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Abstract. Cost efficiency in cloud computing requires efficient resource
utilization while meeting application performance objectives. A promis-
ing approach to improving cost efficiency is to consolidate lightly utilized
services onto fewer physical servers, thereby increasing overall resource
utilization. However, achieving high consolidation levels remains chal-
lenging due to resource interference among co-located workloads under
dynamic load conditions. In particular, shared-memory interference can
significantly degrade the performance of latency-critical (LC) services
when multiple services are co-located on the same machine. Existing ap-
proaches commonly use memory bandwidth as an indicator of memory
contention, but bandwidth alone does not accurately reflect the degree
of shared-memory interference.

To address this limitation, we present CONMAN, a feedback-driven mem-
ory contention controller that maximizes the throughput of LC services
while satisfying their required quality-of-service (QoS) targets. To accu-
rately quantify shared-memory contention, CONMAN continuously pro-
files hardware performance counters to measure memory access latency
as a direct indicator of interference, and adjusts resource allocation in
real-time based on observed contention levels. Across highly consolidated
environments with bursty memory-access patterns, CONMAN reduces
tail latency by 53% on average compared to Parties and by 14% on
average (up to 47%) compared to Caladan. As a result, CONMAN en-
ables a larger number of compatible LC services to safely share a phys-
ical machine than prior systems, yielding a measurable improvement in
server consolidation. The evaluation shows that, averaged over a variety
of workloads and compared to a state-of-the-art approach, CONMAN
can sustain 58% more co-located services while achieving the same QoS,
translating into estimated annual savings of $3 million per 100,000 ser-
vice instances.

Keywords: Cloud Computing, Server Consolidation, Shared-Memory
Interference, Resource Contention, Quality of Service, Cost Efficiency
1 Introduction

As online cloud services continue to grow in scale and popularity, cost efficiency
has become a primary concern for cloud providers. Cost efficiency means maxi-
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mizing resource utilization while maintaining the desired performance objectives
of hosted applications. A promising approach to improving cost efficiency is to
consolidate lightly utilized services onto fewer physical servers, thereby reducing
the number of machines required to operate a data center [4,24,27,16]. The
widespread adoption of microservice architectures further facilitates server con-
solidation by decomposing applications into modular services that can be flexibly
co-located while maintaining scalability and reliability.

However, achieving high consolidation levels remains challenging due to re-
source interference among co-located workloads. When multiple services share
the same physical machine, contention for shared resources can significantly de-
grade application performance under dynamic load conditions. In particular,
latency-critical (LC) services are highly sensitive to shared-memory interference
and often experience substantial performance degradation when co-located with
other workloads. Best-effort workloads can disrupt latency-critical interactive
services, resulting in increased tail latency and QoS violations. Moreover, mod-
ern cloud workloads exhibit considerable fluctuations in request rates and service
times, making effective interference management essential for maintaining both
service quality and overall system throughput [9].

Prior work has proposed various mechanisms to mitigate resource interfer-
ence in consolidated environments. Caladan [7] dynamically reallocates resources
at microsecond timescales, enabling rapid reactions to changes in workload de-
mand and supporting fine-grained per-request resource management. To mitigate
the performance impact of shared-memory contention, Caladan’s memory band-
width controller relies on bandwidth saturation thresholds to detect memory
contention and trigger corrective actions. Parties [2] has adapted to the shift
towards a microservice architecture where many latency-critical and interactive
services need to be scheduled on one physical host to maximize utilization.

Despite their effectiveness, existing approaches leave an important question
unanswered: what is the most accurate indicator of shared-memory interfer-
ence? Most prior systems rely on memory bandwidth utilization as an indicator
of memory contention [2,7]. However, this alone does not directly capture the
performance impact of shared-memory interference and often fails to accurately
reflect the degree of contention experienced by latency-critical services. As a
result, bandwidth-based control can make suboptimal resource-management de-
cisions and fail to satisfy strict latency objectives under dynamic workloads.

To address this limitation, we present CONMAN, a feedback-driven memory
contention controller that maximizes the throughput of latency-critical services
while satisfying their required QoS targets. Rather than relying on memory band-
width as an indirect signal, CONMAN profiles hardware performance counters
(PMUs) to measure memory access latency as a direct indicator of interference,
and adjusts resource allocation in real time based on observed contention levels.
By directly measuring the performance impact of contention, CONMAN enables
more accurate and responsive memory-interference management.

