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Abstract
GPU communication plays a pivotal role in collaborative com-
putation across multiple devices. Despite advancements in
inter-device communication fabrics and architectures, syn-
chronization still remains a significant challenge due to
the manual coordination required between producers and
consumers at the application level. In this work, we first
reveal that traditional synchronization is a primary bottle-
neck in GPU communication, where consumers frequently
poll for producer data availability. Specifically, early-started
polling leads to the unnecessary occupation of computa-
tional resources. To address this issue, we propose Warp-
level Interrupt-based Communication (WIC), a novel syn-
chronization framework for GPU communication that in-
troduces a fine-grained interruption mechanism at the warp
level to replace repetitive polling. WIC preemptively stalls
warps engaged in frequent polling and releases computational
resources for other warps, thereby effectively overlapping
producer-consumer synchronization with ongoing compu-
tations. Comprehensive experiments demonstrate that WIC
significantly outperforms conventional polling methods by
1.13× on average across various applications with diverse
communication patterns.

1 Introduction

GPU communication plays a pivotal role in collaborative
computation between CPUs and GPUs [23], especially as
the complexity [22, 25, 47] and the scale of parallel comput-
ing tasks [13, 44] outpace the capabilities of single-GPU se-
tups [48]. Despite advancements in communication architec-
tures such as GPUDirect P2P [32] and RDMA [33], and archi-
tectures like NVLinks [34], synchronization challenges persist
prominently within GPU communication [49]. Specifically,
programmers must manually synchronize the timing of pro-
ducer production and consumer consumption [17], typically
involving repetitive polling for the availability of producer
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data before transfer [20,35,41,43], which introduces consider-
able overhead and complexity into system operations [1, 36].

Traditionally, GPU cross-device communication research
focuses on inter-kernel coordination, strategically scheduling
computing kernels (k0-kn) to overlap synchronization over-
heads and boost throughput [12, 21], as shown in Figure 1(a).
In-kernel optimizations enable asynchronous data transfers
without kernel terminations to fine-tune producer-consumer
models. Predominantly, these studies emphasize optimiza-
tions on the producer side, including scheduling additional
transfer threads [31] or employing page placements [9, 30]
to dispatch data asynchronously. For the consumer side, a
typical approach is GPS [29], which proactively transfers data
to the consumer assuming data availability before consumer
demand, as shown in Figure 1(b).
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Figure 1: Different Communication Paradigms

However, our experimental results from practical GPU com-
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munication applications reveal significant synchronization
overhead on the consumer side, primarily due to consumers
waiting for the producer’s data and repeatedly polling for its
availability across devices, as detailed in Section 4. While
existing research has contributed valuable insights, it has not
fully captured this issue, leading to limited improvements
in real-world application performance. To effectively hide
the synchronization overhead, this paper proposes a novel
GPU communication framework, Warp-level Interrupt-based
Communication (WIC), that introduces a fine-grained inter-
ruption mechanism at the warp level to replace repetitive
polling for producer data availability.

In this work, we first pinpoint the nuances of the GPU
producer-consumer model. From a traditional producer-
consumer perspective, executable tasks before polling have
usually completed, leaving no computational tasks to over-
lap with synchronization, which makes the effects of polling
and interruption seem similar. However, in GPU environ-
ments, the situation is markedly different. Consumer kernels
are executed across multiple threads with varying comple-
tion times. Further exploration at the thread level reveals that
early-started polling is a primary cause of synchronization
overhead. Specifically, substantial threads remain incomplete
when polling begins, causing unnecessary polling to squan-
der computational resources and compete with ongoing tasks
(E0-E2), as illustrated in Figure 1(c). Furthermore, by the end
of polling, many threads remain unfinished, indicating that
their unfinished execution (E3 and E4) could have overlapped
with the synchronization latency.

To mitigate these inefficiencies, WIC preempts warps en-
gaged in frequent polling, thereby releasing their computa-
tional resources for other warps. This approach allows unfin-
ished tasks delayed by polling to take precedence, effectively
hiding synchronization behind ongoing computations and im-
proving overall GPU communication efficiency, as shown in
Figure 1(d). WIC incorporates three key components: the In-
terrupter module, detecting warp requests for producer data
and triggers interruptions to swap other executable warps;
the Monitor module, tracking the availability of the pro-
ducer data; and the Activator module, resuming the stalled
warps once the required data becomes available. To manage
warp interruptions efficiently, WIC is integrated within the
Unified Virtual Memory (UVM) context, employing UVM
page placements to transfer communication messages and
track data availability. All of these changes are implemented
through modifications to the UVM host kernels, allowing pro-
grammers to request producer data functioning in a manner
akin to a system call, thereby bypassing the need for manual
orchestration of synchronization with polling, ensuring full
transparency to programmers.

Our contributions can be summarized as follows:

• We present an in-depth analysis of the synchroniza-
tion overhead within GPU communications, highlighting

that early-started polling monopolizes computational re-
sources, the crucial bottleneck in GPU communications.

• We introduce WIC, a novel GPU communication frame-
work that incorporates a finer-grained interruption mech-
anism at the warp level to replace repetitive polling, aim-
ing to hide the synchronization latency behind the com-
putation.

• We propose a novel classification perspective that shifts
from traditional memory access patterns to a focus on
communication patterns. Comprehensive experimental
results across 10 applications with diverse communica-
tion patterns demonstrate significant performance en-
hancements with WIC, achieving an average speedup of
1.13× compared to conventional methods.

2 Background

2.1 Producer-Consumer Model
The producer-consumer model is a concurrency design pattern
that coordinates communication between processes sharing
common resources [7]. In this model, the producer gener-
ates data and populates a buffer, while the consumer retrieves
that data from the buffer, allowing both to operate simul-
taneously and thus boosting operational efficiency through
continuous data flow [18]. However, the model necessitates
robust synchronization mechanisms to ensure data integrity,
preventing the producer from overwriting unread data and the
consumer from retrieving uninitialized data [28]. Effective
synchronization is typically achieved using semaphores or
monitors [14]. Semaphores include two primary types: count-
ing semaphores, which manage how many slots are occupied
or available, and mutexes, which provide mutual exclusion
when multiple processes access the buffer. Monitors offer
an alternative approach by encapsulating the buffer opera-
tions within a single construct that coordinates producer and
consumer interactions.

