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Abstract

Address translation has become a significant and growing perfor-
mance bottleneck in modern GPUs, especially for emerging irregu-
lar applications with high TLB miss rates. The limited concurrency
of hardware Page Table Walkers (PTWs), due to their small and
fixed number, causes severe contention and substantial queueing de-
lays under high translation pressure, which significantly degrades
performance.

This paper introduces SoftWalker, a novel, scalable, and flexible
framework that fundamentally shifts the GPU page table walking
from fixed-function hardware to software execution. SoftWalker
leverages the GPU’s massive thread-level parallelism by dynami-
cally dispatching specialized, lightweight software threads running
on GPU cores to handle TLB misses requiring page table walks. In
addition, to expand L2 TLB MSHR capacity on demand, SoftWalker
incorporates In-TLB MSHRSs, a key innovation that repurposes un-
derutilized L2 TLB entries to track outstanding misses when existing
MSHRSs are saturated. By alleviating MSHR-induced contention,
this design preserves the key advantage of highly parallel page
table walking in software. SoftWalker enables thousands of concur-
rent page table walks, significantly reducing PTW-level contention
and translation queueing delays. As a result, it achieves an average
reduction of 72.8% in page walk latency and delivers an average
speedup of 2.24x (3.94X for irregular workloads).
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1 Introduction

Modern Graphics Processing Units (GPUs) have become indispens-
able accelerators for a wide range of tasks, from scientific simu-
lations and data analytics to deep learning and graphics render-
ing [11, 26, 40, 64, 67, 92, 95]. To support the increasingly large
datasets and complex memory access patterns characteristic of
these applications, GPUs have incorporated sophisticated virtual
memory systems. This trend is further accelerated by the advent
of high-speed interconnects like NVLink [63, 69] and Compute
Express Link (CXL) [15, 51, 73]. These technologies allow multiple
GPUs or system-level memory expansions to be combined into a
single, large memory domain, positioning the virtual memory sys-
tem as the cornerstone for abstracting data location and enabling
seamless access across the expanded, heterogeneous memory space.
Consequently, these virtual memory systems provide benefits like
larger address spaces, programmability, and support for advanced
features such as unified memory and demand paging [3, 43, 84]. Cen-
tral to GPU virtual memory is the address translation mechanism,
which maps virtual addresses generated by GPU threads to physical
addresses. This process typically relies on a hierarchy of Translation
Lookaside Buffers (TLBs) to cache recent translations and hardware
Page Table Walkers (PTWs) to resolve TLB misses by traversing
multi-level page tables residing in memory [36, 46, 47, 60, 75, 76].
Despite many benefits, address translation is increasingly be-
coming a significant bottleneck, particularly for applications with
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Figure 1: SoftWalker Overview

irregular memory access patterns [6, 7, 35, 45, 49, 72, 85, 86]. Un-
like regular workloads with coalesced memory accesses, irregular
applications (common in graph processing, sparse linear algebra,
and database operations) often exhibit scattered, fine-grained mem-
ory accesses with poor spatial and temporal locality. Consequently,
threads within the same warp often access different memory pages,
exceeding the limited capacity of on-chip TLBs and resulting in
frequent TLB misses.

Conventional GPUs attempt to handle these TLB misses using
a small, fixed number of hardware-based PTWs [6, 23, 45, 49, 52,
53,72, 77, 78, 86, 94]. While this design is sufficient for workloads
with high TLB hit rates, its limited scalability in parallelizing page
walks through hardware PTWs introduces a critical bottleneck
under high translation pressure. When numerous TLB misses oc-
cur simultaneously across thousands of active threads, the limited
number of hardware PTWs becomes a heavily contended resource.
This contention leads to substantial queueing delays, as translation
requests are buffered until a PTW becomes available. Our experi-
mental results reveal that for irregular workloads, queueing delay
accounts for 95% of the total page table walk latency on average
(see Section 3.3 for more details), far exceeding the actual page
table traversal time. While scaling the number of hardware PTWs
may reduce queueing delays, it incurs substantial area and power
overheads and requires proportionally larger associated structures
like Miss Status Holding Registers (MSHRs) and Page Walk Buffers
(PWBs), posing scalability challenges [23, 77, 86].

To address this challenge, this paper introduces Soft Walker, a
scalable and flexible framework that performs GPU page table walk-
ing entirely in software. Instead of relying solely on fixed-function
hardware, SoftWalker leverages the inherent massive Thread-Level
Parallelism (TLP) of the GPU itself to perform page table walks.
The key idea is to dynamically launch specialized, lightweight GPU
threads (termed Page Walk Warps or PW Warps) to handle TLB
misses by leveraging idle GPU cycles. Figure 1 depicts the concep-
tual overview of SoftWalker. When there are a massive number of
TLB misses in the baseline architecture, the Streaming Multipro-
cessors (SMs)! are stalled due to high queueing delay caused by

'We use NVIDIA’s terminology in this paper. However, our proposed technique is
general and applicable to other GPU architectures (e.g., AMD, Intel).
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contention in a limited number of PTWs. In contrast, our approach
offloads the TLB misses to one of the SMs by launching a PW Warp.
This warp executes a lightweight software routine that traverses
the page table hierarchy, thereby repurposing idle GPU execution
resources to serve as on-demand page table walkers. Since the GPU
can launch enough PW Warps to handle a large number of concur-
rent TLB misses, SoftWalker can eliminate queueing delays caused
by limited PTW resources. As a result, our approach resolves stalls
associated with address translation faster than the baseline, leading
to significant performance improvement.

SoftWalker incorporates two architectural innovations to enable
this software-based approach by overcoming associated challenges.
First, it introduces PW Warps, which are isolated from regular user
warps to maintain security and avoid interfering with application
parallelism. SoftWalker implements PW Warps on each SM with
minimal hardware overhead. Second, to address the bottleneck
caused by the limited number of L2 TLB MSHRs, it introduces In-
TLB MSHRs inspired by In-Cache MSHRs [21]. This mechanism
repurposes underutilized L2 TLB entries themselves to temporarily
store metadata for pending TLB misses when the dedicated hard-
ware MSHRs are full. In-TLB MSHR notably expands the system’s
capacity to track concurrent outstanding translations without re-
quiring large, power-hungry hardware MSHR structures and allows
more page walks to be processed in parallel.

Together, SoftWalker can support thousands of concurrent page
walks, effectively eliminating the contention-induced queueing de-
lays that plague hardware-based page walk systems under high
TLB miss pressure. Converting stall cycles, often prevalent during
long-latency memory operations (including address translation)
in irregular workloads, into productive page-walking work, Soft-
Walker improves address translation throughput and overall GPU
resource utilization. Our evaluation demonstrates that SoftWalker
significantly reduces page table walk latency by an average of 72.6%
and achieves substantial application speedups of 2.24x on average
across diverse workloads (3.94x for irregular workloads). To ensure
compatibility with latency-sensitive regular workloads, SoftWalker
can operate in a hybrid mode that retains conventional hardware
PTWs and selectively uses software-based walkers only when nec-
essary, enabling flexible and practical deployment across diverse
GPU environments.

The key contributions of this paper are as follows:

e Detailed Analysis on Page Walk Contentions. We pro-
vide a detailed analysis of GPU workloads that show irregular
memory access patterns, highlighting severe contention in
page table walks. This motivates the need for scalable page
walk mechanisms.

e Software-Defined Page Walk Framework. We propose
SoftWalker, the first software-defined framework for GPU
page table walk. It utilizes specialized software threads (PW
Warps) executed on SMs to dynamically scale page walk
concurrency by leveraging the GPU’s inherent thread-level
parallelism and converting idle compute resources into on-
demand walkers. This design addresses the scalability limi-
tations of fixed hardware PTWs fundamentally.

o Architectural Integration. We detail the architectural sup-
port for SoftWalker, including PW Warp management (Soft-
PWB, SoftWalker Controller, Request Distributor) and minimal
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ISA extensions (LDPT, FL2T, FPWC, FFB). Furthermore, we in-
troduce In-TLB MSHRs, a lightweight and flexible technique
that repurposes underutilized L2 TLB entries as temporary
storage to track outstanding TLB misses.

e Evaluation. We evaluate SoftWalker across diverse work-
loads and various configurations, demonstrating on average
72.8% reduction in translation latency and a 2.24x perfor-
mance improvement.
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Figure 2: GPU architecture with virtual memory support

2 Background and Motivation
2.1 GPU Virtual Memory

Memory virtualization in GPUs is essential for supporting large
address spaces and enabling unified memory access between CPUs
and GPUs. GPUs employ a multi-level TLB hierarchy to reduce ad-
dress translation overheads by caching virtual-to-physical address
mappings. Typically, each SM has a private L1 TLB, while a large
L2 TLB is shared among all SMs [45, 77].