The key insight behind CONMAN is that memory-access latency captures
shared-memory contention more accurately than bandwidth utilization. Lever-
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aging this observation, CONMAN maximizes the number of latency-critical ser-
vices that can be safely consolidated on a single physical host machine while
maintaining their performance objectives.

Our contributions are as follows:

— We present CONMAN, a feedback-driven memory contention controller that
uses memory access latency to directly quantify shared-memory interference.

— We demonstrate that CONMAN reduces tail latency by 53% on average
compared with Parties and by 14% on average (up to 47%) compared with
Caladan, enabling higher consolidation of latency-critical services and im-
proving cost efficiency.

2 Economic Background and Motivation

2.1 Total Cost of Ownership in Modern Datacenters

Capital expenditures (CapEx) and operational expenditures (OpEx) associated
with physical servers constitute a significant fraction of the total cost of own-
ership (TCO) of modern data centers [25, 8]. Server costs typically break down
across three major categories: hardware acquisition and amortization, energy
consumption (including cooling), and software licensing. Eliminating a single
physical server saves approximately $500 in annual energy costs, $500 in soft-
ware licensing fees, and $1,500 in hardware maintenance expenses [10], for a
combined saving of $2,500 per server per year. At datacenter scale where fleets
commonly number in the tens of thousands of servers, even modest improvements
in consolidation efficiency translate into substantial annual savings.

2.2 The Consolidation—Interference Trade-off

Despite these incentives, most cloud servers operate substantially below their
peak capacity. Studies report average CPU utilization in production data cen-
ters in the range of 10-50% [25], leaving large fractions of provisioned capacity
idle. Server consolidation, that is, co-locating multiple services on fewer physical
hosts, is the primary mechanism by which cloud providers reclaim this head-
room. However, consolidation introduces resource interference: when co-located
workloads compete for shared hardware resources (memory bandwidth, last-level
cache, I1/0), the resulting contention degrades the performance of latency-critical
(LC) services, leading to QoS violations.

QoS violations carry direct economic consequences. Cloud providers typi-
cally offer service-level agreements (SLAs) that impose financial penalties when
tail-latency targets are breached. Even in the absence of explicit SLA penalties,
performance degradation causes customer attrition: controlled experiments at
Google and Microsoft show that server-side delays of 500 ms reduce revenue per
user by approximately 1% [23|, and that these effects scale roughly linearly with
delay magnitude. Consequently, operators must provision conservative consoli-
dation ratios that leave substantial headroom for interference, effectively limiting
the economic benefit of consolidation.
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2.3 Cost Model for Consolidation Efficiency

Let S denote the number of LC service instances hosted on a single physical
server, and let Cyepver denote the annualized cost of operating one physical server.
The cost per service instance is:

Cserver

S

CcC =

Improving the achievable consolidation ratio from S to S’ > S (while preserving
QoS) reduces the cost per instance by a factor of S/S’, and reduces the total
number of servers required to host a fixed fleet of N service instances from [N/S']
to [N/S’]. The annualized savings are therefore:

N N
Acost = (’VS-‘ - ’VS,-‘> X CVserver

For a fleet of N = 1,000 service instances with Cserver = $2,500/year, increasing
the consolidation ratio by even 10%—from S = 10 to S’ = 11 services per
host—eliminates approximately 91 servers and saves roughly $228,000 annually.
At hyperscale (millions of instances), the savings scale proportionally.

This cost model establishes a direct link between system-level interference
management and cloud economic efficiency: the primary lever is the maximum
QoS-safe consolidation ratio S*, which is determined by how accurately and
responsively a system can detect and mitigate memory contention.

