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Abstract
Chiplet-based processors have become the dominant archi-
tecture for modern servers, partitioning functionality across
compute chiplets and a centralized I/O chiplet. While this
design improves scalability, it introduces a new bottleneck—
the I/O Chiplet Wall—where off-chip memory and device re-
quests contend along a shared communication path through
the I/O chiplet and interconnect fabric. Our characteriza-
tion of an AMD EPYC processor shows that this bottleneck
significantly impacts performance: it introduces non-trivial
latency overheads, caps memory bandwidth, propagates con-
gestion back to cores, reduces per-core effective bandwidth,
and lacks traffic control. However, existing OS schedulers
remain unaware of this bottleneck, leading to pathological
scheduling behaviors and substantial inefficiencies.
This paper presents cSwitch, a Linux scheduling frame-

work that addresses the I/O Chiplet Wall. Our key insight is
tomodel the I/O chiplet as a software switch that orchestrates
thread-induced data movement. cSwitch represents threads
as data flows (cFlows) annotated with communication fea-
tures, transforming CPU scheduling into a flow scheduling
problem and employing networking-inspired techniques. To
realize this, we build an I/O Chiplet Loading Map to infer
the runtime traffic load, define Chiplet Traffic Label to cap-
ture per-flow behavior, and design a cFlow scheduler that
combines rate control, contention-aware refinement, and
bandwidth-aware migration. Further, cSwitch supports co-
ordinated workloads via MegaCFlow and provides a user-
defined policy interface using sched_ext and eBPF.We build
cSwitch and evaluate it against EEVDF, ARCAS, and Cal-
adan+ across diverse workloads. Our experimental results
show that cSwitch improves performance by up to 2.7×,
reduces latency and increases throughput under contention,
and achieves better scalability with modest overheads.

CCS Concepts: • Computer systems organization→ In-
terconnection architectures; • Hardware→ Network
on chip; • Software and its engineering→ Scheduling.
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1 Introduction
Chiplets have become the predominant approach for building
modern server processors [32, 39, 87–90, 105–107]. Instead
of integrating all components on a single die, chiplet proces-
sors partition functionality across compute chiplets and a
centralized I/O chiplet, connected via on-package intercon-
nects [40, 93]. Compute chiplets host CPU cores and caches,
optimized for compute density, while the I/O chiplet inte-
grates memory controllers, coherence fabrics, and device
interfaces. This modular design improves yield, enables het-
erogeneous process technologies, and scales cores efficiently.

Chiplet processors introduce a shared communication sub-
strate within the SoC. Off-chip requests must traverse a
sequence of shared resources: the I/O chiplet, the network-
on-interposer (NoI) that connects chiplets [30, 110, 120], and
cross-chiplet interfaces, each provisioned with finite band-
width and limited buffering. Thus, core-memory, core-device,
and inter-chiplet coherence traffic are no longer isolated, but
instead contend along a common data path. We term this
emerging bottleneck the I/O Chiplet Wall: a fundamen-
tal performance limit imposed by the shared inter-chiplet
communication path that mediates access between compute
chiplets and external resources. As systems scale to higher
core and chiplet counts, this wall manifests as highermemory
access latency, capped effective bandwidth, and amplified in-
terference, ultimately constraining end-to-end performance.

We characterize the I/O chiplet wall from several perspec-
tives using a multi-chiplet AMD EPYC 9634 processor (§2.2).
First, traversing the I/O chiplet introduces a non-negligible la-
tency penalty, especially under contention, resulting in up to
2.0× higher stall cycles compared to a non-chiplet processor.
Second, the I/O chiplet caps the memory throughput, con-
strained by the inter-chiplet links, the NoI, the I/O chiplet’s
internal crossbar, and the chiplet-memory interface; on our
platform, bandwidth saturates at 330 GB/s, beyond which
requests queue and no additional throughput is achieved.
Third, congestion backpropagates through the system due to
credit-based flow control in both the intra-chiplet NoC and
inter-chiplet NoI, throttling request injection and stalling
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core pipelines. Fourth, per-core bandwidth decreases as intra-
chiplet concurrency increases, since compute-I/O chiplet
links are statically provisioned; we observe 1.7–2.4× degra-
dation for DRAM and 1.6–2.5× for CXL memory. Finally, the
I/O chiplet provides no explicit traffic control, relying on
best-effort arbitration, which leads to severe performance
interference, up to 7.1× slowdown under congestion.

However, today’s Linux OS schedulers largely ignore the
I/O chiplet, treating compute chiplets as sub-NUMA do-
mains and relying on EEVDF [6] with coarse locality heuris-
tics [4, 14, 18]. This abstraction is far from sufficient: EEVDF
lacks visibility into inter-chiplet communication and treats
cores as independent resources, ignoring the I/O chiplet as a
shared bottleneck.We identify several pathological cases (§3).
(1) Not all cores are equal: performance depends on I/O path
conditions, leading to 35.1–58.0% degradation when sched-
uling ignores link contention. (2) Topology-aware affinity
breaks: under high load, “close” placement causes 4.3–4.5×
slowdown, while remote placement performs better. (3) Con-
gestion expands system-wide, degrading unrelated threads by
up to 1.7×, beyond scheduler visibility. (4) Load balancing
worsens imbalance: CPU-centric policies amplify memory
contention, while end-to-end balancing improves perfor-
mance by 13.6–20%+. These results reveal a mismatch: hard-
ware topology is no longer a reliable proxy for performance,
which is instead dictated by dynamic I/O chiplet contention,
motivating the need for traffic-aware scheduling.

In this paper, we design and implement cSwitch, a Linux
scheduling framework that tackles the I/O chiplet wall. Our
key idea is to model the I/O chiplet as a software switch that
orchestrates thread-induced data movement.We decompose
the I/O chiplet into ingress channels (from compute chiplets),
egress channels (to memory and devices), and a traffic man-
ager that regulates how data traverses the system. Each
thread is represented as one or more cFlows (§4.3), annotated
with a chiplet traffic label that captures its communication
path and demand. Rather than relying on explicit buffering,
cSwitch adopts a bufferless design with phantom queues [21,
23, 111], inferring congestion from delay signals such as stall
cycles and service latency. This abstraction transforms CPU
scheduling into a flow scheduling problem[22, 51, 112], en-
abling cSwitch to leverage networking-inspired techniques
to control chiplet traffic and mitigate contention.
Realizing this vision is non-trivial and imposes several

challenges. First, to estimate the I/O chiplet traffic condi-
tions with limited hardware visibility, cSwitch introduces
the I/O Chiplet Loading Map (§4.2), a runtime telemetry
structure that samples architectural counters and recon-
structs cFlow–channel mappings via temporal differencing
and a bipartite matching scheme. Second, to represent thread
communication, cSwitch proposes the Chiplet Traffic Label
(§4.3), a per-cFlow signature (inspired by the HASS [104]
scheduler) enclosing an end-to-end communication path, per-
formance attributes, and counter-inferred contention. Third,

cSwitch develops a cFlow scheduler (§4.4) that jointly de-
termines thread placement and time slice, combining egress-
driven rate control, ingress-based refinement, and greedy
bandwidth-aware migration. Fourth, to support coordinated
workloads, cSwitch provides MegaCFlow (§4.5), a coflow-
inspired [36–38] abstraction that groups threads and inte-
grates seamlessly with the cFlow scheduler. Last, cSwitch
exposes a user-defined scheduling policy interface (§4.6)
built on Linux sched_ext [9] and eBPF.

We prototyped cSwitch on AMD chiplet-based processors
and compared it against Linux EEVDF [6] and two recent
schedulers, i.e., ARCAS [48] and Caladan+ [50], over a wide
range of workloads. Our evaluations show that cSwitch out-
performs prior approaches by 1.2–2.7×, by placing threads
on compute-I/O and I/O-memory/device paths with suffi-
cient bandwidth while avoiding unnecessary I/O chiplet con-
tention. By reacting quickly to congestion and enforcing fair
bandwidth allocation, cSwitch achieves up to 84.5% latency
reduction and 3.9× throughput improvement. Furthermore,
cSwitch demonstrates better scalability both within and
across chiplets, sustaining high utilization under increas-
ing demand. cSwitch incurs modest overheads in memory
footprint and CPU cycles. cSwitch is available at https:
//github.com/netlab-wisconsin/cSwitch.