Figure 2 depicts the address translation process in GPUs. When
an SM issues global memory access, it first looks up the TLB to
translate the virtual address to a physical address before accessing
the cache hierarchy (). On a TLB miss (@-®), the Miss Status
Holding Registers (MSHRs) of each TLB hold the information of the
missed request and forward it to the next TLB level or Page Walk
Subsystem (@). Then, the Page Walk Subsystem buffers missed
requests of L2 TLB into the Page Walk Buffer (PWB) (®). GPUs
rely on a highly threaded Page Table Walker (PTW) to handle a
large number of page table walk requests simultaneously generated
by thousands of threads [75, 76]. In this paper, the terms ‘page
table walk’ and ‘page walk’ are used interchangeably to refer to the
process of translating a virtual address into a physical address by
traversing the page table structure. The idle PTW selects a page
walk request from the PWB and traverses page tables by issuing
a memory request to the cache hierarchy (®). Since conventional
GPUs adopt multi-level radix page tables [45, 60], the PTW sequen-
tially accesses each level of page tables (®). Page Walk Cache (PWC)
enables PTWs to skip accessing intermediate levels of page tables
by caching recently accessed Page Table Entries (PTEs) (@).

2.2 Characteristics of GPU Address Translation

Modern GPUs leverage coalescing to maintain high throughput
for regular workloads, merging a warp’s memory accesses and
translation requests when they fall within the same cache line
or page [12, 81, 82]. However, this model easily fails for irregular
workloads. The scattered memory accesses can cause a single warp
instruction to trigger up to 32 distinct cache and TLB lookups,
thereby decreasing the overall performance [6, 75, 76, 85, 86].
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Figure 3: Access patterns of two irregular (nw [13], bfs [58])
applications and one regular (2dc [24]) application. For each
application, the left figure shows the overall view of memory
access pattern, while the right figure shows a zoomed-in view
of the red-boxed region in the left. We use a 64KB page size
in this experiment.

To analyze the memory access pattern in page granularity, we
profile the addresses of global load/store instructions for three ap-
plications in the real GPU environment. Figure 3 shows the memory
access pattern of nw, bf's, and 2dc in 64KB page granularity. The
x-axis of each graph represents cycles, while the y-axis represents
the page indexes. The 2dc shows a regular access pattern, sequen-
tially accessing the contiguous region. Such a pattern allows GPUs
to highly utilize their pipeline and memory bandwidth with a high
TLB hit rate. In contrast, nw and bf's exhibit irregular memory ac-
cess patterns, accessing a wide range of address space within a
short time window. These access patterns easily exceed the L2 TLB
coverage, resulting in frequent TLB misses and contention at PTWs.

To estimate page walk contention on a real GPU (NVIDIA A2000),
we develop a microbenchmark that generates a variable number
of concurrent page walks by issuing memory accesses from warps
with one active thread, each accessing a distinct cache line. As
shown in Figure 4, average memory access latency increases pro-
portionally with the degree of concurrency. This trend directly
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Figure 4: Average memory access latency of the NVIDIA
A2000 as the number of concurrent page walks increases.
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Figure 5: Impact of increasing PTWs on performance.

indicates contention; in an ideal system without bottlenecks, the
latency would remain relatively constant regardless of the number
of concurrent requests. At 256 concurrent walks, the latency in-
creases by 4x compared to a single walk, confirming that page walk
contention is a significant performance bottleneck in real GPUs.
Based on the observed memory access patterns and contention
in page walks, we conduct a simulation-based study to evaluate
the performance impact of PTW contention. Along with increasing
the number of PTWs, we also enlarge the L2 TLB MSHR and PWB
entries proportionally to accommodate the additional walkers. De-
tailed experimental configurations and benchmark information are
in Table 3 and Table 4. Figure 5 shows the speedup of each appli-
cation with increasing PTWs, normalized to the 32-PTW baseline.
The results show that in the ideal case, where there is no page walk
contention, the GPU achieves an average speedup of 2.58x over the
baseline with 32 PTWs. Especially for irregular applications, which
require more than 32 PTWs to reach peak performance, the GPU
achieves an average speedup of 4.84X over the baseline. While reg-
ular applications are sufficient with 32 PTWs, irregular applications
require PTWs from 256 to 1024 to fully resolve contention in page
walks. These findings indicate that PTW contention significantly
degrades overall performance by stalling address translation and
leaving other resources, such as execution pipelines, underutilized.
While increasing the number of PTWs improves performance, it
is not a scalable or practical solution due to excessive power and
area overheads [23, 77, 86]. Increasing PTWs requires more entries
in the L2 TLB MSHR and PWB, which are commonly implemented
using fully associative structures, incurring significant power and
area overheads [22, 27, 30, 50]. Therefore, a fundamentally different
approach is required to increase the throughput of page walks.

2.3 Mitigating Page Walk Overheads in GPUs

As discussed above, contention during page walks results in signifi-
cant performance degradation, as it stalls the pipeline and underuti-
lizes the cache hierarchy. Rather than simply increasing the number
of PTWs, prior studies have explored alternative approaches from
various perspectives to address this challenge.

Coalescing Page Table Walk Requests. Neighborhood-Aware
page table walk (NHA) [86] proposed a page table walk coalescing
mechanism, which merges multiple page walk requests targeting
the same cache line into a single request. Since GPU accesses cache
hierarchy in a cacheline granularity (32-128B), this strategy can
merge up to 16 page walk requests into a single one. However, NHA
is only effective when currently pending page walk requests are fit
into a single cacheline of the page table. When multiple page walk
requests in the PWB cannot be merged (nw and bfs in Figure 3),
there are substantial contentions in page walks.
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Table 1: Comparison with prior works mitigating page walks
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Figure 6: Impact of page table walk contention under large
pages and page walk coalescing

Scheduling Page Table Walk Requests. Shin et al. [85] proposed
a page walk scheduling mechanism to mitigate latency imbalance
within a warp. They reduce the latency gap between the first and
the last completed page walk requests in the same warp instruction
by scheduling page table walk requests. Although this technique de-
creases the stall cycles of a warp, it cannot resolve the fundamental
cause of page table walk contentions.

Hashed Page Table. Hashed Page Tables [29, 32, 48, 87, 88, 98]
mitigate page walk overhead by replacing multiple page table steps
with a hash-based single access. FS-HPT [32] adopted a Hashed
Page Table (HPT) to the GPU virtual memory system to mitigate
page walk overhead. By exploiting the insight that GPU HPT has a
lower hash collision rate than CPU, it removed sequential accesses
to each level of the page tables. However, FS-HPT aims to reduce
memory accesses per page walk request, not increase the page walk
throughput. Therefore, HPT-equipped GPUs will still suffer from
contention in PTW.

TLB-Related Techniques. One of the strongest methods to reduce
page walks is to increase the TLB hit rate. CoLT [74], Mosaic [6],
and SnakeByte [49] extended TLB reach by coalescing PTEs of a
contiguous virtual address region into a single entry. The coalesced
entry can cover wider address regions than the system page size by
introducing multiple valid bits in each entry or recursive merging.
However, irregular workloads easily thrash TLB entries, reducing
the effectiveness of coalescing. Meanwhile, Avatar [72] proposed a
TLB speculation in GPUs. When an L1 TLB miss occurs, they spec-
ulatively calculate the physical address and validate the speculated
address using the PTE embedded within a data cacheline. Even if
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Figure 7: Breakdown of page table walk latency. The striped bar represents the queueing delay.

this approach eliminates L2 TLB accesses and page walks, it funda-
mentally requires a page walk when validating on an uncompressed
cacheline, causing contention in page walks.