3 Related Work

Prior work has extensively studied mechanisms for mitigating memory interfer-
ence in consolidated systems. Heracles [13] and Parties [2] use DRAM bandwidth
utilization as a proxy for memory contention and regulate resource allocation
when bandwidth consumption approaches saturation. A large body of work has
proposed memory scheduling mechanisms that improve throughput and fair-
ness by managing contention among competing memory requests [11, 15, 26, 22,
19]. For example, Thread Cluster Memory Scheduling [12] improves system per-
formance by separating latency-sensitive and bandwidth-sensitive threads and
applying different scheduling policies to each cluster. Twig [18] dynamically ad-
justs resource allocations to satisfy the QoS requirements of latency-critical ser-
vices while improving overall resource utilization. Other studies have addressed
memory interference through bandwidth-aware scheduling and CPU-allocation
techniques that regulate workload execution according to observed bandwidth
demand (28,14, 3, 21, 20, 5]. Collectively, these approaches share the common as-
sumption that memory bandwidth utilization serves as an effective indicator of
memory contention.
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4 Challenges

In this section, we examine two representative memory-access patterns and
demonstrate the limitations of existing memory-contention indicators for charac-
terizing shared-memory interference. In particular, we investigate the following
research question: Can memory bandwidth accurately indicate the performance
impact of memory interference on latency-critical services?

4.1 Experimental Setup

Hardware Setup We conduct our experiments on a dual-socket server equipped
with two 16-core Intel Xeon Silver 4215R processors running at 3.2 GHz and
128GiB of DRAM. The system runs Ubuntu 24.04 with Linux kernel 6.8.0-39.
One socket is dedicated to service execution, while the other is used to generate
memory interference. To minimize measurement noise, hyper-threading, Turbo
Boost, C-states, P-states, and CPU frequency scaling are disabled.

Workloads To characterize different memory-access behaviors, we develop mi-
croservice benchmarks that generate either constant or burst memory-access
patterns. Each benchmark consists of up to eight concurrent sessions that con-
tinuously issue memory requests. Requests are generated periodically according
to either a constant-rate or bursty request pattern.

Empirical Observation Figure 1 reports memory bandwidth consumption
and memory access latency measured using hardware performance monitoring
units (PMUs) over time. Despite consuming less memory bandwidth, the burst
memory-access pattern exhibits substantially higher memory access latency than
the constant memory-access pattern. This result indicates that memory band-
width and memory access latency are not necessarily correlated and that low
bandwidth consumption can still result in severe memory interference.

4.2 Design Rationale

Our goal is to maximize the throughput of latency-critical services while satisfy-
ing their performance requirements, thereby enabling a larger number of services
to be consolidated on a single physical machine. Achieving this goal requires
accurately mitigating shared-memory interference. A key challenge is that the
performance impact of memory interference is primarily manifested as CPU stall
cycles caused by outstanding memory accesses.

Limitations of Bandwidth-Based Indicators. Existing systems commonly use
memory bandwidth consumption as an indicator of memory contention. How-
ever, bandwidth-aware contention indicators, which rely on memory access through-
put, are often insufficient to capture transient bursts in memory demand. Be-
cause bandwidth is fundamentally a throughput-oriented metric, accurately in-
terpreting bandwidth consumption requires knowledge of request arrival pat-
terns and memory-access behavior and thus cannot directly reveal the degree
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Fig. 1. Burst memory accesses incur higher latency despite lower bandwidth
consumption. Memory bandwidth consumption and memory access latency over time.
Despite lower memory bandwidth consumption, the burst memory-access pattern ex-
hibits substantially higher memory access latency than the constant memory-access
pattern.

of memory contention. As shown in Figure 1, workloads with lower bandwidth
consumption can experience significantly higher memory access latency. This
mismatch indicates that bandwidth utilization does not reliably reflect the de-
gree of shared-memory interference, leading to inaccurate contention detection
and ineffective resource-management decisions.

5 CONMAN

To address these limitations, we present CONMAN, a feedback-driven memory
contention controller that maximizes the throughput of latency-critical services
while satisfying their performance requirements under bursty memory-access
behaviors. Rather than relying on memory bandwidth as an indirect signal
of contention, CONMAN exploits memory access latency as a direct indica-
tor of shared-memory interference and continuously adjusts resource allocation
based on observed contention levels. By directly measuring the performance im-
pact of interference, CONMAN enables more accurate and responsive memory-
interference management.

5.1 Overview

Figure 2 presents an overview of the CONMAN architecture. CONMAN period-
ically measures memory access latency every 100 us using hardware performance
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Fig. 3. Memory latency as a memory-interference indicator

counters. Based on the measured latency, a feedback controller determines the
appropriate level of CPU provisioning for best-effort (BE) applications. The re-
sulting control decisions are enforced through Linux cgroup CPU controllers,
which dynamically adjust the CPU allocation of BE applications. By regulating
BE execution intensity, CONMAN mitigates shared-memory interference and
preserves the performance of latency-critical services.

