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Abstract

Cloud systems have normalized scale-out-by-default: workloads
are fragmented across nodes, accepting coordination, serialization,
transport, and fault-handling overheads as the price of scalabil-
ity. We argue that this default is increasingly wrong for stateful,
communication-heavy workloads. TPC-H experiments show that
distributed execution can require 4x the resources to match a strong
single-machine baseline, with some queries still falling short.

We present a scale-up-first doctrine: keep stateful computation
inside the largest practical shared-memory domain before crossing
an application-visible network boundary. Larger shared-memory
systems, chiplet hierarchies, and CXL-class memory expansion and
pooling make this doctrine increasingly plausible. The stronger
implication is a cloud resource model: one logical computer, where
users submit processes and state instead of provisioning machines
or clusters. The platform would internalize placement, recovery,
elasticity, and fault handling within a hierarchical regional substrate.
This is a systems vision and research agenda, not a claim that
current platforms have reached that endpoint.
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1 Introduction

For more than a decade, cloud systems have normalized a doctrine:
scale out first. When workloads grow, we add nodes; when demand
spikes, we replicate services; when state becomes too large or active,
we partition it across the network. This reflex delivered elasticity
and operational modularity, but it also normalized a costly assump-
tion: explicit distribution is the natural starting point for scalable
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Figure 1: TPC-H query execution across local Polars, same-
machine Dask, and distributed Dask. Local Dask helps distin-
guish framework overhead from the distributed-deployment
penalty. Six workers match the baseline’s compute and mem-
ory budget; even 24 often do not match its performance.

computing. COST [18] challenged this assumption by asking not
whether a distributed system can scale, but at what complexity
and hardware cost. We push that question further: for stateful,
communication-heavy workloads, how long can computation re-
main local before distribution becomes necessary?

We focus on workloads dominated by moving, synchronizing,
or repeatedly touching shared state, such as analytics engines,
databases, graph processing, stateful stream processors, and in-
formation management services. Their network tax can be steep.
Serialization, shuffling, coordination, transport, and fault handling
are often accepted as unavoidable, although they can be symptoms
of distributing too early. Our TPC-H experiment illustrates this prac-
tical resource penalty: distributed Dask requires up to four times
the nominal compute and memory budget to match an optimized
local engine, and many queries remain slower within the evaluated
range (Figure 1). Locality therefore challenges scale-out-by-default
for stateful cloud computation.

These costs also matter for energy efficiency: datacenter electric-
ity demand is large and rising [15, 25-27], and power provisioning
and networks can be first-order efficiency constraints [1, 7, 11].
Avoidable network-mediated coordination is therefore likely to
affect energy use as well as performance.

Concurrently, the practical boundary of a machine is expanding.
Multi-socket systems, NUMA-aware software, chiplet-based pack-
aging, and memory interconnects such as CXL are increasing the


https://orcid.org/0000-0002-6051-9424
mailto:daniel.barcelona@urv.cat
https://orcid.org/0000-0002-9848-1492
mailto:pedro.garcia@urv.cat
https://orcid.org/0009-0002-2360-1231
mailto:stepan.klymonchuk@urv.cat
https://doi.org/10.1145/3828161.3857874
https://doi.org/10.1145/3828161.3857874
https://doi.org/10.1145/3828161.3857874
https://doi.org/10.1145/3828161.3857874

SoCC ’26, November 18-20, 2026, Singapore, Singapore

Table 1: Scale out versus scale up for stateful cloud workloads.

Dimension Scale-Out-First Scale-Up-First

Coordination Network-Mediated
Model Distributed Programming

Memory-Mediated
Parallel Programming

Domain Multiple Nodes in Clusters  Single Large Machine

compute and memory that systems can manage without application-
visible network RPCs [6, 17, 20]. The shared-memory execution
domain—the application-visible address-space boundary within
which state is accessed through load/store semantics—is expand-
ing. However, the substrate may be non-uniform: CXL supports
coherent device attachment and memory expansion or pooling, yet
pooling alone does not create rack-wide CPU cache coherence. We
do not expect flat rack- or datacenter-wide coherence in the near
term, but we argue that larger coherent hosts and adjacent memory-
semantic tiers can absorb more stateful computation before explicit
distribution becomes the better trade.