Common Constraints in Prior Techniques. As discussed above,
prior techniques may still suffer from page walk contention for
applications with large memory footprints and irregular access
patterns at the page level. To verify that contention in page table
walks remains even with prior techniques, we evaluate the speedup
of page table walk coalescing [86] and large page (2MB) [6, 49, 74]
as the number of PTWs increases. Since the input sizes of our
benchmarks fit within the L2 TLB coverage for large pages, we select
10 benchmarks whose memory footprints can be scaled beyond
the L2 TLB capacity and estimate the speedup by increasing their
memory footprints. Figure 6 shows the impact of PTW contention
when either page table walk coalescing (Figure 6a) or large pages
is applied (Figure 6b). The results show that increasing PTWs still
provides substantial performance improvements by mitigating page
walk contentions, even in systems employing these techniques.
These findings indicate that increasing the number of PTWs is
beneficial and complementary to prior approaches.
Software-Based Approach. To enable scalable page walk through-
put, we introduce SoftWalker, a software-based page table walk
mechanism. Table 1 summarizes prior techniques aimed at mitigat-
ing page walk overheads in GPU virtual memory systems. Unlike
prior approaches focusing on coalescing page walks or mitigat-
ing specific inefficiencies in the walks, SoftWalker directly targets
the throughput limitation of hardware page walkers. SoftWalker
achieves this by dynamically launching lightweight threads to per-
form page walks in response to L2 TLB misses. This approach offers
scalability and flexibility, as the page walk process is implemented
in software. Furthermore, SoftWalker eliminates the dependency
on hardware page table walkers, unlike prior techniques.

3 A Software-Based Page Table Walk in GPUs
3.1 Key Concept

To mitigate the bottleneck resulting from a limited PTWs, we intro-
duce SoftWalker, a software-based framework designed to handle
page walks. The fundamental principle of SoftWalker is to dynami-
cally launch multiple page walk threads on demand, thereby lever-
aging idle GPU cycles for page walk tasks, as illustrated in Figure 1.
By providing sufficient page walk bandwidth on demand, Soft-
Walker effectively eliminates queuing delays caused by contention
during page walks and resolves severe bottlenecks in page walks.
In the following section, we will discuss key insights on applying
software-based page table walks for GPUs.

405

3.2 The Dominance of Queueing Delay in Page
Table Walk Latency

Contention among page walk requests increases page walk latency
and stalls the GPU pipeline, degrading overall performance. In this
paper, we define page walk latency as the sum of queueing delay
and page table access latency. Queueing delay refers to the time
between issuing an address translation request and the point at
which a PTW begins processing it, while page table access latency
denotes the time the PTW spends traversing the page table hier-
archy. We observe that, for irregular applications, the dominant
contributor to page walk latency is a queueing delay caused by
contention in PTWs. Figure 7 illustrates how page walk latency
changes with the number of available PTWs. The striped region
of each bar represents the queueing delay. Our results show that,
in the baseline configuration, queueing delay accounts for 95% of
total page walk latency for irregular applications. This result in-
dicates that contention at PTWs has a more significant impact on
performance than the cost of individual page walks. As the num-
ber of cores continues to grow in modern GPUs, the contention in
hardware PTWs is severely exacerbated, necessitating a scalable
solution to alleviate the bottleneck and unlock performance for
irregular applications.

Key Observation: For irregular GPU applications, the
dominant factor contributing to page walk latency is
queueing delays induced by contention in PTWs

3.3 Opportunity to Walk GPU Page Tables
Using a Thread

Building on the key observation in Section 3.2, the question is how
to scale page walk throughput without incurring extensive hard-
ware cost. Previous CPU design explored software-managed TLBs,
where TLB misses trigger exceptions handled by the Operating
System (OS) [25, 31, 38, 57]. In such systems, a TLB miss causes the
CPU to switch from user mode to kernel mode and invoke a TLB
exception handler, which loads the missing PTE into the TLB before
resuming execution of the faulting instruction. Finally, the OS re-
turns control to the original context to replay the stalled instruction.
However, frequent privilege transitions and heavyweight context
switches make such approaches inappropriate for latency-sensitive
CPU cores [19, 56].

In contrast, GPUs utilize fine-grained multithreading to inter-
leave thousands of threads with minimal context switching over-
head (as low as one cycle) [14, 55]. This massive thread-level paral-
lelism inherent in GPU architectures presents a compelling opportu-
nity to revisit software-based address translation. Specifically, GPUs
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Figure 8: Breakdown of warp scheduler cycles of A2000

can potentially scale the throughput of page walks by parallelizing
the walking process across threads. This unique capability opens
the door to efficient software-managed page table walk mechanisms
on GPUs, which can be designed to exploit thread-level parallelism
to service multiple walk requests concurrently, thereby improving
address translation throughput.

Key Insight @: The massive thread-level parallelism and
low context-switching overhead of GPUs make thread-
based page table walks feasible and scalable.

GPUs rely on warp scheduling to efficiently hide memory latency
by rapidly switching execution contexts among warps. Despite this
capability, SMs often encounter significant stall cycles, predom-
inantly due to long-latency memory operations and data depen-
dencies. These stalls become severe in irregular workloads, where
memory accesses exhibit minimal spatial locality and increased
memory divergence, leading to ineffective warp-level coalescing
and underutilized hardware resources [44, 86, 93, 97, 99].

To quantify the proportion of stall cycles during execution, we
analyze warp scheduler cycles on a real GPU. Figure 8 presents
the cycle breakdown for NVIDIA A2000 [61]. Except for issued
cycles (shown in black), all other cycles indicate that the warp
scheduler is unable to issue any instructions from the current active
warps. For irregular applications, we observe that nearly 90% of the
warp scheduler cycles are attributed to memory and scoreboard
stalls, highlighting substantial underutilization of the GPU pipeline.
These underutilized cycles represent a key opportunity: rather than
remaining idle, they can be repurposed to perform page table walks
in software. By utilizing these idle cycles for software-driven page
table walks, GPUs can mitigate contention in page table walks and
improve the utilization of their extensive computational resources.

Key Insight @: Abundant stall cycles on irregular GPU ap-
plications provide enough room for executing a software-
based page table walk.

GPU’s massive parallelism, capability for rapid context switching,
and enough idle core cycles provide a strong opportunity to realize
a scalable software-based page table walk. The increased page walk
bandwidth addresses the contention in handling PTWs, detailed in
Section 3.2. Figure 9 provides a conceptual timeline view of three
different page table walk scenarios.

In an ideal hardware scenario with sufficient PTWs (top), the
total page walk latency consists solely of the page table access
time alone. However, a realistic baseline with a limited number of
PTWs (middle) suffers from heavy contention, causing queueing
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Figure 9: Page table walk latency comparison among ideal
case with sufficient hardware PTWs (top), baseline with only
a limited number of hardware PTWs (middle), and software-
based approach (bottom). The green boxes represent addi-
tional latency for the software-based approach.

delay to become the dominant component (about 95%), thereby
dramatically increasing the overall page walk latency. On the other
hand, a software-based approach (bottom) effectively eliminates
these contention-induced queueing delays. The key to improved
page walk latency lies in a reasonable trade-off between slightly
increased per-page walk latency and dramatically reduced total
page walk latency. As shown in the figure, the software-based ap-
proach introduces small overheads for instruction execution and
SM-L2 TLB communication (i.e., forwarding TLB misses to cores
and returning page walk results to the TLB), making its intrinsic
per-walk latency slightly longer than that of an ideal case. However,
this slight increase in per-walk latency is negligible compared to the
massive queueing delay it eliminates. As a result, by launching hun-
dreds of walkers, SoftWalker mitigates the severe queueing delay
that plagues the baseline system, yielding a substantial speedup.

Key Insight @: The massive throughput of software-based
page table walk eliminates the dominant queueing delay,
compensating for the modest increase in individual walk
latency.

In summary, the insights discussed above highlight the effec-
tiveness of a software-managed GPU page table walker in improv-
ing page walk throughput. By leveraging thread-level parallelism
and utilizing idle GPU cycles, this approach significantly reduces
contention-induced queuing delays. In the following section, we de-
tail the architecture and implementation of SoftWalker, and explain
how it mitigates queueing delays in page table walks.

4 Implementation

4.1 Overview

SoftWalker is designed to efficiently handle GPU page table walks in
software by leveraging GPU cores to parallelize and scale the trans-
lation process. Figure 10 illustrates a high-level overview of how
page walk requests are managed and executed within SoftWalker.