5.2 Latency as a Memory-Interference Indicator

Memory access latency is an accurate and low-overhead indicator of shared-
memory interference. Unlike memory bandwidth consumption, memory access
latency directly reflects the performance impact of contention in the memory
hierarchy. As illustrated in Figure 3, the observed memory latency consists of
a fixed memory service time and a variable waiting time caused by contention
for shared memory resources. Because the fixed service time remains largely
unchanged, variations in memory access latency directly capture changes in the
degree of memory interference.
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In contrast, interpreting memory bandwidth consumption requires knowledge
of the underlying memory-request arrival process. Since memory requests are
highly dependent and exhibit bursty behavior, bandwidth utilization alone does
not reliably indicate contention intensity. As demonstrated in Section 4.1, work-
loads with lower bandwidth consumption can experience substantially higher
memory access latency. Consequently, bandwidth-based approaches can produce
false positives and false negatives when identifying memory contention.

5.3 Measuring Memory Access Latency

CONMAN estimates memory access latency using Little’s Law:

L= A
where L denotes the average memory access latency, Q denotes the average queue
occupancy, and A denotes the average memory request arrival rate.

Little’s Law is independent of workload characteristics, arrival distributions,
service-time distributions, and scheduling policies. By applying Little’s Law to
processor CHA (Caching and Home Agent) PMU events, CONMAN efficiently
estimates the average memory access latency with minimal runtime overhead.

Algorithm 1 Feedback Control Algorithm

: setpoint < get _moving _average(WIDTH);
latency <~ memory_latency;
if setpoint > latency then

BEaiocation < 1.1 X BE4i0cation > Increase BE CPU allocation by 10%
else

BEgiiocation < 0.9 X BEgiiocation > Decrease BE CPU allocation by 10%
end if

5.4 Feedback Controller

The objective of the feedback controller is to mitigate shared-memory inter-
ference by reducing CPU stall cycles caused by memory-access latency. Since
memory interference is amplified when memory requests arrive in bursts, the
controller seeks to smooth memory demand over time by regulating the execu-
tion intensity of BE applications.

CONMAN uses the moving average of memory access latency as the target
operating point. At each control interval, the controller compares the current
average memory access latency with the moving-average latency and uses the
resulting error as a control signal. The controller then adjusts BE resource allo-
cations to drive the current latency toward the target operating point.
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Algorithm 1 summarizes the feedback-control procedure used by CONMAN
to manage the memory intensiveness of BE applications and reduce shared-
memory interference. Because memory access latency directly reflects contention-
induced waiting time, the controller can accurately compare interference levels
across different execution periods and react accordingly. CPU allocations of BE
applications are adjusted through Linux cgroup CPU controllers. Specifically,
CONMAN dynamically increases or decreases the CPU allocation of BE appli-
cations by modifying their cpu.max configuration, thereby regulating memory
demand and mitigating interference.

Table 1. Latency-critical application services

l Server ‘ Domain ‘Mean Service Time|Memory Load

Memcached |Key-value store 60ps| non-intensive
NGINX Web server 5ms| non-intensive
MariaDB OLAP 50ms intensive

6 Evaluation

We evaluate CONMAN by answering the following question: How does CON-
MAN compare with prior approaches as memory contention increases?

6.1 Experimental Setup

The hardware configuration is identical to that described in Section 4.1.

Workloads To generate memory contention, we deploy multiple latency-critical
(LC) services and issue requests according to a Poisson arrival process. Table 1
summarizes the mean service time and memory load characteristics of each LC
service. For all experiments, the expected inter-arrival time is configured to be
ten times the mean service time of the corresponding LC service.

— NGINX is a high-performance HTTP server [17]. We use NGINX 1.27.0 as a
front-end server for static content. The workload consists of multiple HTML
files, each 32 KB in size.

— Memcached is a high-performance distributed memory object caching sys-
tem [6].

— MariaDB is an open-source relational database management system widely
used for its flexibility and cost efficiency.

— For BE applications, we use the NAS Parallel Benchmarks (NPB) [1], a
widely adopted benchmark suite for evaluating parallel computing systems.
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Each LC service is allocated 12 CPU cores. This configuration ensures that
CPU interference remains negligible even when up to 60 LC services are co-
located on the same machine. The remaining four CPU cores are dedicated to
BE applications.