These developments support scale-up-first: keep stateful compu-
tation inside the largest practical shared-memory execution domain
before crossing the network. Distribution should justify itself rather
than be the default. Contention remains a serious systems problem,
but it can be more tractable than prematurely paying the network
tax of distribution. Operating systems, runtimes, and middleware
must therefore manage locality, isolation, recovery, and elasticity
inside larger shared-memory domains.

The stronger implication is architectural: one logical computer
may become the primary abstraction for stateful computation (Ta-
ble 1). Today, programmers often approach services as clusters:
choosing nodes, partitioning state, defining network boundaries,
and incorporating RPCs, shufles, and distributed recovery into the
application. One logical computer reverses that default. Program-
mers target a shared-memory environment of processes, threads,
memory, files, and service endpoints; the platform manages place-
ment, recovery, elasticity, and internal topology below the applica-
tion boundary.

This paper contributes two claims: a scale-up-first doctrine for
stateful systems, and a long-term resource model in which users
run processes and state directly on the cloud rather than provision
computers. The contribution is this cloud-level design vision, not a
new interconnect, coherence mechanism, or single-system-image
implementation. A diagnostic experiment and hardware trends
motivate the vision and its research agenda. We first examine the
empirical cost of early distribution.

2 Empirical Evidence: The Hardware Cost of
Premature Distribution

We quantify the scale-out burden as the multiple of distributed
resources required to match an optimized single-machine baseline.
Following COST [18], scalability must account for the resources
and complexity consumed to achieve it.

We evaluate TPC-H at scale factor 300 (74.4 GiB of compressed
Parquet data) through three configurations: Polars on one machine
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as a strong local baseline, Dask on that same machine as a frame-
work control, and Dask across Fargate workers as a practical dis-
tributed deployment. The baseline EC2 instance (c7a.24xlarge) has
96 vCPUs and 192 GiB of RAM. Each Fargate worker has 16 vC-
PUs and 32 GiB of RAM over a VPC. We scale from 6 workers
(matching the baseline’s compute and memory budget) to 24 (4X).
Same-machine Dask helps distinguish framework overhead from
the additional distributed-deployment penalty. Although the com-
parison does not isolate the cost of distribution entirely, the results
are a diagnostic signal of the practical resource penalty of a cluster-
first stack.

Table 2 summarizes the outcomes, with selected queries in Fig-
ure 1. For this deployment, the penalty is severe: eight of the twenty-
two queries match the baseline with 2X or 3X its resource budget,
three require 4%, and ten remain slower even at that point.

Query 1 exhausts memory in the tested Polars configuration,
whereas distributed Dask completes it. A larger local machine might
also succeed, but workloads will eventually exceed the practical
shared-memory domain. At that boundary, aggregating distributed
resources and paying the network tax becomes the right choice, as
the scale-up-first doctrine explicitly allows.

When a typical distributed stack requires up to 4X the resources
to match a strong local baseline, scale-out can no longer be accepted
as the neutral starting point for stateful systems. Not all workloads
belong inside one machine, but the burden of proof shifts: how far
can a workload scale locally before incurring the network tax? A
distributed architecture can outlast the capacity constraint that orig-
inally justified it. A workload that required several nodes may later
fit within one local execution domain, yet retain the partitioning
and coordination costs of its original design. Emerging hardware
suggests that this local boundary is expanding.

3 Why Now: The Machine Boundary Is
Expanding

The case for revisiting scale-up follows from a material change
in machine capacity. AWS offers a high-memory instance with
1,920 vCPUs and 32 TiB of RAM, while general-purpose scale-up
instances reach 384 vCPUs and 1.5 TiB [3, 4]. Intel Xeon 6+ reaches
288 cores per socket and AMD’s 5th-generation EPYC reaches 192,
with denser successors on the roadmap [2, 14]. NVIDIA’s GB200
NVL72 packages 36 Grace CPUs with 17 TB of aggregate LPDDR5X
and 72 GPUs in a rack-wide NVLink domain with 13.4 TB of aggre-
gate HBM3E [21]. Its main memory is not a unified coherent domain,
but GB200 illustrates tight, hierarchical rack-scale integration. Use-
ful locality domains are growing from multicore servers toward
rack-scale macro-machines, although without uniform latency or
freedom from contention.