2.2 GPU Cross-Device Communications
Cross-device communications in GPU environments involve
multiple GPUs cooperating to share data, a critical process in
large-scale applications such as deep learning training, scien-
tific simulations, and graphics rendering [38, 46]. Different
from traditional host-side producer-consumer models [5], the
simultaneous execution of massive threads in GPU environ-
ments necessitates advanced synchronization strategies to
manage fine-grained interactions [37]. However, due to the
absence of native cross-device semaphores in GPU APIs, pro-
grammers must manually coordinate synchronization through
CUDA streams, events, or synchronization flags. Typically,
producers indicate data readiness via flags, while consumers
must actively poll or wait on these signals to maintain data
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consistency and avoid race conditions [20, 35, 43]. Our work
specifically addresses the polling phase, which incurs substan-
tial overhead on the consumer side.

3 Analysis Methodology

In this section, we introduce a novel classification for commu-
nication applications. Based on the classification, we detail
the specific applications with various communication patterns
selected for analysis and describe the system specifications.

3.1 Communication Patterns

The reliance on traditional memory access patterns for GPU
communication analysis [4, 9, 29–31, 42] can be misleading,
as these patterns generally provide a macroscopic view of
program behavior rather than reflecting the specific dynamics
of device interactions. For example, the Bitonic Sort algo-
rithm utilizes a random memory access pattern. However, its
inter-device communication, essential for the global merging
phase, primarily exhibits a gather-scatter pattern, where GPUs
fetch pre-sorted data (gather) and then write back the results
following comparison and swapping (scatter). Moreover, the
communication model is also a critical factor in classifying
applications, through its impact on synchronization methods
and data flow across communication iterations.

To conduct a more comprehensive analysis of GPU com-
munications, we propose a dual-dimensional classification,
communication patterns, including communication access
patterns and communication models. Communication access
patterns are categorized into four types—streaming, adjacent,
scatter-gather, and random—each representing different ac-
cess behaviors during device interactions. Additionally, com-
munication models are defined by the nature of data transfer
during communication iterations, as detailed in Table 1.

Table 1: Communication Models
Unidirectional Communication Alternating Communication
(D0 → D1)

N (D0 → D1, D1 → D0)
N

This model represents one-way com-
munication between two devices (D0,1).
D0 consistently acts as the producer,
while D1 always functions as the con-
sumer. N represents the number of com-
munication iterations.

Within a single communication itera-
tion, D0 starts as the producer, sending
messages to D1. After processing these
messages, D1 then acts as the producer,
sending the resultant data back to D0.
Both devices alternate roles between
producer and consumer throughout a
communication iteration.

Multiple Communication Probabilistic Communication
((D0 → D1)

n0 , (D1 → D0)
n1 )N ((D0 → D1)

ε0
i ·n0 , D1 → D0)

ε1
i ·n1 )N

This model involves multiple transmis-
sions between devices within a single
communication iteration. D0, acting as
the producer, transfers messages to D1
multiple times (n0), and after process-
ing, D1 transfers messages back to D0
n1 times.

This model characterizes the communi-
cation between devices where the mode
and frequency of transfers within each
communication cycle are probabilistic.

3.2 Applications

To encompass a comprehensive spectrum of UVM scenarios,
we select ten applications from FAIR1M [40], Mantevo [26],
Comb [6], Polybench [39], Rodinia [8], and Savina [16]
benchmark suites as listed in Table 2. This benchmark se-
lection, based on a classification of different patterns, has
been demonstrated to avoid benchmarking crimes [45] and is
widely adopted in GPU communication evaluations [4, 9, 11].
In our study, we further refine this classification to focus
more sharply on communication access patterns and in-
corporate synchronization dynamics into our selection pro-
cess. The chosen applications fully cover the complete dual-
dimensional classification defined in Section 3.1, encompass-
ing four communication access patterns: streaming, adjacent,
scatter-gather, and random patterns, as well as four communi-
cation models: unidirectional, alternating, multiple, and prob-
abilistic models. Specifically, C_SRS and G_KMN require
only unidirectional, streaming patterns, where data is trans-
ferred back to a single device. C_CG, C_FE, and G_C2D
engage in an Alternating communication model, where two
devices exchange information with Random and Streaming ac-
cess patterns. Multiple transfers during each iteration are nec-
essary for C_H3D, G_BS, G_STN, and G_GEM. For instance,
G_STN repeatedly sends boundary data of its subdomain to
an adjacent GPU. These applications exhibit Adjacent and
Scatter-Gather access patterns. G_BFS, with its unpredictable
access manner, fits into a Random and Probabilistic model.
Additionally, the inclusion of the communication-intensive ap-
plication, C_H3D, enriches our evaluation with diverse GPU
communication behaviors.

The applications include both CPU-GPU communications
(the first four applications listed in Table 2) and inter-GPU
communications (the last six applications listed in Table 2).

Table 2: List of Applications
Abbr. Applications Benchmark

Suite
Comm.
Model

Access
Pattern

C_SRS Satellite Remote
Sensing Image
Processing and
Distribution

FAIR1M streaming Unidirectional

C_CG High Performance
Computing Conju-
gate Gradients

Mantevo Random Alternating

C_FE Finite Element
Mini-Application

Mantevo Random Alternating

C_H3D Halo 3D Cube Comb Adjacent Multiple
G_BFS Breadth-first

Search
Rodinia Random Probabilistic

G_BS Bitonic Sort Savina Scatter-
Gather

Multiple

G_C2D Convolution 2D Polybench Adjacent Alternating
G_STN Stencil Polybench Adjacent Multiple
G_GEM General Matrix

Multiplication
Polybench streaming Multiple

G_KMN Kmeans Rodinia streaming Unidirectional
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3.3 Naive Communication Applications
In GPU cross-device tasks, programmers must manually co-
ordinate fine-grained synchronization to ensure data integrity
during producer-consumer communications. To analyze the
communication inefficiency, our work adopts a representa-
tive GPU producer-consumer paradigm, as detailed in Algo-
rithm 1. Communication resources are divided into subdo-
mains associated with consumer thread block requests, each
marked by a syncFlag, indicating producer data availability.
Both communication data and flags are maintained within
UVM, allowing uniform access by producers and consumers.