The detailed operation flow of SoftWalker is as follows: Upon
encountering an L2 TLB miss, the L2 TLB records the miss in its as-
sociated MSHRs. Then, the page walk request looks up PWCs and is
forwarded to a Request Distributor (@). The Request Distributor se-
lects the core to process that request, and the SoftWalker Controller
dedicated to each core fills the request into software-managed PWB
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(SoftPWB) (®). Subsequently, the SoftWalker Controller initiates a
specialized warp called a Page Walk Warp (PW Warp) to perform
software-managed page table walks (®). PW Warp fetches page
walk code from the instruction cache and runs the instructions
within the SM pipeline (®-@). The PW Warp’s operations are as
follows: loads page walk requests from PWB (®), computes page
table offsets (@), gets PTE from in-memory page tables (@), and fills
L2 TLB and PWC (®). Finally, once the PW Warp fills the L2 TLB
entry, the SoftWalker Controller marks the operation as complete,
freeing the PW Warp for the next page walk assignment (D).

4.2 Page Walk Warp

SoftWalker performs software-based page walks by executing in-
struction sequences using GPU threads. To run these threads, the
GPU must allocate threads on each SM. However, simply allocating
dedicated threads for page walks reduces the number of threads
available for the user kernel to be scheduled on an SM, potentially
degrading application parallelism. Alternatively, sharing warp con-
texts—as explored in Assist Warp designs such as CABA [93]—could
allow the reuse of existing warp resources. Nevertheless, this ap-
proach is unsuitable for address translation, where page walks
involve accessing privileged virtual-to-physical mapping.

To resolve these challenges, SoftWalker introduces a Page Walk
Warp (PW Warp), a specialized warp that is structurally isolated
from regular warps to each SM. Rather than consuming the limited
number of user warp contexts, SoftWalker provisions dedicated
architectural slots for the PW Warp, including an instruction buffer
entry, scoreboard entries, and SIMT stack entries. The PW Warp
is given the highest scheduling priority, as delays in page walks
can stall the execution of other warp instructions and degrade
overall performance. In addition to warp context resources, the PW
Warp also requires a small number of registers. In our experiments,
compiling the page walk code with a real GPU compiler revealed
that a PW Warp requires only 16 registers, representing a negligible
portion of the available register file. Recent studies have shown
that GPU applications typically underutilize register files due to
thread or thread block limits [1, 33, 34, 44, 45, 93, 99]. Leveraging
this observation, SoftWalker allocates a small number of unused
registers to the PW Warp with minimal impact on the resources.

The operation of PW Warp can be realized by the host driver
to orchestrate PW Warps under a thread block model. Before the
application kernel is dispatched, the driver preloads page walk
instructions into device memory and launches a single, specialized
block on each SM. This pre-launch reserves a minimal slice of
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core resources (e.g., registers, shared memory) so PW Warps can
issue with zero admission delay and execute through the core’s
standard instruction pipeline like ordinary code. Once resident, the
PW Warp enters a lightweight wait-execute loop governed by the
SoftWalker Controller. As page walk requests are directed to an
SM, the controller signals the warp scheduler to start scheduling
a PW Warp. The loop persists for the lifetime of the application
kernel, keeping translation capacity continuously available.

This design provides a secure and scalable mechanism to perform
page table walks in parallel without limiting the occupancy of SM
or compromising system isolation. We will discuss overheads or
security issues associated with PW Warps in Section 5.

4.3 ISA Extension

To enable PW Warp to handle the entire page walk process, we ex-
tend GPU ISA to support 1) loading PTE using the physical address,
bypassing TLB, 2) filling L2 TLB entry, 3) updating PWC entries,
and 4) storing VPN that causes page fault to the Fault Buffer when it
loads invalid PTE. We summarize the extended ISA in Table 2. First,
LDPT is a memory load instruction that loads PTE to the destination
register from the page table using the base address of each level of
the page table. Second, FL2T is a special instruction that fills the
L2 TLB entry with the last-level PTE that PW Warp loads from
the page table. When L2 TLB receives the PTE that FL2T sent, it
searches its MSHR and resolves the matching entry. Third, FPWC
updates PWC entries right after it loads the PTE of each page table
level. Since the L2 TLB sends page walk requests with the base
address of the recently accessed level of the page table by refer-
encing PWC, in most cases, each thread is only responsible for
updating the Page Directory Entry (PDE). Finally, FFB is an instruc-
tion that stores the invalid PTE to the Fault Buffer for page fault
handling [2, 42, 100]. These ISA extensions allow SoftWalker to
complete the page walk process exploiting the GPU core pipeline,
without relying on hardware page walkers.

Table 2: ISA Extension for SoftWalker

ISA | Description

Load page table entry from the page table.
This instruction bypasses accessing TLB
FL2T | Fill L2 TLB entry with the PTE.

FPWC | Fill Page Walk Cache entry.

FFB Fill Fault Buffer with invalid PTE.

LDPT

4.4 Page Walk Request Management

To manage page walk requests efficiently in SoftWalker, we need
architectural support, especially for 1) distributing page walks from
L2 TLB to each SM and 2) buffering page walk requests in each SM.
Request Distributor. First, we introduce a Request Distributor on
the L2 TLB-side, which assigns each L2 TLB miss to a target core.
The distributor maintains a per-core request counter to prevent
request overflow during distribution and to ensure that page walk
requests are assigned only to cores with idle PW Warps. The top half
of Figure 11 represents the Request Distributor. Once the distributor
selects a core based on each counter value (@), it increments the
counter associated with it (@) and sends page table walk requests to
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Figure 11: Management of page table walk requests

the selected core (®). The counter is decremented when it receives
the TLB fill request from that core (@).
SoftPWB and SoftWalker Controller. Each SM must be able to
accept and manage the page walk request that the Request Distribu-
tor sent. To support this, we introduce SoftPWB, a shared memory-
based request buffer that holds pending page walk requests for
that core’s PW Warp. We repurpose a portion of the L1D/shared
memory space as the SoftPWB so that the PW Warp can access
the SoftPWB entries using standard load instructions. Each request
consists of 1) a 33-bit VPN, 2) a 31-bit PFN of the page table base
address derived from PWC, and 3) a 2-bit field for the current level
of the page table, when assuming 49-bit virtual and 47-bit physical
address [60]. Therefore, we reserve 96 bits for each SoftPWB entry.
To manage the buffer and orchestrate the execution of PW Warp,
we introduce SoftWalker Controller. It tracks the status of each
PW Warp thread using a compact bitmap called a SoftPWB Status
Bitmap. Each entry in the bitmap contains 2 bits and encodes the
state of a thread: invalid (no request assigned), valid (request ready
for processing), or processing (currently executing a page walk).
The bottom half of Figure 11 depicts the SoftPWB and SoftWalker
Controller. Once the controller receives the page walk request,
the controller updates the status of the ‘invalid’ entry to ‘valid’ by
looking up the bitmap (@) and fills the request to the corresponding
SoftPWB position (®). When the SoftWalker Controller detects
a valid entry and the PW Warp is idle, it triggers a page table
walk, updating the status of the corresponding entry from ‘valid’ to
‘processing’ (®). Once the walk begins, the controller updates the
status to "processing" and later resets it to invalid upon completion.

4.5 In-TLB MSHR

While SoftWalker increases page walk throughput by generating
page walk threads, this enhanced throughput reveals another criti-
cal bottleneck: a limited number of L2 TLB MSHRs. If L2 TLB MSHR
entries are fully occupied, the L2 TLB can not reserve requests from
the L1 TLB (in this paper, we define it as MSHR failure). These
MSHR failures prevent the system from fully exploiting thousands
of page walkers [5, 21].

To see the impact of scaling PTWs and L2 TLB MSHRs inde-
pendently and jointly, we estimate the performance of irregular
applications: 1) fix L2 TLB MSHR entries as 128 and scaling PTWs,
2) fix PTWs as 32 and scaling L2 TLB MSHRs, and 3) scaling both.
Each configuration is denoted as “PTWs”, “MSHRs”, and “PTWs +
MSHRs” in Figure 12. The results, shown for both 64KB and 2MB

408

Jang, et al.