The surrounding hardware stack is accelerating this trajectory.
Chiplet-based processors, high-bandwidth memory, NUMA-aware
systems, and memory-semantic interconnects such as CXL en-
large the capacity and topology accessible without conventional
application-level networking [6, 10, 12, 17, 20]. CXL can provide
coherent processor—device attachment and expose expanded, tiered,
or pooled memory through load/store interfaces. These capabilities
do not imply full cache coherence among all hosts sharing a fabric,
but the trend hints towards increasingly hierarchical machine-like
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Table 2: The resource penalty of distribution. For 45% of the 22 TPC-H queries, distributed Dask does not match the single-
machine Polars baseline even with four times its resource budget.

Smallest Distributed Resources Query Count TPC-H Queries

Systems Implication

Required to Match Baseline (total = 22)

Polars OOMs 1(4.5%) 01 The tested local configuration exhausts memory; distributed Dask com-
pletes the query.

2X baseline 3(13.6%) 013, Q14, Q18 Minor penalty; distributed Dask matches the local baseline with twice
the resources.

3X baseline 5(22.7%) Q3, Q12, Q15, Q19, Q21 Moderate penalty; matching the baseline requires substantial additional
resources.

4X baseline 3 (13.6%) Q4, Q6, Q10 Severe penalty; distribution requires quadruple resources to match the
baseline.

Never catches up by 4x 10 (45.5%) Q2, Q5, Q7, Q8, Q9, Q11, Scale-out fails to match local performance within the evaluated range.

Q16, Q17, 020, Q22

domains that combine coherent regions with more distant memory-
semantic tiers managed by hardware and system software.

This shift has been visible for years in adjacent architecture and
systems research. The Datacenter as a Computer treated warehouse-
scale infrastructure as a single design object [9]. Factored and mul-
tikernel operating systems, such as fos and Barrelfish, reworked the
software stack for hardware that already behaved like a distributed
system internally [22, 29]. Scale-out NUMA and FireBox extended
this concept at the architectural level by exploring low-latency do-
mains that blur the distinction between scale-up and scale-out [6,
20]. While early software-based efforts like Kerrighed [19] pursued
an enlarged resource domain but struggled against the latency of
standard networks, later hardware-centric architectures such as
LegoOS and dReDBox successfully decoupled and expanded the
resources visible to software [16, 24]. Taken together, these lines
of work demonstrate that the machine-cluster boundary has been
eroding for some time; what has changed is that this hardware
reality is now crossing into mainstream cloud design.

These systems are hierarchical, locality-sensitive, and heteroge-
neous. Remote memory remains slower than local memory; coher-
ence, bandwidth, and placement still constrain performance [30].
The plausible near-term outcome is larger shared-memory domains
supported by memory-semantic tiers, yet not datacenter-wide uni-
formity. Such domains may retain an advantage over application-
visible RPCs despite internal distance and modularity. The question
is whether that advantage warrants deferring explicit distribution.

Scale-up thus describes a hierarchical shared-memory substrate,
not a monolithic motherboard pushed past its limits. Its complexity
is managed below the application boundary. The next question
is whether cloud software should default to network-mediated
coordination or first exploit these widening locality domains.

4 Scale-Up-First as a Cloud Design Doctrine

Empirical evidence and hardware trends motivate scale-up-first:
keep shared state within the largest practical application-visible
shared-memory environment while it preserves useful locality. This
is not simply a preference for big machines: introduce explicit dis-
tribution when its benefits exceed the cost of crossing the network
boundary.

This doctrine is strongest for workloads whose dominant cost is
moving, synchronizing, or repeatedly touching shared state. Shared
memory, process placement, and locality-aware scheduling can
avoid serialization and application-level RPCs for internal coor-
dination. Table 2 illustrates the resource penalty of a distributed
stack. Once the machine boundary starts expanding again, the right
question is no longer whether distribution can scale in principle,
but whether it is being invoked prematurely for workloads whose
dominant cost is still coordinating state.