Algorithm 1 Naive Communications
1: procedure CONSUMERSYNC
2: Independent Processing (C1);
3: __syncthreads();
4: if tid == 0 then
5: while atomicAdd(&(producer[bid]) -> syncFlag),

0) != 1 do
6: end while
7: Access the producer’s data through UVM;
8: end if
9: __syncthreads();

10: end procedure
11: procedure PRODUCER
12: Compute producer’s data (P1);
13: __syncthreads();
14: if tid == 0 then atomicAdd(&(producer[bid]) ->

syncFlag), 1);
15: end if
16: __syncthreads();
17: end procedure

On the consumer side, threads complete preliminary pro-
cessing (C1), synchronizing via __syncthreads. Subsequently,
the lead thread (tid = 0) continuously polls syncFlag in a loop
(Line 5). Once the flag indicates data availability, an atomic
operation secures the syncFlag from producer-side updates,
enabling the lead thread to safely access the corresponding
data (Line 7). Remaining threads wait via __syncthreads un-
til the lead thread completes this communication step. On
the producer side, once data production completes, the cor-
responding syncFlag is set to 1. This communication model
involves three distinct UVM page faults: the consumer polling
an unavailable syncFlag, updating syncFlag upon data readi-
ness, and transferring producer data.

3.4 System Specifications
CPU-GPU Communication Setup consists of an NVIDIA
RTX 4090 GPU with 24GB of DRAM, coupled with a high-
performance CPU, the 14900KF , featuring 24 cores.
Inter-GPU Communication Setup consists of four NVIDIA

A800 GPUs, each with 80GB of DRAM, coupled with two
high-performance CPUs, Xeon 6138, each featuring 20 cores.

4 Motivation

In the motivation section, we first establish that consumer-
side overhead significantly impedes efficiency in producer-
consumer communications. We then identify that repetitive
polling is the predominant source of this overhead. Moreover,
a detailed examination of the polling phase at the thread level
reveals that polling initiated too early causes considerable re-
source contention, which further indicates that these resources
could have been better utilized by overlapping with synchro-
nization latency, allowing other executable tasks to proceed
without delay. Our experimental setup for collecting data is
discussed in Section 3.

4.1 Critical Focus on the Consumer Side

Observation 1: The consumer side exhibits significantly
higher latencies compared to the producer side. Figure 2
shows the proportion of communication latency for each ap-
plication on both the consumer and producer sides. For the
producer side, latencies are consistently low, generally stay-
ing within 10% across various applications, and the differ-
ences in latency proportions among these applications are rela-
tively minor. In contrast, the consumer side displays markedly
higher latency proportions, typically ranging from 20∼ 50%.
This discrepancy is most pronounced in the C_H3D applica-
tion, where its communication-intensive nature results in a
consumer-side latency peaking at 81.97%.
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Figure 2: Proportion of Communication Latency on both
Consumer and Producer Sides across Different Applications

The higher latency on the consumer side primarily stems
from additional synchronization requirements. On the pro-
ducer side, Direct Memory Access (DMA) enables asyn-
chronous operations that permit data transfers without halting
ongoing computational tasks, effectively minimizing commu-
nication latency. However, the situation on the consumer side
presents more complexities. The consumer kernel verifies the

892    2025 USENIX Annual Technical Conference USENIX Association



physical presence of producer data on the local device prior
to processing, inherently introducing additional latency.

This asymmetry highlights a pivotal direction for commu-
nication optimizations: the consumer side, as the primary con-
tributor to communication latency, demands targeted efforts.
While existing research largely focuses on optimizing the
producer side [9, 30, 31], addressing the latency issues more
prevalent on the consumer side holds significant potential to
boost the overall efficiency of GPU communications.

4.2 A Deeper Investigation into the Consumer-
Side Latency

The consumer-side communication can be analyzed by cate-
gorizing it into two distinct scenarios based on the availability
of producer’s data. Firstly, we divide the consumer kernel into
two parts: C1 and C2. The C1 portion operates independently
of the producer’s data and is typically used for auxiliary tasks
or computations from previous communication iterations. C2,
however, depends on data generated by the producer in the
current iteration. The completion time of C1 is denoted as
Tc, and the producer’s data generation is denoted as Tp. Two
scenarios are distinguished based on the relationship between
Tc and Tp, specifically assessing whether the consumer must
wait for the producer’s data to become available.

Scenario 1: Tp occurs before Tc, as shown in Figure 3(a).
In this scenario, the producer’s data is pre-available, allowing
the consumer to directly copy the data without availability
checks. Transfer time (Wt ) can be overlapped with the C1, by
predicting the data dependency and proactively transferring
the data to the consumer in advance.

Scenario 2: Tc occurs before Tp, as shown in Figure 3(b).
In this scenario, the producer’s data is not available when
the consumer needs it, requiring the consumer to repeatedly
check its status (polling). The total waiting time includes both
the polling (Wp) and data transferring time (Wt ).

Wp

Tp

Wt

Polling

Wt

Producer

Consumer 

Data Transfer

Waiting TimeC1

C1

C2

C2

Tc

(a) Scenario 1

(b) Scenario 2

Tp

Tc

Figure 3: Two Scenarios based on the Availability of Pro-
ducer’s Data

To investigate consumer communication scenarios across
real-world applications, we analyze the average time differ-
ences between Tp and Tc along with their standard deviations,

where positive values indicate Tc occurring before Tp, while
negative values indicate the reverse. Given substantial vari-
ability in these time differences, we normalize them to the
communication task duration to provide a clear impact of
these delays, as shown in Figure 4.

Observation 2: In most applications, consumers face
substantial waiting times for producer data, with signifi-
cant variability across and within applications.