2 Background
2.1 Chiplet Processors
Modern server processors [32, 39, 87–90, 105–107] increas-
ingly adopt chiplet-based architectures to address the grow-
ing difficulty of scalingmonolithic dies. Instead of integrating
all processor components onto a single large die, chiplet pro-
cessors partition functionality across multiple smaller dies
(i.e., chiplets), interconnected through high-bandwidth on-
package die-to-die fabrics (like UCIe [40] and OpenHBI [93])
operating over a compatible 2.5D/3D silicon interposer [52,
117, 118]. This modular design [59, 65, 109, 113] improves
manufacturing yield, allows heterogeneous process technolo-
gies, and enables vendors to scale core counts efficiently.

A chiplet processor generally encompasses compute chiplets,
connected via a centralized I/O chiplet (Figure 1-a). Com-
pute chiplets contain CPU cores, private caches, and portions
of the shared last-level cache. They are typically optimized
for compute density and fabricated using advanced process
nodes (like 5nm in our evaluated EPYC 9634 CPU). In con-
trast, the I/O chiplet integrates system interfaces such as
memory controllers, coherent routing interconnects, PCIe
substrates, and I/O hubs. Because I/O logic benefits less from
aggressive scaling, it is often implemented in more mature
fabrication processes (e.g., 6nm in EPYC 9634). In such a
separated architectural organization, all off-chip communi-
cation (Figure 1-a), including DRAM accesses and device
interactions, must traverse on-package interconnects (the
ones connecting chiplet-chiplet and chiplet-memory/device)
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Figure 1. (a) depicts the architectural diagram of a chiplet processor. (b) shows the package substrate of a chiplet-based design.

Parameters EPYC 9634
microarchitecture Zen 4

L1 (per core) 64 KB
L2 (per core) 1 MB
L3 (per CPU) 384 MB

Cores per Compute Chiplet 7
Compute Chiplet (CC) # 12

Process Node (CC) 5 nm
I/O Chiplet (IOC) # 1
Process Node (IOC) 6 nm
Memory Controller # 12

PCIe Gen. Gen 5 (CXL 1.1/2.0)
PCIe Lane 128

Base/Max Freq. 2.25 / 3.7 GHz

Table 1. Hardware specification of our evaluated processor.

and the I/O chiplet. As a result, the I/O chiplet emerges as a
gateway between compute chiplets and external resources.

2.2 I/O Chiplet Wall
Chiplet processors introduce a new shared communication
structure inside the package. Cores interacting with off-chip
memory and devices (Figure 1-b) must traverse (1) an I/O
chiplet, (2) the network-on-interposer (NoI) that connects
chiplets across the package substrate [30, 110, 120], and (3)
the cross-interposer chiplet interface [60, 79]. While this de-
sign improves modularity and scalability, all core-memory,
core-device traffic, and in some cases coherence traffic be-
tween chiplets must pass through the same inter-chiplet
infrastructure before reaching their destinations. Because
the I/O chiplet, NoI, and interfaces have finite bandwidth and
internal queues, they inherently become points of contention
when many cores generate traffic simultaneously.

We refer to this emerging bottleneck as the I/O Chiplet
Wall: a performance limit caused by the shared inter-chiplet
communication path that mediates access between compute
chiplets and external resources. As core counts and chiplet
counts continue to scale, this wall increasingly constrains
memory access latency, aggregate bandwidth, and overall
system performance. To distinguish this effect frommemory-
controller saturation, we compared victim latency under
noise traffic that shared the compute-to-I/O (CC-I/O) chiplet
link, both w/ and w/o sharing the downstream I/O-DIMM
path. Although the noise traffic remained below 39.0% of the
measured saturation knee, sharing the CC-I/O path degraded
performance by 9.5%w/o a shared I/O-DIMMpath, compared
with 13.3% when the I/O-DIMM path was also shared. These
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Figure 2. We compare the application performance on a chiplet
processor (AMD EPYC 9634) vs. a non-chiplet one (Intel CPU). (a)
and (b) report the stall degree (defined as the number of processor
stalled cycles per application request) while varying the working
set size and I/O chiplet load on a single core, respectively. We run
RocksDB in (a) and OrientDB and Elasticsearch in (b).

slowdowns therefore cannot be explained solely by memory-
controller saturation. We use an AMD EPYC 9634 multi-
chiplet CPU (Table 1) and characterize different aspects of
the problem. §5.1 describes our experimental setup.
Issue #1: Traversing the I/O chiplet incurs a latency
penalty. Chiplet processors physically separate compute
cores from memory controllers, forcing memory accesses
to cross multiple architectural components before reaching
DRAM. Compared with monolithic processors, a request
must undergo additional processing stages, including seri-
alization at the inter-chiplet interface, arbitration within
the I/O chiplet routing logic, and implicit queueing when
requests accumulate at the chiplet boundary. As a result,
crossing the I/O chiplet imposes a persistent latency tax
on memory accesses that becomes more pronounced under
contention. Figure 2-a quantifies this effect by comparing a
chiplet-based processor (AMD) with a non-chiplet counter-
part (Intel) while varying the application working set size
(RocksDB). We observe 1.58× higher stalled cycles on aver-
age for a 64B random read workload. The gap widens as I/O
chiplet load increases (Figure 2-b): when additional memory-
intensive threads are introduced to generate more traffic,
stalled cycles on the chiplet processor rise by up to 2.0×,
while the non-chiplet processor increases onlymarginally. In-
creasing memory-level parallelism helps little because mod-
ern out-of-order cores already issue sufficient outstanding
requests. More parallelism, accumulating in-flight requests
across chiplets, cannot effectively hide the latency.
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Figure 3. (a)/(b) report the latency and memory bandwidth varying
the application load. We increase the load by using more chiplets to
run the workload. This experiment uses RocksDB, OrientDB, and
Elasticsearch (ES) under random access, and DuckDB (with TPC-H
query 21). The latency in (a) is normalized to the 15% load case.
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Figure 4. (a)/(b) show the application latency and core stall per-
centage of DuckDB w/ TPC-H varying the number of cores when
using 1 DIMM, 2 DIMMs, 4 DIMMs, and all 12 DIMMs.

Issue #2: The I/O chiplet imposes a hard ceiling on
memory throughput. In chiplet processors, the I/O chiplet
becomes the convergence point for memory and device traf-
fic across the die. The throughput ceiling arises because
the communication entities along the path, including the
inter-chiplet link, NoI, I/O chiplet’s internal crossbar, and
the chiplet-memory link (Global Memory Interconnect [1]
in AMD), have finite resources and collectively constrain the
maximum service rate. Once the application injection traffic
rate exceeds the capacity, requests are queued, and no more
effective bandwidth is achieved. Figure 3 demonstrates this
effect by scaling the number of active cores across 12 chiplets
for four data-intensive workloads: aggregate memory band-
width initially increases but eventually plateaus at around
330 GB/s, while application latency continues to rise by up
to 2.4×, 1.3×, 1.3×, and 1.5×, respectively. Therefore, the I/O
chiplet fundamentally limits achievable memory through-
put, and once saturated, additional concurrent requests only
increase contention rather than improving performance.
Issue #3: The I/O chiplet backpropagates congestion
and stalls the core pipeline. Beyond throughput limitation,
the I/O chiplet propagates memory-side congestion back to
compute chiplets. This behavior arises from the credit-based
flow control mechanisms [29, 35, 66–68] employed by both
the NoC and NoI. A sender can inject new requests only
if it has sufficient credits from downstream buffers. When
memory controllers or the I/O chiplet become congested,
they reduce the rate at which credits are returned to the NoI.
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Figure 5. (a)/(b) present the per-core achieved memory and device
(CXL.mem) bandwidth when scaling the number of cores within a
chiplet. We run llama (llama.cpp), CG (Conjugate Gradient), MG
(Multi-Grid), and FT (3D Fast Fourier Transform) applications.