The standard objection is that scale-up exchanges one set of
bottlenecks for another. This is correct but incomplete. As shared-
memory domains grow, coherence traffic, NUMA distance, memory
bandwidth, and kernel contention impose a contention tax. Dis-
tributed systems instead pay a network tax: serialization, protocol
overhead, shuffle, stragglers, retries, and software-managed RPCs.
This difference changes the programming model, failure model,
and minimum cost of accessing state across boundaries. For many
stateful workloads, managing contention within a locality-aware
hierarchy remains preferable to paying the network tax by default.
Scale-up-first is therefore a decision rule: remain local while the
total cost of contention, capacity, reliability, and hardware remains
below the communication and operational cost of distribution for
the required service objectives.

This crossover is economic as well as technical. Large multi-
socket systems can command a nonlinear price premium, require
spare capacity for elasticity, and be unavailable in some regions.
More cores only help when memory capacity and bandwidth grow
appropriately; bandwidth saturation and tenant interference can un-
dermine throughput and tail latency even when individual accesses
remain fast. Hardware developments may move the crossover out-
ward, but do not eliminate it. The goal is to find the largest practical
local domain for a workload, rather than select the largest machine
regardless of cost or predictability.

Here our doctrine departs from adjacent research. COST estab-
lished the hidden overheads of scale-out [18], but did not turn
that warning into a cloud design doctrine. Hybrid scaling sys-
tems such as Themis balance vertical and horizontal reactions
under demand [23]; we argue that verticality should be the de-
fault for stateful computation and distribution should justify itself
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rather than being assumed. Disaggregation work, including Le-
go0S, dReDBox, and Serverless End Game [13, 16, 24], composes
remote resources behind a transparency layer. We instead seek
tighter, locality-preserving logical integration into a larger local
shared-memory domain, minimizing remote composition. Burst
computing [8] similarly packs collaborative work into fewer do-
mains to preserve locality; scale-up-first generalizes this instinct
into a cloud-wide doctrine for stateful computation.

Under scale-up-first, cloud software stops treating the network
as the natural home of state. Large shared-memory domains be-
come the primary unit of computation, while explicit distribution
moves outward to edge interaction, geo-replication, or workloads
for which capacity, cost, or reliability favors crossing the local
boundary. The remaining challenge is the application-facing ab-
straction. If the platform manages placement, recovery, and scale
across a larger domain, programmers should not be forced to think
in terms of a cluster first.

5 The Emerging Cloud Abstraction

If scale-up-first is the doctrine to guide current deployments, one
logical computer is the corresponding longer-term cloud abstraction.
For a broad class of stateful workloads, the cloud should present
one shared-memory execution environment rather than a cluster of
nodes as the default target of programming and deployment. The
programming model therefore shifts as well: from nodes, containers,
partitions, and RPCs toward processes, threads, and shared mem-
ory. As illustrated in Figure 2, that abstraction separates concerns
across three layers: the user-visible interface, the machine-internal
management layer, and the underlying hierarchical substrate.

Applications execute in one environment with shared and persis-
tent state, direct memory access, and scheduler-managed placement.
Resources can be assigned and resized during execution, much as
an operating system manages processes. This environment maps
onto a distance-aware topology of chiplets, sockets, memory pools,
and rack-scale resources, preserving shared-memory access below
the programming boundary.

5.1 User-Visible Logical Abstraction

As depicted in the top layer of Figure 2, the user-visible interface
stays close to the process model programmers already understand.
A tenant receives one or more isolated execution contexts with
memory for shared state, persistent storage interfaces for files and
objects, and network-facing service endpoints. The platform grants
elastic access to compute and memory within this bounded do-
main, but the domain still feels like one machine. The application
need not partition state across nodes, orchestrate RPC boundaries
for internal parallelism, or implement distributed coordination un-
less the workload exceeds the local domain or must cross explicit
geographic or fault-isolation boundaries.

The AWS Lambda MicroVMs service already points in this di-
rection. Through a managed serverless interface, it combines VM-
like isolation, snapshot-based suspend and resume, state retention
while idle, network-facing execution, and vertical resizing [5, 28].
Although not the complete abstraction proposed here, it shows
mainstream cloud interfaces moving beyond stateless functions
toward stateful, longer-lived, and vertically elastic execution units.
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5.2 The Hierarchical Substrate

The hardware substrate beneath this interface is not monolithic. It
has internal distance, hierarchy, and heterogeneity, but it is meant
to behave as one execution domain rather than as a cluster the
application must manage explicitly. Some memory is physically
closer, some farther; some cores share caches, while others cross
sockets or fabrics; some resources may be pooled rather than strictly
attached to local buses.