Specifically, all applications except G_BS exhibit positive
values, indicating that in most cases, the consumer’s Tc occurs
before the producer’s Tp. Moreover, except for the G_BFS
application, the time difference for the other applications ex-
ceeds 20%, suggesting that consumers typically face consid-
erable waiting time until producers finish generating data.
The large standard deviations for C_CG, C_FE, and G_BFS
highlight significant variability in waiting times in the same
applications. For C_CG and C_FE, the variation is primarily
due to the alternating computation tasks between the CPU
and GPU. Meanwhile, G_BFS’s high variability is due to its
unpredictable access manner, leading to more random data
availability timings.
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Figure 4: Normalized Time Difference between Production
(Tp) and Consumption (Tc)

Based on the observation, we conclude that Scenario 2,
where the consumer is required to wait for the producer’s
data, is more common. Furthermore, due to the uncertainty
and potential variability of data generation on the producer
side, the polling mechanism employed in Scenario 2 is crucial
for ensuring stable and correct program execution.

Observation 3: Consumer-side polling, where con-
sumers repeatedly check the availability of the producer’s
data, constitutes a significant portion of the consumer com-
munication overhead in Scenario 2. Figure 5 illustrates both
the proportion of polling within the overall consumer commu-
nication overhead and the average number of checks required
per communication. Except for G_BFS, polling accounts for
over 60% of the consumer communication overhead, with
applications, C_H3D and G_KMN, exceeding 90%. Addition-
ally, the number of checks per communication is extremely
high, typically in the range of millions to tens of millions. This
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extensive polling overhead arises from necessary inter-device
communication.
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Figure 5: The Polling Proportion within Consumer Communi-
cation Overhead and the Average Number of Checks Required
per Communication

Summary of Consumer-Side Latency: The high latency
on the consumer side is primarily due to consumers waiting
for the producer’s data and repeatedly checking its availability
with cross-device communication.

4.3 A Finer-Grained Analysis on Polling
The producer-consumer model in GPU architectures signifi-
cantly diverges from traditional CPU-based setups. In CPU
systems, a producer or consumer task tends to be assigned
to a single process. Therefore, when reaching the Tc in Sce-
nario 2, there are no additional tasks within the consumer
that can be pipelined to fill the waiting time gap. Conse-
quently, the overhead associated with polling cannot be opti-
mized further. However, in GPU architectures, the consumer
kernel is executed by a multitude of parallel threads. The
non-uniform completion progress of these threads, orches-
trated by the GPU’s warp scheduler, often means that not all
threads reach the Tc simultaneously during the polling phase.
Moreover, some independent threads may not depend on the
producer’s data and thus do not need to repeatedly check for
its availability.

To deepen our understanding at the thread level, we analyze
the proportion of threads that have not reached the Tc and
the proportion of independent threads remaining incomplete
as polling progresses for four applications, C_SRS, C_CG,
G_BFS, and G_STN, with different communication types.

Observation 3.1: Consumer’s polling significantly im-
pacts the completion of computational tasks before reach-
ing the Tc. This observation can be inferred from the results
shown in Figure 6, supported by three key insights as follows:

• At the onset of polling, substantial threads still complet-
ing their C1 tasks have not reached Tc, causing them to
compete for computational resources with polling.

• The curve features several nearly horizontal segments,
signifying substantial preemption of computational re-
sources for these threads. This preemption results in

stagnation, as polling dominates the limited resource
within the device.

• Even after the completion of polling, a large number of
threads still have not reached Tc.
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Figure 6: The Proportion of Threads not Reaching Tc as the
Polling Progress

Observation 3.2: Consumer’s polling significantly dis-
rupts the computational tasks of independent threads. De-
spite these threads comprising a smaller proportion of the
overall program, they suffer prolonged stagnation due to re-
source preemption by polling activities, particularly in ap-
plications like G_BFS and G_STN, as shown in Figure 7.
Furthermore, these independent threads still fail to complete
their tasks promptly even after polling ends.
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Figure 7: The Proportion of Independent Threads without
Completion as the Polling Progress

The analysis of consumer-side polling reveals significant
inefficiencies in resource utilization, with early-started polling
significantly tying up GPU computational resources and de-
laying tasks. These include tasks from threads completing C1
operations and those from threads that operate independently
of polling demands, suggesting that synchronization overhead
could be effectively overlapped with these ongoing tasks.

894    2025 USENIX Annual Technical Conference USENIX Association



5 Design of WIC

5.1 Interrupt-based Mechanism at Warp Level
Based on the analysis in Motivation, it is advised to delay
polling to overlap synchronization delays with other exe-
cutable tasks. However, directly intervening in GPU runtime
kernels to reschedule computational resources is impractical
for three main reasons:

• Determining an optimal execution sequence is challeng-
ing due to the difficulty in accurately predicting thread
dependencies at runtime.

• Rescheduling the execution order of parallel threads can
disrupt the inherent parallelism of the program.

• GPU APIs typically do not provide direct access for
rescheduling resources.

We propose an interrupt-based synchronization framework,
WIC, at the warp level to optimize computational resources by
prioritizing executable tasks. Specifically, WIC preemptively
stalls warps engaged in a blockage due to unavailability of
data, switching to another warp that is ready to execute. This
mechanism hides the synchronization latency and enhances
GPU resource utilization by ensuring that all executable tasks
are processed before waiting, minimizing idle times.

WIC incorporates three key components: Interrupter, Mon-
itor, and Activator, as illustrated in Figure 8. The Interrupter
prevents warps from being blocked by triggering interruptions
when they request producer data and switching to other warps.
The Monitor tracks data availability and notifies the Activator
when the data is ready. The Activator then facilitates data
transfer to the consumer side, and resumes the stalled warps.

Producer
Available

Interruption

Activator
Available Detection

Yes

No

Direct Acces

Request from Warpi  

Warp Swap

Monitor

Consumer

Warpi Suspension
Warp Scheduler

Data Transfer
Warp Reactivation

WIC

Figure 8: The Overall Workflow of Warp-Level Interrupt-
Based Communication (WIC)

5.2 Integration with UVM
To efficiently manage interruptions, we propose integrating
WIC within the UVM context, employing UVM page place-
ments to preempt blocked warps by modifying open-source

UVM kernel drivers, without the need for additional GPU
hardware intervention.

The UVM system uniquely offers explicit control over the
stalling and replaying of warps in UVM kernel drivers: On
the GPU side, when warps attempt to access UVM pages that
are not present on the local device, the UVM system stalls
these warps and schedules other warps for processing. On the
host side, UVM drivers can send replay signals to the GPU
to reactivate the stalled warps.