Baselines We compare CONMAN against two state-of-the-art cloud resource-
management systems: Parties [2] and Caladan [7].
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Fig. 4. 99.9th-percentile tail latency as the number of co-located LC services
increases. Tail latency is reduced by up to 47% over Caladan.

6.2 Comparison of 99.9th-Percentile Tail Latency

Figure 4 shows the 99.9th-percentile tail latency as the number of co-located LC
services increases. Increasing the number of co-located services intensifies shared-
memory contention and consequently increases memory interference. The re-
sults demonstrate how accurately each system detects and mitigates contention-
induced interference under increasing memory pressure.

Across all workloads, CONMAN consistently achieves the lowest 99.9th-
percentile tail latency. On average, CONMAN reduces tail latency by 53% over
Parties and by 14% over Caladan. The maximum improvement over Caladan
reaches 47% in terms of 99.9th-percentile tail latency reduction. These results
demonstrate that memory-access latency is a more effective indicator of shared-
memory interference than bandwidth utilization, enabling more accurate con-
tention management and better preservation of application performance require-
ments in highly consolidated environments.

Bandwidth-based contention indicators often fail to capture transient bursts
in memory demand because they primarily reflect memory-access throughput. In
contrast, memory-access latency directly exposes contention-induced delays and
provides a more sensitive signal of bursty access behavior. As a result, latency-
aware contention management enables timely contention detection and mitigates
tail-latency degradation under bursty memory-access patterns.
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6.3 Economic Impact of Improved Consolidation

To translate tail-latency improvements into economic terms, we determine for
each system the maximum QoS-safe consolidation ratio S*, defined as the largest
number of co-located LC services whose 99.9th-percentile tail latency remains
within the threshold achieved by CONMAN at 60 co-located services. Table 2 re-
ports S* for each workload, averaged across both BE benchmarks (NAS NPB.MG
and NAS NPB.SP), along with the estimated annual cost savings relative to Cal-
adan when operating a fleet of 100,000 service instances (Cserver = $2,500/year).
Parties is excluded from this analysis as it fails to satisfy the QoS threshold
across all evaluated workloads.

Table 2. Maximum QoS-safe consolidation ratio S* and estimated annual savings vs.
Caladan (fleet of 100,000 instances, $2,500/server /year).

|W0rkload [Caladan[CONMAN[Savings vs. Caladanl

Memcached 51 60 $750,000
NGINX 45 60 $1,400,000
MariaDB 18 60 $9,725,000

Across all workloads, CONMAN achieves S* = 60, the maximum evalu-
ated, while Caladan falls short to varying degrees depending on workload mem-
ory intensity. The gains are most pronounced for MariaDB, the most memory-
intensive workload: Caladan can only safely consolidate 18 services per host,
whereas CONMAN sustains all 60, reducing the number of servers required to
host 100,000 instances from 5,556 to 1,667 and saving an estimated $9,725,000
per year. For the less memory-intensive Memcached and NGINX workloads,
Caladan comes closer but still requires 18-25% more servers than CONMAN,
translating into $750,000-$1,400,000 in annual savings per 100,000 instances.

These results confirm that accurate interference detection is not merely a
performance engineering concern but has direct and quantifiable economic im-
plications for cloud infrastructure costs.

7 Discussion and Conclusion

This paper presented CONMAN, a feedback-driven memory contention con-
troller for mitigating shared-memory interference in consolidated cloud environ-
ments. CONMAN introduces a memory latency-based metric that directly cap-
tures the performance impact of shared-memory contention and enables more
accurate interference detection than bandwidth-based approaches. Using mem-
ory access latency as a feedback signal, CONMAN dynamically regulates the
resource allocation of BE applications through Linux cgroup CPU controllers.
Our evaluation demonstrates that CONMAN consistently outperforms prior
state-of-the-art systems and achieves a higher QoS-safe consolidation ratio than
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Caladan across all evaluated workloads. Translating these gains into economic
terms, we estimate annual infrastructure savings of $750,000-$9,725,000 per
100,000 service instances depending on workload memory intensity, scaling to
tens of millions of dollars at hyperscale. These findings position accurate interfer-
ence detection as a key lever for improving cloud cost efficiency, complementing
existing work on pricing models, capacity planning, and SLA design.
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