OPTWs ©OMSHRs BPTWs + MSHRs

sl

32 64 128 256 512 1024
(b) Large page (2MB)

OPTWs ©OMSHRs BPTWSs + MSHRs

3
2
1
0

32 64 128 256 512 1024
(a) Base page (64KB)

Speedup
OoORrNWAWUN
Speedup

Figure 12: Speedup of irregular applications when scaling
PTWs and L2 TLB MSHRs independently and jointly. “PTWs”
scales the number of PTWs while fixing MSHRs, “MSHRs”
scales MSHRs while fixing PTWs, and “PTWs+MSHRs” scales
both. All results are normalized to a baseline with 32 PTWs
and 128 L2 TLB MSHRs.

page sizes in Figure 12a and 12b respectively, reveal that both re-
sources are significant bottlenecks. With a 64KB page size, scaling
only the PTWs achieves just 59.3% of the ideal performance, while
scaling only the MSHRs is even less effective at 30.4%. Similarly, for
a large 2MB page, with scaling only PTWs or only MSHRs reaching
just 83.4% and 63.7% of the ideal case, respectively. This analysis
suggests that it is crucial to scale both PTWs and L2 TLB MSHRs.

To expand the L2 TLB MSHR capacity at a low cost, we leverage
underutilized L2 TLB entries for additional MSHR resources. We
observe that only 2.4% of accesses result in L2 TLB hits across
irregular applications, underscoring the severe underutilization of
L2 TLB entries in such workloads. These findings motivate a new
mechanism that better leverages the idle L2 TLB entries, enabling
them to buffer outstanding TLB misses when the dedicated MSHR
structures are already fully occupied [21, 96].

We propose In-TLB MSHR, a mechanism that extends MSHR
capacity by allowing L2 TLB entries to act as temporary MSHR
slots. Figure 13 shows the In-TLB MSHR design. Each entry equips a
pending bit, enabling it to hold either a valid translation or metadata
for a pending miss. The pending bit is associated with the valid bit
to indicate three states (valid, invalid, MSHR) of each TLB entry.
The operation of In-TLB MSHR is as follows: When a TLB miss
occurs, and all MSHRs are occupied (@), the TLB selects a victim
entry based on its replacement policy (®) and stores the metadata
of the outstanding request (e.g., SM ID, Warp ID) in that entry (®).
We allow the in-TLB MSHR to reserve the same tag in a set index to
support the MSHR merge [21]. Once the corresponding page walk
completes (@), the L2 TLB controller clears the pending bits of all
tag-matching ways (@). After that, it fills PTE information into one
of the matching ways (®) and resolves all corresponding misses
(@). In this way, SoftWalker can handle more concurrent misses
even under high MSHR pressure.

[Pending Bit Tag/Data Array L27TLB
o8 P|V] Tag [Way 1[P[V[ Tag [way 2] -+ [P[v[ Tag [Way n
Access o[1]ox0A[ PTE [ofoJoxoD]invalid| .- Jifo[ox7F
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Figure 13: In-TLB MSHR
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In-TLB MSHR boosts the effective capacity for in-flight transla-
tion requests without increasing the size of the dedicated MSHR
structure. Because the design does not use TLB entries when exist-
ing MSHR entries are enough, it remains compatible with regular
GPU workloads that rely on high L2 TLB hit rates.

4.6 Working Flow of SoftWalker

With this mechanism in place, a PW Warp is capable of handling L2
TLB misses by performing page table lookups in software, leverag-
ing spatially and temporally underutilized resources on each core.
First, the Request Distributor forwards L2 TLB misses to the SMs,
and the SoftWalker Controller on each SM initiates a page walk.
The SoftWalker Controller then marks the corresponding SoftPWB
bitmap entry as ‘processing’ (changing it from ‘valid’) and launches
the associated PW Warp to handle the request.

Figure 14 describes the abstraction of the instruction sequence
that the PW Warp executes. The code sequence is preloaded onto
the GPU memory by the GPU driver on the host side prior to kernel
launch. Threads in PW Warp load page walk requests—such as
virtual page numbers (VPNs), starting levels, and page table base
addresses—from the SoftPWB into their register files, and decodes
require information (lines 3-6). Then, they compute offsets for each
level of the page table (line 10). Using the offset and page table
base address, threads load PTE information by issuing the LDPT
instruction (line 13). After loading PTE, if the PTE is invalid, the
thread uses the FFB instruction to store it into the Fault Buffer (lines
16-19).1f the PTE is valid, threads issue FPWC, which is a kind of store
instruction to update PWC (line 21). Note that each thread starts
its page walk from the PWC hit level as the Request Distributor
consults the PWC before dispatching page walk requests. This
process continues until the last-level page table is accessed (lines
8-23). When threads load the last level PTE, they complete the
translation by inserting the final mapping into the TLB, issuing
the FL2T instruction (line 26). The FL2T instruction also decreases
the corresponding counter dedicated to the core at the Request
Distributor. Finally, the SoftWalker Controller finalizes the PW

int idx = threadIdx.x;

uint128_t pw_req
uint64_t pt_base
uinté4_t vpn
int pt_level

softPWB[idx]; // load PW request
pw_req & Ox@FFFFFFF FFFFFFFF;
pw_req >> 64;

(pw_req >> 60) & OxF;

ONOU A WN R

while (pt_level < 5) {
9 // Calculate page table offset for each level
10 int offset = (vpn >> ((pt_level-1)*9)) & Ox1FF;

12 // Access each level of the page table
13 pt_base = _ load_page_table(pt_base, offset); » LDPT

15 // Page fault handling
16 if (__page_fault(pt_base)) {

17 __fill_fault_buffer(vpn, pt_level); » FFB
18 return;

19 }

20 // Update PWC

21 __fill_page_walk_cache(vpn, pt_level, pt_base); » FPWC
22 pt_level++;

23}

25 // Fill L2 TLB entry
26 __fill_12_tlb(vpn, pt_base); » FL2T

Figure 14: Code Block for SoftWalker
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Warp by updating the SoftPWB bitmap of matching threads from
‘processing’ to ‘invalid’.

5 Discussion

5.1 Security Implication

Resource Isolation of PW Warp. To ensure robust isolation, Soft-
Walker must safeguard its internal data structures from unautho-
rized access. Although GPU architectures provide intra-warp regis-
ter communication via warp shuffle instructions (e.g., __shf1_ [20,
66]), SoftWalker remains unaffected by potential attacks leveraging
these instructions. This is because page walks are delegated to a ded-
icated PW warp, which operates in isolation from all other warps.
Importantly, GPU hardware enforces strict register file partitioning,
ensuring that register contents remain inaccessible across warps,
CTAs, or kernel invocations [37, 59, 66, 68, 83]. Additionally, the
translation metadata within SoftPWB is stored in shared memory,
which is architecturally isolated from regular warps. An attacker
thread block cannot access the data of a previously executed PW
warp because shared memory is scoped to the thread block that al-
located it; upon the block’s termination, its entire memory mapping
is invalidated. Moreover, an attacker block that runs concurrently
on the same SM cannot invade the shared memory of a PW warp.
This is because the shared memory of each thread block is mapped
to a private and isolated logical address space [66]. Consequently,
the GPU’s hardware memory protection mechanism raises an ex-
ception on illegal memory access attempts, effectively preventing
any out-of-bounds access.

Register File Uninitialization. The characteristic of PW Warp,
which contains the page table’s physical address in register files,
induces a potential security vulnerability. Pustelnik et al. [79] re-
cently demonstrated that several commercial GPU architectures
(e.g., AGX, Adreno, RTX) omit register file initialization prior to
shader execution. This enables leakage of stale values left in regis-
ters across kernel invocations, thus violating inter-kernel isolation.
In the context of SoftWalker, uninitialized registers may expose
sensitive metadata such as physical page table addresses to adver-
saries, which breaks down memory protection schemes. [28, 39].
SoftWalker can eliminate this vulnerability by adopting the guide-
line that inserts cleanup instructions after shader execution, which
was proposed by Pustelnik et al. [79].