By artificially inducing UVM page faults, WIC can inter-
rupt warps waiting for producer data. By pushing a replay sig-
nal to the consumer kernel, WIC can dynamically reactivate
these stalled warps upon data available. Additionally, by trans-
ferring producer data directly onto the faulting pages, WIC
enables efficient producer-consumer communication without
requiring extra transfers.

Figure 9 illustrates the integration of the WIC within the
UVM system in detail. WIC defines a specific memory space
within UVM, which comprises two key components: the
Producer-Consumer Communication Medium (PCM) and
Producer Availability Tags (PAT).

WIC

Access Return
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Physical 
Memory

Physical 
Memory

Producer
Data Transfer

Producer

Availability
Notification

Physical 
Memory

Mapping

P0 P1 ... Pj Pj+1 ... ... Pk ...

PCM PAT

Tag Writing

UVM

Figure 9: Integration with UVM

PCM is essential for transfer management between pro-
ducers and consumers and interruption supports for blocked
warps. Memory in PCM is allocated on a per-page basis, with
free PCM pages residing on the host side to ensure they are
available for triggering page faults in consumer-side warps.
When warps request producer data, WIC directs them to ac-
cess PCM pages, triggering a page fault that stalls the warps.
These faults are processed on the host side further, where the
WIC writes the producer data into the corresponding pages.
Once the transfer is complete, WIC signals the consumer ker-
nel to resume stalled warps. After consumption, the pages are
returned to the host for future use in WIC communications.

PAT is employed to notify WIC when the producer’s data
is ready for transfer in inter-GPU communications. Rather
than repeatedly polling the PAT, WIC relies on page place-
ment to determine data availability. Specifically, data tags
are stored as individual pages on the host side. When the
producer completes data preparation, it modifies the tag, trig-
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gering a page fault. The host-side UVM driver then captures
the tag’s address, allowing the identification of the correspond-
ing producer-available data. After the data is consumed, the
tags are recycled by the host for future use.

Prefetching options for PCM and PAT within UVM mem-
ory are disabled to prevent other memories from proactively
migrating to devices, which would otherwise hinder the trig-
gering of necessary faulting.

5.3 Interrupter
The Interrupter module manages PCM page allocations for
communication and provides interruption support for warps.
To optimize transfer utilization, the Interrupter batches 16
warps at a time, allocating the contiguous PCM pages based
on ⌈totalSize/pageSize⌉. After allocation, it registers the
page information, including the starting address and length,
along with the requested data details, with the WIC. The In-
terrupter then directs the warps to access the starting address
of these pages, triggering a page fault and stalling the warps.

To efficiently locate continuous free pages within PCM,
the Interrupter incorporates a segment tree. Typically, PCM
encompasses 16K pages, capable of handling up to 256M of
communication data. The availability of these pages is tracked
using a boolean array, where a ‘0’ indicates an allocated page
and a ‘1’ denotes a free page. A 64K tree array is used to
build the segment tree, where each node represents the state
of a segment of pages, including the total number of free
blocks (sum), the length of the longest contiguous block of
free pages (maxLen), the length of contiguous free pages
from the left boundary (leftLen), and from the right boundary
(rightLen). When querying for k consecutive free pages, if the
root node’s maxLen is less than the required length, it indicates
a lack of available space. Otherwise, the search proceeds
recursively from the top down, checking maxLen of left and
right child nodes, as well as the potential contiguous length
across the boundary of the two segments (leftNode.rightLen
+ rightNode.leftLen). The traversal for each search descends
one level down the tree hierarchy, making the query time
complexity O(log n). Similarly, updating the status of a page
also starts from the root and proceeds recursively down to the
leaf node, maintaining the same time complexity of O(log n).

5.4 Monitor
The Monitor module, deployed within the host driver, over-
sees the fault entries retrieved from the GPU fault buffer,
specifically capturing PCM and PAT faults. It utilizes PCM
faults to manage producer-consumer communication process-
ing and leverages PAT faults to notify the availability of data
from the producer.

The Monitor module maintains two key data structures:
the Data Availability Bitmap (DAB) and the Pending Faults
Queue (PFQ), as shown in Figure 10. Each bit in the DAB

corresponds to an availability tag for the producer data. The
PFQ holds pending faults due to unavailable data, with each
entry containing the fault address and the associated data tags
indicating unavailability.

fetch_faultsGPU
Fault Buffer

DAB

Tags
PCM Faults

PAT Faults

No

Yes

Monitor

Address Tag[16]

Filter

Update

PFQ
Query

Addr. Length 

Registration Information

Info Fetcher Avail. Check

Enqueue

Update Selection Ready Faults

Ready Faults

Figure 10: The Monitor Module in WIC

The Monitor detects PCM and PAT faults by checking if
the fault address falls within the registered memory block
ranges, which are stored in the WIC when these blocks are
defined. Upon capturing a PCM fault, the Monitor assigns
an independent thread to manage the communication task,
ensuring that overall process flow is not disrupted. It first
filters out duplicate faults, then reads the required producer
data addresses from the Registration Information and checks
the corresponding availability tags in DAB. If any tags are
false, the fault and corresponding tag IDs are enqueued in the
PFQ, suspending the faulting process. If all tags are true, the
Monitor notifies the Activator module to proceed.

Monitoring the availability of producer data occurs in two
scenarios. For CPU-GPU communications, where the pro-
ducer is a user process on the host, it updates the DAB di-
rectly after data production, prompting the Monitor to update
the unavailable tags in the PFQ and verify if fault processing
can proceed (i.e., ensuring no unavailable tags remain). Once
ready, the Monitor resumes fault processing. Alternatively,
for inter-GPU communications, where the producer kernel
resides on another GPU, the Monitor detects producer data
availability through PAT faults. After the producer finalizes
data, it modifies tags in the PAT on the host side. Upon cap-
turing a PAT fault, the Monitor updates the DAB and PFQ
with the new available data indicated by the fault address. If
a fault process in PFQ is ready, the Monitor activates it and
notifies the Activator module to proceed with the next steps.

