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1 Introduction
Modern online services are memory-intensive and often
hosted in the cloud. Due to the high cost of memory re-
sources, cloud providers are looking for ways to reduce mem-
ory requirements. Users provision virtual machines (VMs)
with memory to handle peaks, thus resorting to large in-
stance types. Consequently, VMs frequently under-utilize
memory. For example, in Google data centers, approximately
30% of server memory remains unused for minutes and is
considered cold [11]. This indicates that cold memory can
be reclaimed and repurposed.
Operating systems use swapping to move cold memory

to a more cost-effective but slower medium. Current sys-
tems typically use 4KiB granularity for swapping, as it of-
fers the lowest latency on page fault. In contrast, virtualiza-
tion stacks perform better on in-memory Hugepages (2MiB),
which shorten the nested page walk time. 2MiB swapping
has been proposed [4], but is not supported by mainstream
kernels such as Linux.

However, we observe that loading a 2MiB block on a mod-
ern server grade SSD does not take significantly longer than
4KiB. Specifically, a 2MiB load takes about 10× longer than
a 4KiB load, while loading 512× as much data. Furthermore,
certain workloads have a sufficiently regular access pattern
that bringing in 2MiB pages does not harm performance com-
pared to 4KiB. Other workloads with a more random access
pattern suffer significantly from 2MiB swapping. This dif-
ferent sensitivity to swapping granularity leads us to revisit
existing memory assignment policies [8, 13, 16].

To develop custom balancing policies, we introduce Mae-
stro: A platform designed to transparently balance the mem-
ory of multiple VMs. Maestro, running in userspace, collects
information from the system such as page fault count and
working set size estimate (WSSE), exposes this information
to a flexible policy, which in turn adjusts the VMs’ mem-
ory limit. Currently, Maestro works with a user-space VM
memory manager that uses SPDK [15] for swapping [7].
To make no assumptions about guests, we focus on non-

cooperative swapping. This is necessary as fallback even in
cooperative scenarios. Also, such methods can achieve com-
parable performance [1]. Nevertheless, we plan to include
cooperative swapping by exposing (for example) a guest
memory balloon to policies.

2 A first policy
We present a first policy for Maestro that is adapted to 2MiB
swapping. It uses the WSSE as well as a fixed window of
past page fault counts (pf_weight), which serve as a proxy
of the workload’s sensitivity to the memory limit.
The policy determines the VM memory limit by mini-

mizing wss+pf_weight
limit for each VM, favoring a higher memory

allocation. Considering all VMs, we minimize the following
expression:

min

(
𝑛∑︁
𝑖=1

(
wss𝑖 (𝑡) + pf_weight𝑖 (𝑡)

limit𝑖 (t)

)2)
(1)

Subject to the following constraints:
𝑛∑︁
𝑖=1

limit𝑖 (t) ≤ host_mem_total (2)

min_mem ≤ limit𝑖 (t) ≤ vm_mem_max𝑖 (3)
These limits can be computed efficiently using Lagrange

Multipliers. We raise the fraction to the power of 2 in equa-
tion 1 to amplify the impact of larger fractions. Since page-
table scans for WSSE are expensive, they cannot be per-
formed frequently [8], the page fault weight is essential for
supporting latency-sensitive workloads.

We implement the page fault weight using a PID controller.
The error is the page fault count of the last𝑊 seconds and
all coefficients are set to 1:

Δpf𝑖 (𝑡) = pf𝑖 (𝑡) − pf𝑖 (𝑡 −𝑊 ) (4)

u𝑖 (𝑡) = Δpf𝑖 (𝑡) +
∫ 𝑡

𝑡−𝑊
pf𝑖 (𝜏) − pf𝑖 (𝑡 −𝑊 )𝑑𝜏 +

Δpf𝑖 (𝑡)
𝑊

(5)

pf_weight𝑖 (𝑡) = 𝑢𝑖 (𝑡) × page_size𝑖 (6)

3 Evaluation
We evaluate the performance of Maestro and Linux in manag-
ing multiple VMs under different levels of overcommitment.
As baseline, we run Linux 6.14 with the best configuration
we are aware of (Multi-Gen LRU (MG-LRU) [2] with efficient
secondary MMU aging [9] and THP [3]). Balancing is done
by placing all VMs in the same CGroup with a total mem-
ory limit. In contrast, Maestro uses the policy presented in
section 2 to determine memory limits for each VM. Maestro
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Figure 1. Average performance impact with multiple VMs
as available memory is reduced

guests perform strict 2MiB paging and swapping that we
achieve with a user-space swapping framework [7].
Our setup involves launching 8 VMs, with two VMs as-

signed to each of the following workloads:
TPC-H [12] The generated data (scale factor 1) is
imported into MariaDB [5], with its contents stored
in-memory.
G500 [6] The Graph500 reference implementation
with scale 23, 2 BFS and 2 SSSP phases.
Matmul Matrix multiplication using OpenBLAS [14]
dgemm. We use double precision matrices of size
14336 × 14336 for one iteration.
Redis [10] is benchmarked using memtier [10]. The
database is initialized with a 2GiB dataset using small
keys and 1kB data entries. Then a sequence of Gauss-
ian, random, and sequentially distributed accesses are
performed.

Each VM runs its workload for 30 minutes, during which
we measure the average iteration time as a performance met-
ric. We then calculate the overall speedup using the geomet-
ric mean of speedups compared to a non-swapping baseline.

We compare these two approaches under increasing mem-
ory pressure (see fig. 1). Initially, we provide enough total
system memory to accommodate all workloads, then gradu-
ally reduce the available systemmemory to less than the sum
of the workloads’ working set sizes, forcing the balancers to
distribute memory between VMs.
Overall, we find that using Maestro for mixed workload

VMs leads to a 30% performance improvement compared to
the kernel’s MG-LRU-based memory balancing. Our policy
leverages information such as the WSSE, which serves as
the baseline for required memory for each guest, and utilizes
the page fault weight to prioritize memory for guests that
generate many page faults.

4 Conclusion
We observe some trends in hardware that make strict-2MiB
swapping attractive: SSDs are getting faster and VM work-
loads prefer to be backed by Hugepages. Workloads exhibit

different sensitivity to Hugepage swapping, which leads us
to revisit memory balancing policies with Maestro, and we
determine a first promising policy for a workload mix. We
plan on generalizing this by evaluating different workloads
and developing new policies.
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