5.2 Hardware Overhead

SoftWalker requires additional storage in each SM associated with
SoftWalker Controller and PW Warp. The controller requires 2 bits
for each thread in PW Warp (total 64 bits) to track the status of
page walk requests in the SoftPWB. To store PW Warp context, it
requires a 64-bit instruction buffer, 126-bit scoreboard entry [44],
and eight 160-bit (32-bit for 32-lane, 64-bit for PC, and 64-bit for
RPC) SIMT Stack entry [44, 99]. Therefore, SoftWalker requires
extra storage of 1470 bits (64+126+8x160) per SM.

In-TLB MSHR requires an additional 1-bit pending bit for each
entry; a total of 1024 bits is required. In addition, to evaluate the
overhead of In-TLB MSHR control logic, we implement it using
Synopsys Design Compiler [89] with 28nm UMC standard cells [91].
The additional area overhead for In-TLB MSHR control logic is
0.0061mm?. Even if we synthesize it with a larger process (28nm),
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Figure 15: Speedup versus area overhead for various hard-
ware configurations. Each data point is labeled with the num-
ber of PWB ports. Speedup and area overhead are normalized
to the 32 PTWs with one PWB port.

the area overhead is extremely small compared to 628.4mm?, which
is the GA102 full-chip area (7nm process) [61].

5.3 Performance vs. Area

One potential solution for mitigating page walk contention is to
increase the number of hardware page walkers. However, this ap-
proach is not cost-effective. Prior work [50] shows that 192 hard-
ware page walkers with 18 PWB ports occupy 3.9% of the total
GPU chip area. This overhead arises from the use of a Content-
Addressable Memory (CAM) structure in the PWB, where scaling
the number of entries and ports leads to super-linear area growth.

We evaluate the performance benefit of SoftWalker relative to
its hardware cost by comparing its performance and area with
those of hardware PTW scaling. Area overheads are estimated us-
ing CACTI [8, 80]. For the hardware-only approaches, we scale
the number of PTWs and proportionally increase the PWB entries
and L2 TLB MSHRs, which are implemented using CAM struc-
ture [50, 75, 76, 85, 86]. We also model the effect of varying the
number of PWB ports for each PTW configuration. Figure 15 illus-
trates the trade-off between performance and relative area overhead
for various configurations. The area efficiency of SoftWalker can
be effectively evaluated by comparing it to hardware configura-
tions with similar area overheads, highlighted by the red dashed
box. Within this area budget (relative area ~ 16-64), 32, 64, or
even 128 PTWs achieve speedups of 1.1x to 2.1x. In contrast, Soft-
Walker achieves a higher speedup of over 2.6x within the same area
budget. These results demonstrate that, for a given hardware cost,
SoftWalker delivers substantially better performance than simply
scaling hardware PTWs.

5.4 Hybrid Approach

While SoftWalker enables scalable software-managed page walks
for irregular workloads, it may degrade the performance of regular
applications with high TLB hit rates and low address translation
pressure. This is because the regular applications have negligible
queueing delay compared to irregular ones; the increased actual
page walk latency could incur a slowdown. One of the promising
solutions is retaining the existing hardware page walkers alongside
SoftWalker. As a result, we propose a hybrid design, where Request
Distributor prioritizes sending page walk requests to hardware page
walkers as long as any are available; once no free hardware walkers
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remain, it redirects subsequent requests to software walkers. The
hybrid version requires only adding a counter to track active page
walk requests handled by hardware page walkers. With this design,
regular workloads can utilize the hardware walkers as their primary
translation mechanism, while PW Warps remain for irregular ones.
We evaluate the implications of this hybrid design in Section 6.

5.5 Compatibility with Unified Virtual Memory

SoftWalker is compatible with Unified Virtual Memory (UVM) [84].
When a PW Warp encounters an invalid PTE (i.e., a page fault), it
executes the dedicated FFB instruction to log the fault information
into a fault buffer [2, 84, 100]. From the UVM driver’s perspective,
this behavior is equivalent to a page fault reported by a hardware
page walker, enabling the existing page fault handling protocol to
remain unchanged [9, 94].

Table 3: Experimental Setup

[ Component | Parameter
# of SMs 46 SMs
Clock Frequency 1500 MHz
Max. # of Warps 48 warps per SM
32 entries, 64KB page,
L1 TLB (per SM) 10 cycles, fully-associative,
32 MSHR entries, 192 merges per entry
1024 entries, 64KB page,
L2 TLB (Shared) 80 cycles, 16-way,
128 MSHR entries, 46 merges per entry
L1D Cache 128KB per SM, 40 cycles, 128B line (32B Sector)
L2D Cache 4MB, 180 cycles, 128B line (32B Sector)
M GDDR6, 1750 MHz,
emory 16 channels, total 448GB/s
Page Table four-level radix page table
Page Walk Cache 32 entries, fully-associative
Page Table Walker 32 page table walkers
32 page walk threads per SM,
32 SoftPWB entries per SM
SoftWalker 128 L2 TLB MSHR entries, 46 merges per entry
up to 1024 entry In-TLB MSHR
Table 4: Benchmarks
Footprint | L2 TLB Required
’ Type ‘ Name ‘ Abbr. ‘ (MB) ‘ MPKI ‘ % PTWs ‘
betweenness centr [58] bc 1194 9.0819 256
degree centr [58] dc 1138 26.17 512
sssp [58] sssp 1788 30.2808 512
graph coloring [58] gC 1294 13.7029 256
Irregular nw [13] nw 612 44.5329 512
(Required stencil2d [17] st2d 612 4.8493 256
#PTWs xsbench [90] xsb 360 57.9595 512
> 32) bfs [58] bfs 1396 22.1519 256
syr2k [24] sy2k 192 120.696 1024
spmv [17] spmv 288 2517.196 512
gesummv [24] gesv 226 1320.543 512
gups [35] gups 308 318.3202 1024
connceted comp [58] cc 2306 0.1309 32
kcore [58] kc 1152 0.5271 32
Regular 2dconv [24] 2dc 1120 0.0767 32
(Required it [17] fft 610 0.077 32
#PTWs histogram [62] histo 1124 0.0976 32
<32) reduction [62] red 1124 0.3383 32
scan [62] scan 516 0.1458 32
gemm [62] gemm 288 0.0614 32
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Figure 16: Overall Performance.

6 Evaluation
6.1 Methodology

Simulation Setup. We use Accel-sim v1.2.0 [41], a cycle-accurate
GPU simulator configured similarly to an NVIDIA RTX 3070
GPU [61]. Table 3 summarizes our detailed simulation parame-
ters. For the baseline architecture, we extended the simulator to
support hierarchical TLBs, a complete page walk subsystem, and a
multi-level radix page table. As described in Section 3.3, the total
page walk latency is derived by adding page table access latency
and the queueing delay. The hardware page table access latency
in our simulation is not a fixed value but is dynamically measured
by the memory system model, as page walks are a series of mem-
ory read requests whose latency depends on cache and DRAM
behavior. We validate this approach by measuring the latency on
an NVIDIA A2000 GPU, confirming our simulated latency (250-450
cycles) is consistent with real-world hardware performance (300-
400 cycles) [72]. Our baseline system employs 128 L2 TLB MSHR
entries and supports up to 32 concurrent hardware-managed page
walkers [23, 53, 77, 78, 85, 86]. We adopt a 64KB page as the base
page size, which is widely supported by conventional GPUs.

We implemented SoftWalker within the simulator by extending
the ISA and incorporating the proposed architecture, including
PW Warp, Request Distributor, SoftPWB, and In-TLB MSHR. The
In-TLB MSHRs can accommodate up to 1024 outstanding misses
when there is no free entry in the existing L2 TLB MSHR. Each SM
equips one dedicated PW Warp and a 32-entry SoftPWB. The PW
Warp runs assembly-level (i.e., SASS [65]) page walk code sequence,
described in Figure 14. As defined in Section 3.3, the page walk
latency of SoftWalker is the sum of page table access latency, addi-
tional communication latencies, and instruction execution latency.
We model the communication latency as equal to the L2 TLB ac-
cess latency, based on the assumption that the Request Distributor
is located near the L2 TLB. The instruction execution latency is
dynamically determined by the simulator’s core pipeline model.
Benchmarks. We evaluate SoftWalker using a set of GPU work-
loads drawn from established suites [13, 17, 24, 35, 58, 62, 90]. As
summarized in Table 4, we set the memory footprint of each bench-
mark to exceed the coverage capacity of the L2 TLB to ensure
meaningful pressure on the address translation system. We classify
workloads based on their page table walk concurrency requirement.
Irregular workloads exhibit high L2 TLB MPKI and require a large
number of concurrent page table walkers (more than 256) to hide
queueing delays. In contrast, regular workloads with minimal TLB
pressure operate efficiently with 32 PTWs.