5.5 Activator
The Activator module fulfills two functions: activation and
recycling. Its activation role entails reactivating pending fault
processing and reactivating stalled consumer-side warps fol-
lowing the fault processing. The recycling function reclaims
PCM pages from the consumer and returns them to the host,
ensuring their availability for future communications.

Activation: Upon receiving a signal from the Monitor that
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a pending fault is ready, the Activator resumes fault process-
ing and transfers the producer data onto designated PCM
pages. If the producer kernel resides on another GPU, the data
is transferred via DMA once the physical GPU address is veri-
fied. After all data has been written, the Activator services the
fault and sends a replay signal to the consumer device, which
reactivates the stalled warps. These warps then access the lo-
cally available PCM pages to retrieve the producer data, thus
completing a cycle of producer-consumer communication.

Recycling: At the end of a communication cycle, PCM
pages holding producer data often remain on the consumer
side. To ensure proper triggering of page faults by the Inter-
rupter module in subsequent requests, it is essential to recycle
these pages back to the host. The Activator addresses this
by sending an invalidation signal from the host to notify the
consumer device that these pages have been updated. How-
ever, the timing of this signal is not precisely controlled to fit
between the completion of data retrieval by consumer warps
and the subsequent request from the Interrupter module. To
address this, each PCM page P is paired with a companion
page P’, serving alternately in communication cycles to en-
sure effective and accurate invalidation. Specifically, when the
Activator issues a replay signal for P, it concurrently sends an
invalidation signal for P’. Once the consumer-side warps have
successfully retrieved data from P, P’ becomes invalidated. In
the subsequent cycle, the Interrupter allocates P’ to trigger
interruptions, and the Activator prepares P for the next cycle
by pushing its invalidation signal, maintaining continuous
communication flow.

5.6 Putting All Together

Figure 11 provides an overview of the entire process of WIC.
It begins when consumer warps request producer data via
the Interrupter module, which then allocates free PCM pages
based on the data size (i) and guides warps to access these
pages, thereby triggering a page fault and stalling the warps
(ii). On the host side, the Monitor module captures these
PCM faults and checks for the availability of the required
producer data (iii). If the data is unavailable, fault processing
is suspended, and the faults are queued in the PFQ to await
data availability. Conversely, if the data is available, the faults
progress to the Activator for processing. Simultaneously, the
Monitor tracks producer data availability by monitoring PAT
faults, updating the local DAB, and scanning the PFQ for
any ready faults (iv). These ready faults are then reactivated
and forwarded to the Activator module for processing. The
Activator writes the producer data into the designated PCM
pages (v) and subsequently issues replay signals to reactivate
the stalled consumer warps, while also recycling these pages
for future communications (vi).
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Figure 11: Overview of WIC

5.7 Adaptability of WIC

The WIC’s core principle of preemptive scheduling, although
primarily implemented within the host-side UVM context, is
adaptable to other GPU communication architectures, such as
NVLink and Direct P2P. By orchestrating warp interruptions
through the communication control path, WIC introduces a
fine-grained, non-blocking synchronization mechanism that
significantly alleviates the synchronization overhead inherent
to traditional polling methods. This design is independent
of the specific control path used; thus, if the communication
path is optimized beyond the host-side UVM kernel, WIC’s
interruption management can similarly be integrated into al-
ternative mechanisms, such as capturing the interrupted faults
in the PCI-e bus protocol for Direct P2P communication.

6 Evaluation

In this section, we first evaluate the overall performance of
WIC against traditional cross-device communications. To
delve deeper into its detailed effectiveness, we focus on
whether WIC allows more executable tasks to overlap with
synchronization time, a concern highlighted in Section 4. Fur-
thermore, we examine the overhead associated with WIC
and evaluate its scalability across different numbers of par-
allel threads. Finally, we compare WIC with state-of-the-art
(SOTA) systems for cross-device communication. Our evalu-
ations employ ten applications with diverse communication
patterns, conducted on both CPU-GPU and inter-GPU plat-
forms, as detailed in Section 3.

6.1 Overall Performance

We evaluate the effectiveness of our WIC method against
traditional cross-device communications. Figure 12 presents
the performance enhancements achieved with WIC, as well
as shifts in communication overhead proportions. From these
results, we derive three key observations.

Firstly, WIC significantly enhances the overall communi-
cation performance. As depicted in Figure 12(a), except for
G_BFS and G_BS, most applications exhibit about 10% im-
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Figure 12: Performance Improvements and Communication
Overhead Proportion

provements. The effect is especially significant in CPU-GPU
communications, where applications such as C_CG, C_FE,
and C_H3D experience enhancements exceeding 20%. For
the communication-intensive application, C_H3D, optimiza-
tion of communication through WIC can lead to substantial
performance gains, with increases surpassing 30%.

Secondly, WIC is compatible with both communication
scenarios described in Section 4.2. It is ideally suited for Sce-
nario 2, where consumers await producer results, but it also
supports G_BFS and G_BS applications correctly. G_BS op-
erates entirely under Scenario 1 with pre-generated data, and
G_BFS involves both scenarios during runtime. This versatil-
ity benefits from the Monitor module of WIC, which promptly
checks for data availability and activates the Activator for im-
mediate fault processing. However, for G_BS, WIC does not
enhance performance, showing a slight decline, primarily be-
cause it only maintains a copy of producer availability on the
host side without pre-fetching data to the device. Additionally,
the overhead with WIC slightly detracts from performance
compared to naive communication applications.

Thirdly, WIC significantly decreases consumer-side com-
munication overhead, thereby enhancing program perfor-
mance. Specifically, compared to naive implementations in
Figure 12(b), WIC reduces the consumer-side overhead by
about 20%, nearly equalizing the proportion of overhead with
the producer-side. Notably, applications with communication
access patterns characterized as streaming, such as C_SRS
and G_KMN, exhibit minimal communication overhead with
WIC. This efficiency is attributed to WIC’s Interrupter module
capability to batch PCM pages based on their regular access
patterns. Conversely, applications with probabilistic commu-
nication models and random access patterns generally show a
larger proportion of overhead.

