--suite SPEC

Valid options: SPEC, GAP, LCF, or ALL. Run bash
scripts/run_simulations.sh —--help for all op-
tions. ChampSim configurations in configs/ can be mod-
ified to experiment with different parameters; rebuild with
bash scripts/generate_binaries.sh.
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