411

%

X 100%
80%

=< %
o 60%
5 40%
v S 20%
=7 0% = =
o
© I n 80w s )
Qo

Figure 17: Percentage of L2 TLB MSHR failure reduction
when enabling In-TLB MSHR relative to the baseline.

6.2 SoftWalker Result and Analysis

Speedup. Figure 16 shows the speedup of various GPU appli-
cations when applying Neighborhood-Aware address translation
(NHA) [86], Fixed-Size Hashed Page Table (FS-HPT) [32], Soft-
Walker without In-TLB MSHR (SW w/o In-TLB MSHR), Sofi-
Walker with In-TLB MSHR (SoftWalker), SoftWalker with hard-
ware PTWs (SW Hybrid), and ideal PTWs with ideal MSHRs
over our baseline GPU architecture. Among prior studies, we select
NHA and FS-HPT as the state-of-the-art techniques since they aim
to mitigate page table walk overhead. The NHA shows an average
1.22x speedup by eliminating page table walk requests that fit into
the same cacheline (32B sector) of currently processed requests,
while FS-HPT achieves an average 1.13X speedup over the baseline
by eliminating the level dependency of traditional radix page tables.
On the other hand, SW w/o In-TLB MSHR achieves an average
1.63% speedup over the baseline, as it can process up to thousands
of page walks that NHA and FS-HPT can not.

However, increasing only PTWs shows limited performance im-
provement compared to the ideal case. This is because our baseline
architecture equips a fixed number of L2 TLB MSHRs (128 entries),
generating a fixed number of outstanding page walk requests. It
limits the effectiveness of increased parallelism in page walks. With
In-TLB MSHR, the SoftWalker can handle multiple concurrent page
walks beyond the existing L2 TLB MSHR entries. Figure 17 shows
the percentage of reduced L2 TLB MSHR failures when In-TLB
MSHR is enabled compared to the baseline (32 PTWs). For irregular
GPU applications, except for spmv, In-TLB MSHR almost eliminates
the L2 TLB MSHR failures, enabling GPU threads to process thou-
sands of page walks in parallel. Since spmv requires more MSHR
entries than In-TLB MSHR can provide, it cannot completely elimi-
nate the MSHR failures. Nevertheless, it reduces about 65% of MSHR
failures and allows GPU threads to handle hundreds of page walk
requests concurrently. Our experiment results show that In-TLB
MSHR eliminates 95.3% of L2 TLB MSHR failures, enabling GPU
threads to process thousands of page walks in parallel. As a result,
SoftWalker with In-TLB MSHR achieves an average speedup of
2.24% (3.94x for irregular applications) over the baseline. In addi-
tion, compared to the prior works, SoftWalker shows an average
speedup of 1.84X and 1.98x over NHA and FS-HPT, respectively.
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Figure 18: Page walk latency comparison. The striped bar represents the queueing delay.
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Figure 19: Stall reduction of warp scheduler cycles. Figure 20: L2 data cache miss rate.

Page Table Walk Latency. Figure 18 shows the normalized page A Case for Regular Applications. The SoftWalker implementa-
table walk latency of each configuration relative to the baseline. As tion incurs performance degradation in some regular GPU applica-
mentioned in Section 3.3, we defined the page table walk latency tions. Specifically, for 2dc, histo, red, and scan, SoftWalker results
as the sum of actual memory access latency and queueing delay. in slowdowns of 4.3%, 8.6%, 10.9%, and 3.1%, respectively, compared
The NHA and FS-HPT still show high page table walk latency, to the baseline. This degradation originates from the additional
reducing only 20% and 16% of page walk latency compared to the page table walk latency introduced by the communication between
baseline, respectively. This is because those techniques cannot meet the L2 TLB and each SM. As shown in Figures 18 and 19, regular
the required page walk throughput for irregular GPU applications. applications without page table walk contention experience slightly
On the other hand, SoftWalker effectively eliminates almost all increased page table walk latency (up to 18%) and stall cycles (up
queueing delays of page table walks, reducing total page table to 10%), leading to the observed slowdown.
walk latency by an average of 72.8% compared to the baseline. The Recognizing this potential performance issue for regular ap-
reduction in the queueing delay is derived from 1) a reduction in plications, as discussed in Section 5, we proposed an alternative
L2 TLB MSHR contentions and 2) a reduction in PTW contentions. design: the SoftWalker Hybrid version. This hybrid approach re-
Stall Reduction. SoftWalker exploits stall cycles to walk page tains traditional hardware-structured PTWs alongside the numer-
tables using the PW Warp. By utilizing idle cycles, our proposed ous software-based walkers, specifically to benefit latency-sensitive
architecture can effectively eliminate contentions in page table regular applications. Our experimental results confirm that the Soft-
walks, thereby reducing stall cycles caused by address translation. Walker Hybrid version effectively eliminates the performance gap
Figure 19 shows each application’s percentage of stall reduction observed with the pure SoftWalker, successfully reducing the page
compared to the baseline when applying SoftWalker. For irregular walk latency back to baseline levels.
applications, SoftWalker reduces an average of 71% stalls, resolving
contentions in L2 TLB MSHRs and PTWs. 6.3 Sensitivity Study

Impact on L2 Cache. The increased page walk traffic introduced
by SoftWalker may raise concerns about potential L2 cache con-
tention®. However, our analysis shows this is not the case; the L2
cache miss rate remains unchanged compared to the baseline, as
shown in Figure 20. The primary reason is that the severe PTW
contention in the baseline architecture leaves the memory system,
including the L2 cache, heavily underutilized. Our experimental
results show that irregular applications under the baseline configu-
ration consume only 6.7% of total memory bandwidth on average.

Comparison with Scaled Hardware Baselines. We compare
SoftWalker’s performance against stronger hardware-centric base-
lines: 1) more hardware page walkers and 2) hardware page walkers
with In-TLB MSHR. This analysis enables us to compare SoftWalker
with a hardware configuration of comparable area cost (128 PTWs)
and to identify the sources of its performance improvement.

0128 PTWs @128 PTWs + In-TLB MSHR B SW w/0 In-TLB MSHR @ SoftWalker
11.2

Similarly, we see no notable changes in the L2 cache MSHR fail- e 1

ure ratio. Consequently, SoftWalker productively repurposes this 3 2

idle memory bandwidth to handle page walks. Furthermore, since & 2 e ——

these irregular workloads already exhibit high L2 miss rates, the 88 FHESQgETEFE SLSEZBEE Z
added page walk traffic is less likely to evict useful, long-lived data ” ” voa < 7%
cachelines.

Figure 21: Speedup of SoftWalker and an iso-area hardware
baseline (128 PTWs), evaluated with and without the In-TLB
MSHR. All results are normalized to the baseline (32 PTWs).

2The page walk traffic does not affect the L1D cache, as we assume PTEs are cached
only in the L2 cache, following prior works [6, 7, 77, 78]
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Figure 22: Impact of L2 TLB latency on SoftWalker.
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Figure 23: Impact of page table access latency on the speedup
and queueing delay reduction ratio of SoftWalker.

First, focusing on an iso-area comparison, Figure 21 demon-
strates that SoftWalker consistently outperforms the 128 PTWs by
about 18.5% for irregular workloads. This demonstrates that, for a
given hardware budget, the software-managed parallelism of Sofi-
Walker is a more effective solution than simply scaling the number
of hardware walkers. Second, the figure indicates that SoftWalker’s
performance gain is not solely due to the In-TLB MSHR mechanism.
Adding In-TLB MSHR to the baseline or to the 128-PTW config-
uration does not improve performance. Rather, it even causes a
slowdown for gc, xsb, bf's, and sy2k, since there are fewer page
walkers than the available MSHR entries. In such cases, In-TLB
MSHR pollutes the L2 TLB by occupying a large portion of en-
tries with long-lived pending translations. These results confirm
that scaling both the number of PTWs and the MSHR capacity to-
gether achieves a significant performance gain, as analyzed earlier
in Figure 12.