6.2 Detailed Analysis

We validate the detailed effectiveness of our method by evalu-
ating its ability to complete more executable tasks on the con-
sumer side before initiating unnecessary waiting, thus over-
lapping synchronization time. Our analysis concentrates on
two aspects: the completion status of threads before waiting
and the synchronization time overlapped with computations.

In the WIC framework, we redefine unnecessary waiting
times as periods when no active tasks are executed on the
consumer end. We track the completion of executable threads
from the moment they first request data from the producer
until they commence waiting. As GPUs do not provide di-
rect statistics on completion times for all threads, we use
Nsight System to approximate executable task completion
times by tracking when the threads trigger WIC’s PCM faults.
Figure 13 illustrates the completion status of PCM faulting
threads as they wait for producer data availability, covering
four applications with diverse communication patterns as
detailed in Section 4.3. The results demonstrate that WIC al-
lows the majority of tasks to be completed before the waiting
time, with the curves showing that the tasks are completed
in advance of waiting periods. Furthermore, the absence of
prolonged flat segments in the completion curves under WIC
indicates that there are no significant stalling states, thus con-
firming minimal unnecessary waiting times.
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Figure 13: Uncompleted PCM Faulting Threads as Waiting
for Producer Data Availability

The results in Figure 14 demonstrate that WIC significantly
enhances the communication efficiency by the significant pro-
portion of synchronization hidden behind computation. Dif-
ferent from naive applications, which typically achieve only
about 10% overlapping efficiency, most applications equipped
with WIC achieve an average overlapping efficiency exceed-
ing 80%. Notably, C_H3D and C_FE exhibit the largest gains
at approximately 85%, while even the less significant im-
provements in applications like G_STN and G_KMN are
around 70%. This boost in overlapping efficiency demon-
strates WIC’s capability to pipeline more computational tasks
effectively. Specifically, this improvement is achieved by re-
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placing traditional polling with interruptions and its granular
scheduling at the warp level. Furthermore, WIC is partic-
ularly adept at handling CPU-GPU communication tasks,
where the proportion of hidden synchronization reaches up to
90%, compared to 80% in inter-GPU communications. This
advantage is largely attributed to WIC’s integration with the
host-side UVM kernel, enabling more flexible task scheduling
and overlapping, and its Monitor module’s efficient checking
of producer data availability, allowing producer data to be
more readily accessible. These benefits depend on the current
WIC implementation, and performance might vary if WIC’s
communication control path were based on other architectures
like NVLink or PCI-e bus protocols.
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Figure 14: Synchronization Overlapped with Computations

6.3 Overheads
WIC’s overhead is primarily divided between the consumer
and host sides. On the consumer side, the main overheads
originate from the Interrupter module’s allocation of PCM
pages. On the host side, the overheads are mainly attributed
to the Monitor module’s role in suspending and awakening
page fault processing, as well as checking and updating the
DAB for producer availability. We evaluate these specific
overheads, along with the total overhead associated with WIC,
as illustrated in Figure 15.
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Figure 15: Overhead Associated with WIC

The overall overhead associated with WIC is relatively
minor and maintains remarkable stability across different ap-
plications. Apart from C_H3D, where overhead is slightly
higher, the overheads for other applications consistently hover

around 1.4%, with deviations not exceeding 0.2%. Despite
relatively higher overheads on the host side, the total overhead
is minimally impacted thanks to WIC’s interruption mecha-
nism, which schedules other executable warps to overlap with
host processing time.

Consumer-side overhead closely mirrors the total overhead
and consistently remains stable across various applications,
regardless of their differing communication patterns. This
stability is supported by the Interrupter module’s utilization
of a segment tree for PCM page management, ensuring effi-
cient and consistent identification of free pages with a time
complexity of O(log n).

Host-side overhead is relatively higher, averaging around
3%, and demonstrates variability according to different com-
munication patterns of applications. Inter-GPU communi-
cations often incur about 1-2% higher overhead than CPU-
GPU communications due to the complexities involved in
transferring producer data and monitoring availability across
devices. Applications characterized by multiple communica-
tion models, such as G_STN and G_GEM, show the highest
overheads, reaching up to 3.6% and 3.4% respectively, due to
frequent demands for data availability checks required by mul-
tiple transfers. Conversely, applications like G_KMN, exhibit
lower overheads at 2.4%, benefiting from relatively regular
access behaviors.

WIC introduces no additional overheads for page faulting
compared to naive applications. In naive setups, page faulting
occurs three times per communication cycle: reading the avail-
ability tag for producer data, copying the tags after updates,
and transferring the producer data. In contrast, WIC simplifies
this process to just one PCM fault on the consumer side. If
the producer kernel is on another GPU, an additional PAT
fault should be required. Beyond this, WIC leverages UVM’s
direct copy for all other cross-device data transfers, treating
the data in a read-only fashion at the receiving end. WIC
ensures these transfers maintain transactional integrity, thus
eliminating the need for faulting to safeguard transmission.

6.4 Scaling Performance

In the scaling experiment, we evaluate the performance of
WIC as the number of threads is escalated from 64 to 1 mil-
lion across four applications with distinct communication
patterns. The results, as illustrated in Figure 16, demonstrate
that WIC consistently boosts performance even under exten-
sive thread scaling. Specifically, performance speedups in
applications with thread counts from 1K to 1 million threads
remain near peak values. However, despite this overall sta-
bility, there is a slight performance decline as thread counts
increase. For instance, C_CG exhibits approximately a 5%
decrease from its peak performance. This performance limita-
tion is attributed to the UVM’s capacity to handle only 256
faults at a time. When WIC allocates more than 256 PCM
faults for consumer warps, any surplus faults must queue,
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creating a bottleneck. Although the Interrupter module at-
tempts to mitigate this issue by batching warps’ requests to
minimize the number of faults, blockages may still occur as
producer-consumer communication escalates. However, appli-
cations like G_STN, benefit from quick producer responses to
PCM faults, mitigating some scaling issues. In smaller-scale
scenarios, particularly from 64 to 512 threads, WIC shows
little benefit due to insufficient executable warps to effectively
overlap synchronization overhead.