This backpressure propagates upstream: the NoI throttles re-
quest injection from the compute chiplets, in turn restricting
the NoC’s ability to forward memory requests from cores.
Because the buffering capacity in the NoI and at the chiplet
interfaces is limited, it cannot absorb sustained high request
rates, pushing stalls back to the cores quickly and hurting
performance. We show this by using DuckDB executing TPC-
H queries while scaling the number of cores. As shown in
Figure 4, compared with a single DIMM case, when enabling
12 DIMMs in an interleaved mode, distributing memory re-
quests across channels alleviates contention and improves
credit return rates. This yields a 77.3% application latency
reduction and a 29.2% core stall percentage drop.
Issue #4: Per-core bandwidth collapses with increasing
intra-chiplet concurrency. As more threads simultane-
ously issue memory requests, the bandwidth available to
each core drops dramatically due to the static provision-
ing of the compute–I/O chiplet link. This is due to phys-
ical constraints, including wire count, signaling rate, and
power-delivery limits. Unlike on-chip resources that can be
dynamically shared or time-multiplexed at fine granularity,
these inter-chiplet links operate at a fixed data rate and lack
mechanisms for dynamic scaling at runtime. Thus, intra-
chiplet cores compete for a fixed bandwidth budget, yielding
a proportional per-core bandwidth reduction, even when
each thread’s intrinsic demand remains unchanged. Figure 5
shows this by gradually enabling all cores within a compute
chiplet for four workloads. We observe up to 2.1×, 1.7×, 2.4×,
and 1.7× bandwidth degradation for LLaMA, FT, CG, andMG
when all 14 SMT cores are used. A similar trend holds when
accessing an external Type-3 CXL memory expander, where
the per-core bandwidth drops by 2.2×, 1.6×, 2.5×, and 1.6×.
These results highlight that scaling cores does not translate
into proportional memory performance in chiplet systems;
instead, the compute–I/O chiplet boundary becomes a criti-
cal bottleneck that must be explicitly considered.
Issue #5: The I/O chiplet imposes no traffic control. The
I/O chiplet lacks explicit mechanisms to regulate or isolate
traffic at its ingress, internal routing, and egress pipelines,
leading to best-effort bandwidth allocation among competing
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Figure 6.We co-locate a victim application (DuckDB/llama) with
synthetic workloads that issue requests in a best-effort manner.
We gradually increase the background traffic load and create con-
tention at the peripheral I/O chiplet links (i.e., compute-I/O chiplet,
I/O chiplet-memory, and I/O chiplet-device) as well as I/O chiplet
internals. (a)/(b)/(c)/(d) report the normalized latency and through-
put to the standalone case (easy visualization) under interference.

threads. Unlike network switches or QoS-aware intercon-
nects, the I/O chiplet and memory controllers are primarily
designed to maximize throughput rather than fairness or
isolation. Traffic arbitration decisions are driven by low-
level hardware dynamics such as request arrival timing, the
aggressiveness of request injection (i.e., the number of out-
standing requests per core), queue ordering, and memory
controller scheduling policies (e.g., FR-FCFS [98, 99]). These
policies inherently favor threads that can generate more con-
current requests or exhibit favorable access patterns (e.g.,
row-buffer locality), allowing aggressive senders to capture
a disproportionate share of bandwidth. Further, the absence
of admission control or rate limiting at the compute–I/O
chiplet interface, combined with limited buffering and shared
queues inside the I/O chiplet, exacerbates interference across
threads. Without global coordination or enforcement of fair-
ness across chiplets, contention at compute–I/O links, intra-
I/O chiplet routing, I/O-memory links, or I/O-device links
can lead to highly unpredictable performance. As shown in
Figure 6, we observe up to 6.5×/7.1×, 1.2×/1.7×, 2.7×/10.9×,
and 1.6×/3.0× performance degradation when co-locating
DuckDB/llama with interfering background workloads in
these four cases. This lack of traffic control is particularly
problematic in multi-tenant environments, making perfor-
mance reasoning difficult and hurting system efficiency.

3 Why I/O Chiplet Matters for Scheduling
3.1 Linux CPU Scheduling: EEVDF
Modern Linux systems employ the Earliest Eligible Virtual
Deadline First (EEVDF) scheduler [6] as the default policy for

fair CPU time allocation, evolving from the long-standing
Completely Fair Scheduler (CFS) [3]. EEVDF retains CFS’s
core principle of proportional fairness but refines task selec-
tion using a virtual deadline abstraction [108]. Each task is
assigned a virtual runtime that reflects the amount of CPU
service it has received, weighted by priority, and a corre-
sponding virtual deadline that determines when it should
next be scheduled. At runtime, the scheduler selects the task
with the earliest eligible virtual deadline, ensuring both fair-
ness and low latency. To scale across many cores, EEVDF
maintains per-CPU run queues, where tasks are enqueued
locally and scheduled independently. Periodic load balancing
redistributes tasks across CPUs to equalize utilization, while
placement decisions are guided by heuristics such as CPU
idleness [4], cache locality [14], and NUMA affinity [18].

EEVDF imposes systematic inefficiencies on chiplet-based
processors due to its lack of visibility into inter-chiplet com-
munication and the I/O chiplet. First, the scheduler remains
largely unaware of chiplet topology: while Linux provides
NUMA abstractions and sub-NUMA clustering (SNC) [2],
these are coarse-grained and primarily capture memory lo-
cality rather than the communication costs within a socket,
failing to model fine-grained latency and bandwidth costs of
crossing compute chiplets or contending at the centralized
I/O chiplet. Second, it relies on naive heuristics for finding
out thread relationships, such as the waker-wakee mech-
anism, which depends on OS-visible synchronization and
cannot account for asynchronous or memory-intensive be-
haviors, leading to suboptimal placements. Third, EEVDF
treats cores as independent compute resources and is obliv-
ious to the I/O chiplet as a shared bottleneck, and cannot
address the issues characterized above (§2.2). Combined with
the lack of traffic control within the I/O chiplet, this can result
in severe contention and performance interference across
threads. Therefore, existing Linux schedulers lack the neces-
sary visibility and control to reason about chiplet-level costs.
We characterize these cases below.

3.2 Case #1: Not All Free/Busy Cores Are Equal
The existing scheduler assumes that free or lightly loaded
CPUs are interchangeable resources and prioritizes plac-
ing tasks on idle or less busy cores to maximize utilization.
However, in chiplet-based architectures, this assumption
does not hold. The effective memory bandwidth available
to each core is non-uniform and dynamically varying. A
core’s performance depends not only on its local compute
capacity but also on its access path to memory, including the
available bandwidth on the compute-I/O chiplet links, con-
tention within the I/O chiplet routing fabric, and utilization
of downstream memory channels. As shown in Figure 7-a,
both free and busy cores can exhibit different performance
characteristics depending on the current I/O chiplet load.
EEVDF, combined with sub-NUMA clustering, lacks visibil-
ity into these dynamics and may schedule tasks onto cores
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Figure 7. The four pathological scheduling cases of EEVDF+SNC on Chiplet processors. CC=Compute Chiplet. IOC=I/O Chiplet.

that appear available despite being bandwidth-starved. This
mismatch leads to suboptimal decisions, where the real bot-
tleneck (data movement capacity through the I/O chiplet) is
ignored. We configure the compute-I/O chiplet link with a
25%, 50%, 75%, and 100% load, and compare how the sched-
uler performs when running PageRank workload. As shown
in Figure 8-a, an oracle scheduler aware of compute-I/O link
conditions achieves the best performance, while EEVDF and
chiplet-affinity policies degrade performance by 35.1% and
24.4% even when there are free cores across chiplets. Under
busy-core scenarios (Figure 8-b), we observe a 53.2% and
58.0% performance drop. This is because ignoring I/O chiplet
heterogeneity yields inferior scheduling decisions.