Varying L2 TLB Access Latency. Compared to the traditional
hardware-based page table walk, SoftWalker requires additional
communications between the L2 TLB and each SM. To see the
impact of these additional latencies on SoftWalker, we estimate
the speedup of SoftWalker, gradually increasing the L2 TLB access
latency from 40 cycles to 200 cycles. Figure 22 shows the speedup
of SoftWalker with various TLB latencies over the baseline. As the
L2 TLB access latency gets longer, the performance of SoftWalker
becomes lower. With the 40-cycle latency, SoftWalker shows 2.31X
speedup, which is very close to the ideal (2.58%). Even though
SoftWalker shows reduced speedup with a long, 200-cycle latency,
it still shows 2.07X, which is comparable to the baseline. This is
because the queueing delay of page table walk accounts for a large
portion of total page table walk latency, even with the increased L2
TLB access latency, as we discussed in Section 3.3.

Varying Page Walk Latency. To evaluate SoftWalker’s sensi-
tivity to memory access latency, we vary the per-level page table
access latency from 50 to 400 cycles. Figure 23 shows the resulting
speedup and queueing delay reduction for irregular applications.
The speedup for each configuration is normalized to a correspond-
ing baseline with 32 PTWs and the same per-level latency.
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Figure 24: Impact of the number of In-TLB MSHR entries on
the speedup of SoftWalker over the baseline.

The results show that SoftWalker’s speedup gradually increases

as the per-level access latency increases. Specifically, when the per-
level page table access latency is set to 50, 100, 200, 300, and 400
cycles, SoftWalker achieves the speedup of 1.6%, 2.3%, 3.5%, 4.2X,
and 4.8X%, respectively. A similar trend is observed in the reduction
of queueing delay. This is because the lower page table access
latency 1) incurs relatively low queueing delay and 2) reduces the
performance sensitivity to page walks. Nevertheless, even with the
lower page walk latency, SoftWalker achieves substantial speedup
by eliminating a large portion of queueing delay.
Varying In-TLB MSHR Entries and Merges. In-TLB MSHR al-
lows GPU threads to process more outstanding L2 TLB misses in
parallel beyond the existing MSHR entries. As mentioned in Sec-
tion 6.1, SoftWalker uses L2 TLB entries as storage for pending
misses up to 1024 entries on demand. To evaluate the impact of
In-TLB MSHR capacity, we measure the overall performance, vary-
ing the maximum number of In-TLB MSHR entries. (Note that the
system allocates In-TLB MSHR entries only when all regular MSHR
entries are full.)

Figure 24 illustrates the speedup of SoftWalker over the base-
line, gradually increasing the maximum number of possible In-TLB
MSHR entries. The results indicate that for maximum In-TLB MSHR
entry counts of 0 (when In-TLB MSHR is not used), 128, 256, 512,
and 1024, the respective average speedups over the baseline are
1.63%, 1.88X%, 2.04X, 2.12%, and 2.24X, respectively. This improve-
ment stems from In-TLB MSHR’s ability to effectively resolve MSHR
contention by repurposing underutilized L2 TLB entries to function
as MSHRs. Consequently, most irregular applications demonstrate
gradual performance gains as the In-TLB MSHR capacity expands.

Even with the existence of In-TLB MSHR, some applications do
not reach the ideal performance as closely as other irregular ones.
For sy2k, while In-TLB MSHR reduces almost all L2 TLB MSHR
failures, the L2 TLB hit rate decreases as the maximum In-TLB
MSHR increases. This leads to a sub-optimal performance for sy2k.
Meanwhile, we found that spmv’s MSHR failure does not decrease
further in over 128 entries because its access pattern frequently
causes high contention within specific L2 TLB set indices. This per-
set bottleneck limits the effectiveness of In-TLB MSHR for spmv.
Despite these application-specific behaviors, In-TLB MSHR still
offers a decisive improvement over the baseline by provisioning
essential MSHR capacity on demand, thereby enabling substantial
performance gains across a wide range of irregular workloads.
Large Page. Increasing the page size (e.g., 2MB) extends TLB cov-
erage and reduces the number of page walk steps, effectively miti-
gating address translation and page walk overhead. However, some
irregular applications still exhibit aggressive access patterns that
extend beyond the increased page size. Figure 25 shows the speedup
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Figure 26: Speedup over baseline with alternative Request
Distributor design.

of selected applications over the baseline when using a 2MB page
size. We select 10 applications whose memory footprint can be ex-
panded over the L2 TLB coverage (2GB in our configuration). Seven
applications show performance improvement when applying Sofi-
Walker. sssp, nw, bf's, gesv show 1.26%, 1.18%, and 2.29X speedup
over the baseline, while xsb, spmv, and gups still show substantial
speedup, 5.1X, 4.5%, 7.0%, respectively. These results suggest that
SoftWalker can effectively reduce page table walk contentions, even
with an increased page size.

Request Distributor Design. The Request Distributor assigns L2
TLB miss requests to SMs for processing. To evaluate the impact
of its distribution policy, we compare three approaches: Random,
Stall-Aware, and Round-Robin (our default choice) policies. Fig-
ure 26 compares the performance of SoftWalker under different
Request Distributor policies, relative to the baseline. The results
show no significant performance differences, as the high proportion
of stall cycles in irregular applications ensures nearly all SMs have
sufficient idle execution resources to handle page walks. Given that
the specific policy is non-critical, we adopted the low-overhead
round-robin approach for its effectiveness and simplicity.

7 Related Work

7.1 Leveraging Underutilized Resources

Prior research leveraged underutilized GPU resources to increase
performance or power efficiency. CABA [93] utilizes assist warps to
perform cache line compression during idle pipeline cycles, thereby
alleviating memory bandwidth bottlenecks. Virtual Thread [99]
introduces a novel CTA context-switching mechanism that in-
creases Thread-Level Parallelism for memory-intensive workloads
by exploiting unused register files and shared memory capacity.
Other works, such as Reconfigurable Instruction Cache [45], Mor-
pheus [18], and Linebacker [70], repurpose underutilized on-chip
resources to expand cache or TLB capacity. Despite prior efforts,
SoftWalker is the first to leverage idle GPU pipelines for resolving
contentions in page table walks.

7.2 Warp Specialization

Warp specialization improves GPU efficiency by assigning warps to
distinct functional roles. CUDA-DMA [10] offloads memory copy
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operations to dedicated warps to reduce interference with compute
warps, while WASP [16] introduces hardware support for fine-
grained warp role partitioning to exploit pipeline parallelism. These
techniques typically target producer-consumer patterns within a
thread block and rely on static assignment or compiler guidance.
In contrast, SoftWalker introduces a dynamic and privileged form
of specialization, launching dedicated warps (PW Warps) to handle
address translation. This makes it uniquely suited for mitigating
system-level bottlenecks, such as TLB miss-handling.

7.3 Mitigating Address Translation Overhead in
Future GPU Architectures

While evolving GPU architectures meet increasing application de-
mands, they also introduce new limitations in address translation.
Trans-FW [54] and IDYLL [52] have sought to improve multi-GPU
performance by mitigating address translation overheads arising
from multi-GPU systems. MASK [7], DWS [77], and STAR [53]
reduced contentions in page table walks and TLB caused by multi-
tenancy. MGvm [78] and CLAP [71] attempted to mitigate remote
access overhead caused by virtual memory systems in multi-chip
GPU architectures [4]. SoftWalker complements these hardware-
centric solutions, providing an additional avenue to reduce transla-
tion overheads through the efficient use of idle GPU resources.

8 Conclusion

We present SoftWalker, a scalable software-based page table walk
mechanism that leverages GPU threads to address page walk con-
tention for irregular GPU applications. Introducing lightweight
architectural extensions—such as the PW Warp, SoftPWB, and In-
TLB MSHR—SoftWalker enables massively parallel page walks and
reduces contention-induced queueing delay. In addition, our hybrid
design allows SoftWalker to operate with hardware walkers, provid-
ing low-latency page walk for regular applications. Experimental
results show SoftWalker achieves a 72.8% reduction in page walk
latency and a 2.24X speedup on average. SofiWalker demonstrates
that software-managed page table walk is a scalable and efficient
solution for future GPU memory systems.
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