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

64 128 256 0.5K 1K 2K 4K 8K 16K 32K 64K 128K 256K 0.5M 1M

Pe
rf

or
m

an
ce

 Im
pr

ov
em

en
ts

Number of Threads

C_SRS C_CG G_BFS G_STN

Figure 16: Performance for Scaling Experiment

6.5 Compared to State-of-the-art

In GPU communication research, SOTA systems are primarily
categorized into CPU-GPU and inter-GPU communications.
For comparison, several well-regarded systems that support
in-kernel communications serve as baselines. For CPU-GPU
communications, systems like NBlocking [10] and Demand-
Cpy [19] are considered, whereas EffShare [31], GPS [29],
and FinePack [30] are evaluated for inter-GPU communica-
tions. Notably, systems like DemandCpy, GPS, and FinePack,
which involve hardware modifications, are not feasible in ac-
tual GPU environments and are therefore reimplemented at
the application level for this analysis.

Figure 17 presents a performance comparison between
WIC and various SOTA systems, normalized to naive setups.
The results indicate that WIC outperforms most SOTA sys-
tems in various applications, with the exceptions of G_BS
and G_BFS, where it slightly lags behind EffShare and
GPS. Specifically, in CPU-GPU communication applica-
tions, WIC outperforms NBlocking by an average of 20%
and DemandCpy by 15%. This superior performance is at-
tributed to WIC’s use of an interruption-based mechanism
to overlap synchronization times between the host and de-
vice, contrasting with the simple busy-wait synchronization
used by other systems. Furthermore, WIC focuses on enhanc-
ing producer-communication across various communication
patterns, which contributes to its strong performance across
different applications. Conversely, NBlocking’s strategy of
utilizing kernel fusion shows limited success in applications
with multiple communication models, such as C_SRS and
C_CG. DemandCpy, tailored for unidirectional transfers by

replacing in-kernel demand page requests with direct memcpy,
struggles with bi-directional communication models.
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Figure 17: Comparison to State-of-the-art Systems

For inter-GPU communications, WIC demonstrates a 15%
performance lead on average, with the exceptions of G_BS
and G_BFS. In G_BS, EffShare and GPS perform better due
to their strategies of pre-copying producer-generated data to
the consumer side, effectively reducing consumer waiting
times. FinePack, which proposes packing small and frequent
transfers, shows adequate performance in scenarios with regu-
lar communication access patterns like streaming or adjacent.
However, these systems still depend on cross-device polling
when waiting for producer data, which incurs significant over-
heads, making their overall performance inferior to WIC.

7 Related Work

Optimizations in cross-device communication are predomi-
nantly classified into two categories: inter-kernel and in-kernel
coordination.

7.1 Inter-Kernel Coordination

StarPU [2] first highlighted the significant impact of syn-
chronization overheads, like data transfers, on CPU-GPU
computational performance and introduced strategies such
as Greedy to manage parallel tasks effectively. Building on
this, Lustig et al. [27] further developed schemes by striking
the balance between data transfer and computation, effec-
tively minimizing idle times. Shifting away from static pre-
dictions, GPUSync [11] adopted a priority scheduling system
that dynamically adjusted based on real-time monitoring of
execution budgets. To analyze the intricate dependencies of
tasks more precisely, Taskflow [15] employed an expressive
task graph programming model incorporating in-graph con-
trol flow to facilitate task management. Furthermore, Bak et
al. [3] expanded on this model by integrating gang-scheduling
with work-stealing techniques, aiming for a more effective
balance of workloads across tasks.

Despite the throughput improvements by overlapping more
discrete kernels, inter-kernel strategies do not inherently en-
hance the performance of individual producer or consumer
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kernels. Furthermore, the process of launching and terminat-
ing kernels imposes additional overheads, further complicat-
ing efficient execution within inter-kernel strategies.

7.2 In-Kernel Coordination

Koukos et al. [24] pioneered a fine-grained CPU-GPU col-
laborative architecture leveraging the UVM framework to
lower cross-device communication costs. However, Demand-
Cpy [19] criticized the substantial overhead associated with
UVM’s page placements, and proposed a novel CPU-GPU
transfer method that combined traditional blocking memcpy
with asynchronous page transfers, although it struggles with
bidirectional read-write operations. Alternatively, NBlock-
ing [10] explored an in-kernel communication strategy by
merging kernels and employing UVM’s zero-copy feature
for asynchronous data transmission to GPUs. FinePack [1]
tackled the underutilization of UVM’s transfers by suggest-
ing that transfer messages be accumulated in a buffer and
batched. However, these approaches generally overlooked
synchronization issues between producers and consumers.

EffShare [31] assigned dedicated transfer threads to man-
age producer-consumer data transfers, enabling producers to
write results directly into global memory and continue with
other computational tasks, promoting asynchronous data dis-
patch. However, the synchronization required to activate these
transfer threads still introduces significant overhead. On the
consumer side, GPS [29] pioneered a proactive data transfer
approach assuming pre-generated producer data, designed to
overlap the loading time with communication.

Despite these innovations, the prevalent and costly issue of
consumers waiting for producer data in practical applications
has not been fully explored. Our method, WIC, addresses this
by introducing a fine-grained interruption mechanism that
effectively overlaps the synchronization latency with ongoing
computations when consumers wait for producer data, signifi-
cantly enhancing the efficiency of GPU communications.

8 Conclusion

This paper proposes WIC, a warp-level, interrupt-based syn-
chronization framework designed to optimize GPU communi-
cation by overlapping synchronization delays with computa-
tions. We first pinpoint traditional synchronization, character-
ized by consumers repetitively polling for producer data, as a
primary bottleneck in GPU communication. Detailed thread-
level analysis within the GPU producer-consumer model re-
veals that early-started polling squanders significant computa-
tional resources and competes with ongoing tasks. To tackle
this inefficiency, WIC employs a fine-grained interruption
mechanism that preempts warps waiting for data, freeing up
resources for active warps. Specifically, WIC integrates three
core components: the Interrupter to trigger interruptions to

swap other executable warps, the Monitor to track the avail-
ability of the producer data, and the Activator to resume the
stalled warps when data is ready. Built on unified memory
copying, WIC supports over 20 types of cross-platform data
communications. Experimental results show that our proposed
WIC achieves an average of 13% performance improvements
compared to traditional cross-device communications.
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