3.3 Case #2: Topology-aware Affinity Breaks
Modern schedulers rely on locality heuristics, such as cache
affinity and NUMA proximity, to guide scheduling decisions,
which assume that topological closeness (e.g., same core,
L3, and NUMA domain) correlates with better performance.
However, this assumption breaks in chiplet systems under
bandwidth pressure. When the I/O chiplet becomes a bottle-
neck, the dominant cost shifts from cache locality to inter-
chiplet contention and bandwidth availability (Figure 7-b).
In such cases, placing threads “close” (e.g., within the same
chiplet or NUMA) can actually worsen performance by con-
centrating traffic onto the same I/O chiplet links and memory
channels. Conversely, placing threads farther apart may re-
duce contention and improve throughput. This inversion
means that traditional affinity heuristics become ineffective,
and even harmful, when bandwidth is under-provisioned. As
shown in Figure 8-c, when sufficient bandwidth is available,
affinity-based strategies perform well. However, once I/O
chiplet load exceeds 80%, we observe up to 4.3× and 4.5×
performance degradation in core-affinity and chiplet-affinity
strategies, while placing threads on remote cores maintains
stable performance. This indicates that logical proximity no
longer reflects physical performance distance.

3.4 Case #3: Congestion Expands the Victim Region
As discussed in §2.2, congestion at the I/O chiplet and mem-
ory channel does not remain localized; instead, it propagates
across the system, affecting threads that are otherwise un-
related. This creates a large “victim region”, where threads

that do not share data, cores, or even chiplets experience
performance degradation (Figure 7-c). The problem is fur-
ther exacerbated by the lack of fine-grained observability
within the I/O chiplet: the OS cannot directly monitor inter-
nal queue states, routing congestion, or arbitration outcomes.
EEVDF cannot identify which threads are causing or suffer-
ing from contention, making it difficult to isolate or mitigate
interference under chiplet-induced contention. As shown in
Figure 8-d, when the memory channel is overloaded, back-
propagated congestion hurts the performance of indirectly
affected threads by 1.7×, 1.2×, and 1.4× at the core, compute
chiplet, and memory levels, respectively, while completely
non-overlapping threads remain unaffected. Hence, chiplet-
induced contention could cause system-wide interference
that existing schedulers cannot handle.

3.5 Case #4: Load Balancing Can Increase Imbalance
Linux periodically migrates tasks to equalize CPU utiliza-
tion across cores to improve fairness and overall efficiency.
However, such CPU-centric load balancing can inadvertently
worsen the I/O chiplet and memory system imbalance. By re-
distributing threads solely based on CPU load, the scheduler
may consolidate memory-intensive threads onto the same
compute chiplet or along the same compute-I/O chiplet paths,
increasing contention at the I/O chiplet shared communi-
cation resources. While CPU utilization appears well bal-
anced, the underlying memory subsystem becomes highly
skewed (Figure 7-d), leading to degraded performance–a
compute-balanced but memory-imbalanced state. EEVDF
exacerbates this issue by using static topology and CPU
load metrics, without visibility into dynamic I/O chiplet
pressure. We demonstrate this effect in two scenarios. First,
we compare EEVDF, a chiplet-affinity policy, and an ora-
cle that performs end-to-end load balancing across cores,
chiplet links, and memory channels. As memory channel
skew increases (Figure 8-e), the oracle outperforms EEVDF
and affinity-based policies by 13.6% and 17.9%, respectively.
Second, for a synchronization-intensive workload (Figure 8-
f), end-to-end load balancing achieves over 20.0% higher
throughput. A bandwidth breakdown over different paths
further reveals the root cause: intra-chiplet (intra-CC) band-
width drops from 26.1 GB/s to 19.9 GB/s under load, while
inter-chiplet (inter-CC) one degrades more severely from
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Figure 8. (a)/(b) compare the performance of EEVDF, chiplet-
affinity (selecting local cores within the compute chiplet first), and
oracle (being aware of compute-I/O chiplet link loading condition)
schedulers. The link is 25%, 50%, 75%, and 100% loaded for the
compute chiplet 0, 1, 2, and 3. (c) shows the application perfor-
mance varying the I/O chiplet traffic load. (d) reports how memory
channel contention impacts the performance of unrelated threads
from the victim core, compute chiplet, and DIMM, comparing the
ones that are non-overlapped. (e)/(f) show how a bandwidth- and
synchronization-intensive application behaves under three schedul-
ing policies varying the memory channel skewness. “Oracle” refers
to the one that performs load balancing, considering the core, I/O
chiplet, and memory. (f) also lists the bandwidth across different
paths. We run PageRank from the GAPBS benchmark over Kro-
necker graphs in (a)–(e), and run a multi-threaded skiplist in (f).

9.5 GB/s to 4.2 GB/s. These results show that CPU-only load
balancing can amplify chiplet-level contention, highlighting
the need for joint core-I/O chiplet-memory scheduling.

3.6 Summary
These cases highlight a mismatch between existing CPU
schedulers and chiplet-based architectures. Hardware topol-
ogy is no longer a reliable proxy for performance. Instead,
performance is increasingly limited by dynamic contention
in the I/O chiplet and its link connectivity to neighbor-
ing components. Traditional CPU-centric policies (whether
based on load balancing, affinity, or NUMA locality) can

make poor scheduling decisions: free coresmay be bandwidth-
starved, “close” placement may amplify contention, interfer-
ence may propagate beyond locality boundaries, and load bal-
ancing may worsen memory imbalance. Therefore, topology-
aware scheduling is not only insufficient but oftenmisleading
without visibility into chiplet-level data movement, motivat-
ing the need for a new, traffic-aware scheduling approach.

4 I/O Chiplet as a Switch
This section presents the design and implementation of
cSwitch, a Linux scheduling framework that tackles the
I/O chiplet wall (§2.2). Our system design goals are:
• Performance. cSwitch aims to maximize application per-

formance, minimize unnecessary congestion, reduce mem-
ory access latency, and avoid pathological scheduling de-
cisions that lead to pipeline stalls or bandwidth collapse.
• Utilization. cSwitch strives to strike a balance between

concurrency and contention by carefully regulating thread
placement and activation. It should adapt to runtime con-
ditions, ensuring that neither compute resources remain
idle nor the I/O chiplet becomes a persistent bottleneck.
• Multi-tenancy. cSwitch targetsmax-min fairness in shar-
ing I/O chiplet and memory resources, mitigates chiplet-
induced interference, and avoids a single application mo-
nopolizing bandwidth at the expense of others.

4.1 Key Idea and Overview
Key Idea. cSwitchmodels the I/O chiplet as a software switch
that orchestrates thread-induced data movement between com-
pute chiplets and memory/devices. In this abstraction, the I/O
chiplet is decomposed into three logical components (Fig-
ure 9-a): (1) ingress channels, which capture traffic entering
from compute chiplets; (2) egress channels, which forward
traffic toward memory controllers and I/O devices; and (3)
a traffic manager, which determines the ordering and rate
at which cFlows (§4.3) traverse the switch. Rather than ex-
plicitly buffering, cSwitch adopts a bufferless design with
phantom queues [21, 23, 111], which use a virtual capac-
ity below the hardware limit to detect congestion before
hardware saturation. Each thread generates one or more
cFlows, annotated with a chiplet traffic label (§4.3) that en-
codes its communication path (including core, ingress/egress
channels, traverse chiplets, and target memory/device) and
traffic characteristics (e.g., BW and priority). This abstrac-
tion transforms CPU scheduling into a traffic scheduling
problem, allowing cSwitch to leverage networking-inspired
techniques to regulate chiplet traffic and mitigate the I/O
chiplet wall.
System Overview. cSwitch adopts a decoupled execu-

tion architecture spanning kernel and userspace (Figure 9).
Within the kernel, it introduces two key components. First,
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Figure 9. System architecture and execution runtime of cSwitch.

the I/O chiplet loadingmap (§4.2) continuouslymonitors con-
gestion across ingress and egress channels by sampling ar-
chitectural counters, serving as the basis for our traffic man-
ager. Using delay-based signals (e.g., stall cycles, data serving
latency), it estimates real-time contention levels without re-
quiring direct visibility into hardware queues, as current
chiplet processors do not expose the I/O chiplet or its con-
tention state as OS-visible resources. Second, a kernel sched-
uler (§4.4 and §4.5) uses this information to enforce max-min
fairness among competing threads, dynamically throttling,
migrating, or prioritizing threads under contention. These
decisions are made at fine granularity to quickly react to tran-
sient congestion. On the user side, cSwitch provides two
mechanisms. Each cFlow is associated with a chiplet traf-
fic label (§4.3), which captures its communication demand
and guides scheduling decisions. Further, cSwitch exposes a
scheduling policy interface (§4.6) atop eBPF for applications
to define and inject a customized policy.