Crucially, the design goal is logical reintegration, not remote com-
position for its own sake. The system must navigate multiple tiers
of physical locality: intra-socket chiplet fabrics, coherent socket-to-
socket interconnects, memory-semantic tiers, and rack-scale links.
In that setting, coherence and memory-semantic communication
matter because they preserve load/store-style access across physical
boundaries that would otherwise become explicit software bound-
aries. This is the key contrast with conventional disaggregation.
The point is not to expose more remote parts behind a transparency
layer, but to enlarge the practical local domain so the application
can stay inside one logical computer longer. What matters is not
hardware uniformity, but whether the system can manage these
differences without turning them into application-level distribution.

5.3 Machine-Internal Management Layer

To maintain the single-machine illusion over this substrate, the
intermediate management layer absorbs operational complexity
through three core functions. First, locality-aware placement moves
threads and data toward favorable hardware regions, with admis-
sion control and resource isolation limiting tenant interference.
Second, resilience and recovery mechanisms—e.g., checkpointing,
migration, and rapid restart—handle internal failures below the run-
time boundary. Third, elastic resizing expands or contracts execu-
tion within the machine-like substrate (scale up) before introducing
explicit fan-out across nodes (scale out).

The operating system and runtime must therefore reclaim lo-
cality, isolation, recovery, and elasticity from applications, and
determine when the local domain is exhausted. Moving these re-
sponsibilities below the application boundary makes one logical
computer viable without requiring a distributed application archi-
tecture from the outset.

5.4 Failure and Boundary Conditions

This abstraction requires a fault contract. Inside one logical com-
puter, the goal is that failures of compute, memory, files, and local
service endpoints are handled below the application boundary. To
the programmer, the environment should behave like an operating
system that does not go down: processes appear continuous even
as components fail, restart, migrate, or are replaced underneath.
Delivering that illusion requires redundancy, checkpointing, repli-
cation, migration, and hardware-assisted containment, with stated
bounds on recovery time and recoverable state.

Not every workload belongs inside this domain. As indicated
by the outward boundary in Figure 2, WAN/edge-facing services,
geo-replicated applications, and computations whose scale or regu-
latory requirements exceed the local domain still require explicit
distribution. Regional failures require protection beyond that do-
main. Geo-replication may remain a managed platform service, but
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Figure 2: The cloud as one logical computer. A process-centric cloud abstraction over a hierarchical machine-like substrate.

its consistency, latency, and failover semantics must be visible to ap-
plications that depend on them. Once the application itself manages
those external boundaries, it also resumes responsibility for the
corresponding fault-tolerance logic, just as it resumes responsibility
for explicit distribution.

Thus, the abstraction does not seek to eliminate distributed sys-
tems; it seeks to relocate them outward. Network-mediated distri-
bution should become the deliberate fallback for cases that truly
require it, rather than the undisputed starting point for all scalable
computation. This boundary defines the horizon of our systems vi-
sion. If the application-facing abstraction continues moving in this
direction, the cloud will increasingly function not as a federation
of explicitly managed nodes, but as one logical computer.

6 The Cloud as a Logical Computer

The abstraction above could be adopted as a machine-like envi-
ronment provisioned for each application. The longer-term step
is more fundamental: users would stop provisioning computers.
Instead of selecting VMs or constructing a cluster, they would sub-
mit processes, state, and endpoints directly to a common cloud
substrate. That substrate would be modular, elastic, replicated, and
self-repairing. Isolation would protect tenants and applications
without imposing a fixed topology or capacity envelope on each
deployment.

The cloud would then cease to be a store of computers and
become the computer. Compute and memory could expand, con-
tract, and move beneath running processes; placement, networking,
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and ordinary component failures would become platform concerns.
VMs, node counts, subnets, and failure domains might remain es-
sential to providers, but disappear from the application interface.
Scale up and scale out would likewise become internal mechanisms
rather than architectures chosen in advance. This goes beyond
treating the datacenter as a computer for infrastructure design: it
presents the computer itself to cloud applications [9].