4.2 I/O Chiplet Loading Map
cSwitch introduces the I/O Chiplet Loading Map, a runtime
telemetry mechanism that captures traffic conditions across
the chiplet fabric. It periodically samples architectural per-
formance counters to reconstruct the state of data movement
through the I/O chiplet. We adopt a design analogous to a
Linux switchdev device, where the I/O chiplet is abstracted
into ingress channels (from compute chiplets) and egress
channels (toward memory and devices). For every epoch, an
ingress channel tracks (1) the number of requests (missed
from LLC) and responses (returned to LLC), (2) the observed
data serving (LLC miss completion) latency, and (3) the set of
concurrent cFlows traversing the channel. An egress chan-
nel records (1) the number of requests/responses and (2) the
congestion degree by synthesizing the service latency of
responses. Table 2 summarizes the counters we use.
However, an I/O chiplet provides no direct observability

into how requests from ingress channels are mapped to spe-
cific egress channels. This lack of visibility makes it difficult
to attribute contention to specific threads, especially under
memory interleaving, where data are distributed across mul-
tiple memory channels. To address this, cSwitch constructs
a bipartite graph between ingress and egress channels using
temporal differencing across snapshots. By comparing two

Module Model Architectural Counters

I/O Load
Map

IngressCh.Req# L2FillRspSrc:All
IngressCh.Resp# L2FillRspSrc:All

IngressCh.Serv.Lat L3_XiSampledLatency
L3_XiSampledLatencyRequests

EgressCh.Req# DF_PERF_CTL/CTR (CS:Wr)
EgressCh.Resp# DF_PERF_CTL/CTR (CS:Rd)

Chiplet
Traffic
Label

PerfAttr.Req# L2FillRspSrc: Cache/Dram/CCX
PerfAttr.Resp# L2FillRspSrc:All

PerfAttr.Serv.Lat L3_XiSampledLatency
L3_XiSampledLatencyRequests

Contention.Stall
DF_PERF_CTL/CTR (SrcDst:CS)

ExNoRetire
LsNotHaltedP0Cyc

Contention.Delay L3_XiSampledLatency:Dram/Cache
L3_XiSampledLatencyRequests:Dram/Cache

Table 2. Architectural performance counters used by cSwitch.

consecutive snapshots, it computes the incremental request
vectors at the ingress and egress sides. These deltas are then
used to infer a mapping between ingress and egress channels:
in cases such as one-to-one (1→1) or one-to-many (1→N)
mappings, the correspondence can be directly inferred from
matching request increments. This becomes more challeng-
ing in many-to-one (N→1) scenarios. cSwitch leverages
delay signals as implicit weights to disambiguate contribu-
tions. The intuition is that flows experiencing higher delay
increases at the ingress side are more likely to contribute to
downstream congestion. Thus, cSwitch assigns weights to
ingress–egress edges proportional to the observed latency
inflation at the ingress channel and distributes the inferred
egress load accordingly.While not perfectly accurate, in prac-
tice, we find that it provides sufficient visibility into traffic
distribution and contention hotspots.

4.3 Chiplet Traffic Label
In cSwitch, a cFlow is defined as a thread running on one
core that issues memory or I/O requests to a target DIMM
or device. To facilitate scheduling under the I/O chiplet wall,
inspired by the HASS scheduler [104], cSwitch proposes the
Chiplet Traffic Label, a per-cFlow signature that describes
its traffic characteristics and resource demand. It represents
how a thread interacts with the chiplet fabric and bridges
the application behavior and the I/O Chiplet Loading Map.
Our chiplet traffic label has three components. (1) Com-

munication Path. Each cFlow is associated with its inferred
ingress and egress channels, derived by correlating per-thread
scheduling activity with the I/O chiplet loading map. It iden-
tifies which compute-I/O links and memory/device channels
the thread primarily exercises. (2) Performance Attributes.
cSwitch tracks the number of requests issued and com-
pleted by each thread, along with the observed service la-
tency. These metrics are collected using per-core architec-
tural counters, e.g., L2FillRspSrc, L3_XiSampledLatency,
and L3_XiSampledLatencyRequests. With L2 cache perfor-
mance counters, it captures a thread’s bandwidth request to
each component. With L3 cache performance counters, it
captures the current domain’s load. (3) Contention. To quan-
tify how much a thread is affected by chiplet congestion,

L2FillRspSrc
L3_XiSampledLatency
L3_XiSampledLatencyRequests


cSwitch combines multiple signals, including core stall cy-
cles and latency indicators like L3-to-L3 and L3-to-DRAM
access delays, as a proxy for the pressure a thread experi-
ences on the I/O chiplet. We continuously update the label at
runtime (Alg1:L8-9). When a thread is scheduled on a core,
cSwitch profiles its behavior and refreshes its label using re-
cent counters. To reduce sensitivity to transient fluctuations
and adapt to dynamic workloads, cSwitch applies an expo-
nentially weighted moving average (EWMA) over histori-
cally collected metrics and hysteresis, acting as a low-pass
filter that stabilizes bandwidth estimation and contention.

4.4 The cFlow Scheduling Algorithm
cSwitch reframes CPU scheduling as a flow scheduling prob-
lem [22, 51, 112], where each thread is modeled as a flow
competing for shared I/O chiplet resources. The scheduler
operates in periodic epochs and uses the I/O chiplet loading
map (§4.2) and chiplet traffic labels (§4.3) to jointly control
(i) where threads run and (ii) how fast they inject data traffic.
Operating Regime. cSwitch is most effective when thread
placement creates avoidable I/O chiplet contention. Using
the I/O Chiplet Loading Map, it steers cFlows toward less-
congested ingress/egress paths, and throttles overloaded
egresses. As the I/O chiplet approaches global saturation,
placement opportunities diminish, reducing cSwitch’s gains
over locality-aware schedulers, although throttling can still
limit overload and mitigate imbalance.
Thread Placement. At creation, cSwitch follows a locality-
first policy to preserve cache affinity: a thread is placed on an
available core within the same compute chiplet as its parent
(Alg1:L3). If none is available, it selects the least-utilized core
globally, breaking ties randomly (as in EEVDF) (Alg1:L4–L5).
The thread then registers its cFlows (based on the target
memory/device), whose initial chiplet traffic label (CTlabel)
is populated from per-core counters (Alg1:L8–L9).
Egress-Driven Rate Control. At each epoch, cSwitch first
scans all egress channels (to memory and device endpoints)
and classifies them as congested or under-subscribed using
delay-based signals from the loading map (Alg1:L10–L11).
Specifically, we monitor the effective bandwidth at the I/O
chiplet to the memory controller interface (i.e., coherent
station) and compare it against the provisioned link capac-
ity to detect saturation. It then uses the EWMA-smoothed
measured delay along with dual-threshold hysteresis to de-
termine the contention degree. For uncongested channels,
cSwitch defers to the default scheduler. For congested chan-
nels, cSwitch computes a weighted max-min fair bandwidth
share across the set of traversing flows using their estimated
demand (from traffic labels) and inferred channel capacity
(Alg1:L12–L13). Flows that exceed their fair share are throt-
tled by reducing their CPU time slice (thus lowering request
injection rate) and, if necessary, by temporarily deprioritiz-
ing them in the runnable queue (Alg1:L14–L16). This imple-
ments a form of end-host rate limiting [20, 26, 97] analogous

Algorithm 1 The cFlow Scheduler
1: procedure cFlow_Scheduler ⊲ Called Every Sched. Epoch
2: for 𝑡ℎ ∈ newThreads do ⊲ Thread Placement
3: 𝑑 ← 𝑡ℎ.parent.schedDomain
4: while ¬𝑑.hasIdleCores() ∧ 𝑑.upperSchedDomain do
5: 𝑑 ← 𝑑.upperSchedDomain
6: 𝑡ℎ.assign(argmin𝑐𝑜𝑟𝑒∈𝑑 (¬𝑐𝑜𝑟𝑒.idle(), 𝑐𝑜𝑟𝑒.util(), 𝑐𝑜𝑟𝑒))
7: IOLoadMap.update() ⊲ cSwitch Telemetry Update
8: for 𝑐 𝑓 ∈ IOLoadMap.allCFlows do
9: 𝑐 𝑓 .CTlabel←updateCTlabel(𝑐 𝑓 , IOLoadMap)
10: for 𝑐ℎ ∈ IOLoadMap.egChs do ⊲ Egress Ch. Rate Control
11: if 𝑐ℎ.isCongested() then
12: 𝑐𝑢𝑙𝐶𝐹𝑙𝑜𝑤 ← argmax𝑓 ∈𝑐ℎ.cflows 𝑓 .CTlabel[ch].bw
13: 𝑛𝑒𝑤𝐵𝑊 ← 𝑐ℎ.bwMaxMinRealloc(𝑐𝑢𝑙𝐶𝐹𝑙𝑜𝑤 )
14: schedPlan.append(𝑐𝑢𝑙𝐶𝐹𝑙𝑜𝑤.th,Throttle, 𝑛𝑒𝑤𝐵𝑊 )
15: IOLoadMap.update(𝑐𝑢𝑙𝐶𝐹𝑙𝑜𝑤, 𝑛𝑒𝑤𝐵𝑊 )
16: 𝑐𝑢𝑙𝐶𝐹𝑙𝑜𝑤 .CTlabel.update(𝑛𝑒𝑤𝐵𝑊 )
17: for 𝑐ℎ ∈ IOLoadMap.inChs do ⊲ Ingress Ch. Refinement
18: if 𝑐ℎ.isCongested() then
19: for 𝑐 𝑓 𝑙𝑜𝑤 ∈ 𝑐ℎ ∧ 𝑐 𝑓 𝑙𝑜𝑤 .isBWIntensive() do
20: migratePlan.append(𝑐 𝑓 𝑙𝑜𝑤 .th)
21: migratePlan.sort(key=𝜆𝑐 𝑓 .(𝑐 𝑓 .𝑝𝑟𝑖𝑜𝑟𝑖𝑡𝑦, 𝑐 𝑓 .𝑑𝑒𝑚𝑎𝑛𝑑))
22: inChs← IOLoadMap.inChs.sort(key=𝜆𝑑.(𝑑.𝐴𝑣𝑎𝑖𝑙𝐵𝑊 ))
23: NPlan← bipartMatch(migratePlan.CFlows, inChs)
24: for 𝑓 ∈ 𝑁𝑃𝑙𝑎𝑛 do ⊲ Thread Migration
25: if 𝑓 .isMegaCFlow∧¬𝑓 .demandIsSatisfied() then
26: 𝑓 ← 𝑓 .decomposeMega()
27: NPlan←bipartMatch(migratePlan.CFlows, Chs)
28: schedPlan.apply(); (migratePlan← NPlan).apply()

to network congestion control. Throttled threads might be
marked as Migratable candidates in the next phase.
Ingress-Enhanced Refinement. cSwitch then traverses
each ingress channel to validate whether congestion is miti-
gated after applying the tentative throttling plan (Alg1:L17–
L18). If it remains congested, the local rate control is insuf-
ficient, for example, due to structural hotspots or skewed
placement. In this case, cSwitch identifies the dominant con-
tributing threads–those with the highest bandwidth demand
on the congested channel based on their traffic labels–and
marks them as migratable candidates (Alg1:L19–L20). This is
because the corresponding cFlows would benefit more from
relocation to paths with greater available bandwidth. Other-
wise, if congestion diminishes, cSwitch accepts the current
plan without triggering migration, avoiding unnecessary
thread movement. This two-phase design allows cSwitch
to first apply lightweight rate control and only escalate to
placement changes when congestion persists.
ThreadMigration. For threadsmarked asmigratable, cSwitch
performs a bandwidth-aware bipartite matching between
cFlows (threads) and candidate ingress channels. The goal
is to relocate high-impact threads away from congested
channels while maximizing overall bandwidth utilization.
Concretely, cSwitch ranks cFlows by a synthesized score
that captures bandwidth demand, priority, and congestion



contribution (derived from traffic labels and loading map
signals) (Alg1:L21). In parallel, ingress channels are ranked
by their residual capacity (Alg1:L22). cSwitch then applies
a greedy matching algorithm (Alg1:L23): it iteratively se-
lects the highest-demand cFlow and assigns it to the ingress
channel with the largest available bandwidth that minimally
overlaps with existing high-traffic flows. This approximates
a maximum-weight matching [43–45] while keeping run-
time overhead low. The selected channel is mapped to a
target core, and the thread is migrated accordingly. During
this process, cSwitch also incorporates locality constraints,
such as preferring cores within nearby chiplets or NUMA do-
mains when multiple candidates provide similar bandwidth,
to reduce migration overhead and preserve cache affinity.
Schedule Plan Apply. Finally, cSwitch commits the sched-
uling plan by updating per-CPU run queues, adjusting time
slices, and issuing migrations (Alg1:L28). The combined use
of rate control (throttling) and traffic-aware placement (mi-
gration) allows cSwitch to react quickly to the I/O chiplet
load condition and tackle the issues above (§3.2–§3.5).

4.5 Cooperative Group Scheduling
For scheduling groups, we propose a coflow-inspired abstrac-
tion [36–38], called a MegaCFlow, to coordinate threads
while remaining compatible with the cFlow scheduler (§4.4).
This improves inter-thread communication and avoids frag-
mented thread placements that cause chiplet contention.
MegaCFlow Construction. cSwitch groups correspond-
ing threads into a MegaCFlow either using application hints
(§4.6) or detecting correlated traffic patterns (e.g., synchro-
nized behavior in Linux lockstat [11]). A MegaCFlow ag-
gregates per-cFlow traffic labels, and is summarized by a
dominant ingress (source) and dominant egress (destina-
tion), selected as the channels with the highest bandwidth
consumption. This preserves the primary communication
path and performance characteristics, and interaction with
chiplets.
Integration with the cFlow Scheduler. Let 𝐷𝑀 be the ag-
gregate demand of aMegaCFlow𝑀 and𝐶𝑖𝑛𝑔𝑟𝑒𝑠𝑠 ,𝐶𝑒𝑔𝑟𝑒𝑠𝑠 be the
available capacities of its dominant/egress channels. If 𝐷𝑀 ≤
𝑚𝑖𝑛(𝐶𝑖𝑛𝑔𝑟𝑒𝑠𝑠 ,𝐶𝑒𝑔𝑟𝑒𝑠𝑠 ), cSwitch schedules 𝑀 as a single unit
and follows the same scheduling logic as §4.4. MegaCFlows
are prioritized over normal ones to preserve locality and
synchronization benefits. Threads in 𝑀 are preferentially
co-located on cores sharing the dominant ingress path. The
scheduler allocates time slices to threads in𝑀 proportionally
to their contributions while enforcing a shared rate cap for
the MegaCFlow. If 𝐷 exceeds channel capacity,𝑀 becomes
splittable (Alg1:L24-27). cSwitch then decomposes 𝑀 into
sub-cFlows and performs bandwidth-aware packing across
ingress/egress channels. Specifically, cSwitch ranks candi-
date ingress–egress pairs by their residual bandwidth and
greedily assigns as many cFlows from𝑀 as possible to the
channel with the highest available capacity. The remaining

threads are iteratively placed onto secondary channels in de-
scending order of available bandwidth, effectively spreading
the mega-flow across multiple less-contended paths. Each
sub-cFlow inherits its chiplet traffic label, allowing cSwitch
to apply standard rate control (throttling) to cap injection
rates and migration to enforce the new placement.

4.6 User-defined Scheduling Policy
cSwitch leverages Linux’s sched_ext (scx) framework [9]
and eBPF to decouple policy from mechanism and enable
user-defined scheduling. The kernel component uses eBPF
programs to query architectural counters and collect runtime
telemetry, used to build the loading map and traffic labels,
which are also exposed to userspace at low overhead.