This endpoint does not require flat datacenter-wide coherence.
A hierarchy of machine-like domains could preserve the interface
while the platform moves computation and state within and be-
tween them. One plausible organization would place large stateful
processes at the core, surrounded by a distributed periphery of
mostly stateless components for ingress, caching, edge interaction,
and geo-replication. Explicit distribution would remain at these
inherently distributed boundaries. The long-term claim is therefore
precise: for stateful computation within those boundaries, physical
distribution should stop determining application structure.

This raises a sharper question. The COST paper [18] quotes: “You
can have a second computer once you’ve shown you know how
to use the first one.” If the default machine keeps getting bigger,
which mainstream stateful services and applications still need the
second computer at all?

Our hypothesis is that most stateful applications could execute
within one regional logical domain, with explicit distribution re-
served primarily for geographic replication, edge interaction, and
workloads beyond its practical limits. Establishing how broadly this
holds is part of the research agenda.

6.1 What We Are and Are Not Claiming

We do not claim that all workloads fit within one shared-memory
domain, or that one global scheduler can govern the entire cloud.
Cross-region services, edge interaction, globally replicated state,
regulatory isolation, and workloads beyond the largest practical
domain still require explicit distribution. Nor does abstraction elimi-
nate physical costs. Applications need ways to specify performance,
cost, placement, and reliability requirements, and operators need
enough visibility to diagnose NUMA effects, contention, and fail-
ures. Our claim is about the default: expose physical topology only
when it affects application semantics or explicit objectives, rather
than making it the starting point of every stateful design.

6.2 Research Agenda

The question posed above—which applications still need the second
computer?—defines the central research problem and requires work
along five connected directions.

Where is the boundary of the macro-machine? The boundary
should not be fixed by today’s server or rack. It will move as hard-
ware expands shared-memory domains, and it may also move at
runtime with load, contention, locality, bandwidth, failures, and
cost. Schedulers therefore need criteria that compare the contention
tax of staying inside the macro-machine with the network tax of
crossing its boundary, and decide when a workload genuinely needs
the second computer.

Which workloads benefit? Stateful, communication-intensive ap-
plications are the strongest candidates, but they are not a uniform

Daniel Barcelona-Pons, Pedro Garcia Lopez, and Stepan Klymonchuk

class. Databases, analytics, graph processing, and stream process-
ing differ in their access patterns and fault-tolerance requirements.
Conversely, some nominally stateless workloads may benefit from
faster process creation, shared caches, or tighter communication.
Comparative evidence must establish where scale-up-first wins and
where explicit sharding or replication remains necessary.

What programming model and cloud interface follow? If coordina-
tion remains within one execution environment, parallel program-
ming may replace distributed programming as the default model
for cloud-side state. A process-centric interface must support elas-
tic compute and memory, persistent state, and service endpoints
without requiring VM sizes, node counts, or network layouts. It
must hide incidental topology while exposing constraints that affect
correctness, performance, reliability, and price.

Where do networked-systems functions and middleware move?
Placement, replication, coordination, recovery, and elasticity are
now divided among applications, middleware, and cloud services.
One logical computer pushes many of these functions toward cloud
operating systems and runtimes. Research must determine which
functions should become machine-internal mechanisms, which
middleware abstractions remain useful, and which responsibili-
ties must stay with applications because they cross geographic or
administrative boundaries.

How can one logical computer remain isolated and continuously
available? A larger shared domain must not become one large fail-
ure or interference domain. The platform must contain hardware
and software faults, isolate tenants, control contention, and recover
or migrate stateful processes while minimizing application inter-
ruptions. This requires a precise contract for transparent recovery:
which failures the logical computer absorbs, what state it preserves,
how long recovery can take, and which exceptional conditions re-
main visible. Eliminating interruptions within that contract is the
long-term research goal.

These questions connect scale-up-first to a concrete agenda
across operating systems, networked systems, runtimes, cloud plat-
forms, and hardware. The goal is not to eliminate distributed sys-
tems, but to move distribution below the application boundary
when it is an implementation concern and expose it only when
it is fundamental. The future cloud may scale by becoming more
like one computer, rather than by requiring every application to
become a distributed system.
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