Developers inject a bespoke policy via planner.rs and
policy.rs. The planner customizes a scheduling plan by
invoking compute_plan(), which takes cSwitch internal
states and outputs actions, such as time-slice adjustments
(throttling), thread migrations, and priority updates. The
policy module defines how these actions are interpreted and
enforced, allowing scheduling strategies to be plugged in
without modifying the kernel. The resulting plan is then com-
municated back to the kernel via sched_ext, which applies it
by updating per-core run queues and scheduling parameters.
As such, one can implement alternative scheduling objec-
tives or completely replace existing policies. For example,
we have re-implemented several representative schedulers
atop cSwitch (including ARCAS [48] and Caladan [80]) to
demonstrate that one can realize new scheduling policies
while preserving compatibility with existing designs.

cSwitch complements, rather than replaces, existing ab-
stractions: it respects CPU affinity, cpusets, and cgroup
constraints while making chiplet-aware placement and rate-
control decisions. Through sched_ext, cSwitch coexists
with other scheduler classes. It currently targets intra-socket
chiplet fabrics, while existing NUMA policies and mem-
ory placement remain unchanged; extending to inter-socket
NUMA requires adding topology information. blkio regu-
lates device bandwidth, whereas cSwitch manages the result-
ing contention within the CPU-I/O chiplet.

5 Evaluation
5.1 Experimental Methodology
Hardware Testbed. We use a Supermicro 1U server with
the AMD EPYC 9634 chiplet CPU (Table 1), 1 TB DDR5,
and 4× 256 GB Micron CZ120 CXL memory modules for
evaluation. We disable SMT and Turbo Boosting. The server
runs Ubuntu 22.04.5 LTS with Linux kernel 6.19.6. We also
use a non-chiplet 2U Gigabyte server with Intel CPUs and
256GB DDR5 when examining the I/O chiplet impact (§2.2).
Benchmarks and Metrics. We use a range of workloads
spanning DB, data analytics, ML, and HPC. They include
Memcached[12], Redis[15], DuckDB[5], IoT-Benchmark[8],
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Figure 10. (a)/(b) report the speedup of cSwitch, ARCAS, and Caladan+ over the Linux EEVDF when the I/O chiplet is unloaded/loaded.
RDB=RocksDB. ODB=OrientDB. ES=ElasticSearch. BC/PR∈GAPBS. NRS|NRL∈Node Replication Library. FileS|WebP|WebS|VAR∈Filebench.

Elasticsearch[7], PARSEC 3.0[31], NAS parallel benchmark[28],
GAP benchmark suite (GAPBS)[27], llama.cpp[10], Filebench[81],
Node Replication Library[33], FxMark[83], andWill it Scale[19].
We use the YCSB[41], Memtier[13], and TPC-H[17] when
generating application requests. We mainly report applica-
tion performance (latency and throughput) and platform
microarchitectural metrics (e.g., stall cycles and memory/IO
bandwidth) to capture the interaction between scheduling
and chiplet-level data movement. We generated background
traffic using sequential reads and controlled its rate by in-
serting nop instructions into the read loop.
ComparisonBaselines.We compare cSwitch against Linux
EEVDF and two recent schedulers. ARCAS [48] is a chiplet-
aware scheduler that combines topology-aware task place-
ment with hardware-guided memory allocation based on
fine-grained monitoring. Caladan+ [50] performs 𝜇s-scale
monitoring and load-aware task placement. Neither of them
accounts for dynamic I/O chiplet contention. These base-
lines allow us to evaluate how explicit I/O chiplet awareness
improves scheduling decisions under contention.

5.2 cSwitch Achieves Higher Performance
We compare cSwitch against EEVDF, ARCAS, and Caladan+
while varying the I/O chiplet load across 12 applications on
DDR5 DIMMs. The speedup is defined as the ratio of ap-
plication performance achieved by each scheduler relative
to EEVDF. As shown in Figure 10, when the I/O chiplet is
lightly loaded, cSwitch achieves performance comparable to
ARCAS and outperforms EEVDF and Caladan+ by 1.2× and
1.9× on average, as both cSwitch and ARCAS exploit chiplet
topology to preserve communication locality. However, as
background threads inject load into the I/O chiplet, the gap
widens. Leveraging the I/O Chiplet Loading Map, cSwitch
captures real-time contention and uses the cFlow scheduler
to steer threads toward higher-bandwidth paths and apply
rate control to mitigate congestion. Thus, cSwitch achieves
1.2-2.7× speedup over EEVDF, and outperforms ARCAS and
Caladan+ by 1.4× and 1.7×. The improvement stems from
cSwitch ’s ability to reason about dynamic data movement
and contention, whereas ARCAS lacks visibility into I/O
chiplet load and Caladan+ does not model it as a shared bot-
tleneck, yielding suboptimal scheduling under contention.
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(b) Busy cores
Figure 11. (a) and (b) compare the performance of cSwitch, AR-
CAS, EEVDF, and Caladan+ running llama.cpp, PageRank, and File
Server when there are heterogeneous free/busy cores as described
in §3.2. We normalize the performance to the EEVDF case.

5.3 cSwitch Chooses a Better Free/Busy Core
We evaluate how cSwitch addresses Case #1 (§3.2), where
cores differ in effective performance due to heterogeneous
I/O chiplet paths. Unlike existing schedulers, cSwitch esti-
mates the end-to-end available bandwidth from each core
to memory via ingress and egress channels, enabling the
cFlow scheduler to place threads on cores with higher ef-
fective bandwidth. Using the same setup as §3.2, Figure 11
shows that in free-core scenarios, cSwitch outperforms AR-
CAS, EEVDF, and Caladan+ by 1.4×, 1.7×, and 2.0×, respec-
tively, and achieves 2.6×, 1.4×, and 2.7× speedups under
busy-core conditions. These gains arise from cSwitch’s abil-
ity to avoid bandwidth-starved cores and make placement
decisions based on chiplet-level visibility, whereas existing
schedulers treat cores as interchangeable.

5.4 cSwitch Avoids Traffic Contention
We evaluate how cSwitch reacts to dynamic contention
and avoids hotspots in the chiplet fabric: Case #2 (§3.3) and
Case #4 (§3.5). We first inject background traffic on a shared
compute-I/O chiplet link. As shown in Figure 12, ARCAS,
EEVDF, and Caladan+ begin to degrade once load exceeds
60%, with up to 82.3%, 84.5%, and 66.7% performance loss,
respectively. In contrast, cSwitch maintains stable perfor-
mance by detecting congestion and using the cFlow sched-
uler to migrate threads to alternative ingress channels with
available bandwidth. We further stress the entire I/O chiplet
by introducing system-wide background traffic. cSwitch
continues to sustain consistent performance by exploiting
bandwidth diversity across multiple channels, whereas other
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(b) Varying I/O chiplet load
Figure 12. (a) and (b) show the performance degradation when
varying the traffic load of the compute-I/O chiplet link and the
overall I/O chiplet under cSwitch, ARCAS, EEVDF, and Caladan+.

schedulers suffer more than 60% degradation. In particular,
ARCAS performs poorly because it relies on LLC miss sig-
nals without visibility into available bandwidth headroom,
leading to persistent placement on congested paths.

5.5 cSwitch Scales Well Within/Across Chiplets
We evaluate how cSwitch scales within and across chiplets
under varying contention. As shown in Figure 13, when
intra-chiplet traffic is low, cSwitch achieves performance
comparable to EEVDF, indicating that it does not introduce
unnecessary overhead in under-subscribed scenarios. How-
ever, as I/O chiplet load increases, cSwitch significantly out-
performs prior schedulers, achieving 1.4×, 1.5×, and 3.9×
higher performance than ARCAS, EEVDF, and Caladan+,
respectively. This improvement stems from the fact that the
cFlow scheduler, which places threads based on ingress and
egress bandwidth availability inferred from the loading map,
rather than relying solely on core availability or topology-
based affinity. By avoiding oversubscribed paths and balanc-
ing traffic across chiplets, cSwitchmaintains high scalability
under contention. In contrast, ARCAS lacks visibility into
dynamic I/O chiplet load, while Caladan+ performs worst
due to the high context-switching overheads associated with
its microsecond-scale scheduling model.

5.6 cSwitchMitigates Backpropagation Stalls
We evaluate whether cSwitch can mitigate the backpropa-
gated stalls caused by congestion at the DIMM and device
side (§3.4). Using the same setup as in §3.4, we progressively
increase load on the I/O-chiplet-DIMM and I/O-chiplet-CXL
paths. cSwitch achieves up to 1.7× latency reduction com-
pared with prior schedulers. The key reason is that cSwitch
explicitly captures downstream congestion through the I/O
Chiplet Loading Map, including delay inflation on egress
channels, and feeds this information into the cFlow scheduler.
When backpressure begins to propagate from memory or
device endpoints, cSwitch reacts in two ways: it first applies
egress-driven rate control to slow down aggressive threads
that over-inject requests, reducing the pressure seen by the
congested DIMM or CXL channel; if contention persists, it
then uses bandwidth-aware migration to steer threads to-
ward less-congested ingress and egress channels. This breaks
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Figure 13. (a) and (b) present the performance of PageRank when
varying the number of threads under cSwitch, ARCAS, EEVDF,
and Caladan+. We normalize the perf. to the single-thread case.
the congestion propagation chain before it stalls the core
pipeline. In contrast, EEVDF, ARCAS, and Caladan+ lack
explicit visibility into end-to-end I/O chiplet backpressure,
and therefore, continue to schedule threads onto saturated
paths, causing stall cycles to accumulate at the cores.

5.7 cSwitch Drill-Down
Programmability.We evaluate cSwitch’s programmability
by porting two user-space schedulers, ARCAS and Caladan+,
to its interface. Using sched_ext and eBPF, we adapt their
policies to cSwitch ’s planner while reusing its telemetry, in-
cluding the I/O Chiplet LoadingMap and chiplet traffic labels.
This separation of policy andmechanism lets both schedulers
retain their original designs while gaining chiplet-aware vis-
ibility without reimplementing low-level monitoring.
Platform Portability.We also ported cSwitch to an Intel
Xeon Gold 6530 Emerald Rapids processor with two com-
pute tiles. After updating the platform topology andmapping
the required Intel PMCs, cSwitch ran without further archi-
tectural changes. Unlike AMD EPYC, Emerald Rapids ex-
poses a single shared LLC with limited visibility and control
over inter-chiplet paths. We therefore evaluate only egress
throttling. On a pointer-chasing microbenchmark, throttling
reduced the P99 latency of 4,096-access windows by 33%.
I/O Loading Map Accuracy.We evaluate the accuracy of
cSwitch’s I/O Chiplet Loading Map for both ingress and
egress traffic. For ingress traffic, we compare the inferred
bandwidth of ten sequential-read workers against their mea-
sured bandwidth under heterogeneous rate limits. cSwitch
estimates bandwidthwith approximately 10% error. For egress
traffic, we test whether cSwitch can identify a villain thread
targeting a specific memory controller amid two background
workers. Across the experiment, cSwitch correctly identifies
the villain in 95% of high-load epochs on average.
System Ablation Study.We evaluate the contributions of
cSwitch’s two key mechanisms by independently enabling
ingress migration and egress throttling. For ingress migra-
tion, we run workloads across four compute chiplets along-
side 18 heterogeneous background-noise threads. As shown
in Figure 14, ingress migration improves performance by up
to 1.5×, with CG benefiting the most. For egress throttling,
we run 30 workload threads while injecting villain threads
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Figure 14. (a) shows the normalized performance improvement
when ingress migration is enabled on NPB CG, FT, and PageRank.
(b) presents the normalized P99 latency reduction when egress
throttling is enabled on pointer chasing, Redis, and RocksDB.

that contend at memory controller 0. Egress throttling re-
duces P99 latency by 57% for pointer chasing and 88% for
RocksDB, substantially reducing tail stalls.
cSwitchOverheads. cSwitch incurs modest CPU andmem-
ory overhead. For the 40-thread GAPBS PageRank bench-
mark, the userspace scheduler consumes 6.22 CPU-seconds,
or 3.46% of the application’s 179.60 CPU-seconds. Planner
computation accounts for only 1.75 CPU-seconds (0.97%),
with the remaining overhead primarily from the userspace
scheduling runtime.Memory overhead is negligible: cSwitch
uses lightweight per-core data structures, consuming approx-
imately 0.01% of systemmemory evenwith 84 cores across 12
chiplets. Hence, cSwitch delivers substantial performance
gains with modest runtime and memory overheads.

6 Related Work
Linux Scheduler. Linux supports diverse policies via sched-
uling classes [16], ordered by priority. A thread in a higher
priority class can preempt threads with lower priorities, al-
lowing applications to alter scheduling behavior to meet
their performance demands. For example, [46] develops an
EDF (earliest deadline first) scheduling for real-time work-
loads. The CFS [3] and recent EEVDF [6] schedulers target
fairness. Jean-Pierre Lozi et al. [77] identify four performance
bugs that cause core idleness even though there are runnable
threads. Enoki [82] proposes a high velocity development
framework for Linux kernel schedulers atop Rust. cSwitch
develops a scheduling framework that improves the Linux
scheduling efficiency under the I/O chiplet wall.
Userspace Scheduler. Researchers have developed bespoke
userspace schedulers for decades. Early systems such as
CPU inheritance [49] and Capriccio [114] provide user-level
control over thread scheduling and resource management.
Recent systems such as Shenango [91], Arachne [94], and
Syrup [63] enable dynamic core allocation and application-
defined scheduling policies. Similar programmability is widely
used in programmable networks [71, 73, 76, 92, 95, 96, 101]
and computational storage [55, 61, 64, 84–86], where userspace
control planes manage scheduling and resource allocation.
Likewise, cSwitch exposes a programmable interface for
application-defined, chiplet-aware scheduling policies.

Fast Threading. Our design is inspired by pioneering ef-
forts on building fast scheduling primitives. For example,
scheduler activations [25] allow the OS kernel to expose the
execution context to the userspace thread scheduler, such
that it can effectively handle events, like modifying thread
data structures, executing user-level threads, and making re-
quests of the kernel. ghOSt [58] enables delegation of Linux
scheduling policies to userspace processes via a customized
abstraction and interface. Caladan [50] introduces a central
scheduling core, collects fine-grained execution telemetry,
and uses a kernel module to bypass the standard Linux sched-
uler for microsecond-scale task monitoring and placement.
TheNEST scheduler [69] runs priority threads onwarm cores
to harness its high frequency. Shinjuku [62] uses the hard-
ware virtualization support to achieve fast preemption. Our
upcall-downcall mechanism follows these design practices.
Chiplet Architecture and System Support. Chiplets are
becoming a predominant approach to future silicon systems,
spanning CPUs, accelerators, and networking devices. Ar-
chitecture research explores designs such as CPElide [42] for
inter-chiplet dependency management and Hetero-IF [47]
for flexible die-to-die communication. Meanwhile, chiplets
require new software stacks to manage on-package com-
munication and contention [24, 70, 100, 115]. Their impact
extends to network fabric [34, 53, 56, 75, 102, 103, 123, 125],
disaggregated storage [74, 116, 121, 122], and rack-scale com-
puting and memory infrastructure [54, 57, 72, 78, 119, 124],
particularly for ML/AI systems. cSwitch takes a step in this
direction by making chiplet-fabric dynamics visible to CPU
scheduling, while many opportunities remain for redesign-
ing system software around chiplet architectures.

7 Conclusion
Chiplet-based processors shift performance bottlenecks to
the I/O chiplet, where shared data movement paths create the
I/O Chiplet Wall and render existing CPU-centric scheduling
abstractions ineffective. We build cSwitch, a Linux sched-
uling framework that addresses this challenge by modeling
the I/O chiplet as a software switch and transforming CPU
scheduling into a flow scheduling problem. By combining
runtime telemetry (I/O Chiplet Loading Map), per-flow char-
acterization (Chiplet Traffic Label), and a contention-aware
(for cFlow&MegaCFlow) scheduler with rate control and mi-
gration, cSwitch effectively coordinates computation and
data movement under chiplet-induced contention. Our eval-
uation demonstrates that cSwitch improves performance,
scalability, and multi-tenancy with modest overheads.
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