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Abstract

The computing continuum is driving service ecosystems that span
cloud, edge, and device-level resources across multiple administra-
tive domains. In such environments, no single entity has complete
visibility or control, yet dominant approaches to service composi-
tion remain centered on orchestrating functional execution units
under centralized assumptions. This creates a fundamental mis-
match: existing abstractions do not support composition under
decentralized ownership and uncertainty.

This paper proposes a decentralized architectural framework
based on Composable Autonomic Offerings (CAOs). In this model,
the primitive of composition is an offering that encapsulates a
compositional structure, a multi-objective SLO vector, a survival
model, and a realization envelope capturing admissible deployment
conditions. Rather than producing a single configuration, each
CAO constructs and maintains a set of candidate offerings through
local composition of upstream offerings, and exposes their non-
dominated subset as a Pareto Front Offering (PFO).

The architecture is organized as a local, event-driven loop that
integrates candidate generation, Pareto-front maintenance, and
continuous adaptation of instantiated offerings. This makes trade-
offs and uncertainty explicit and composable across providers. In
particular, survivability is embedded into the service abstraction
itself, allowing resilience to be constructed through composition
rather than imposed through external deployment strategies.

This perspective shifts service provisioning from orchestrating
execution units to composing autonomous, uncertainty-aware of-
ferings, enabling more flexible, resilient, and accessible service
ecosystems in decentralized environments.
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1 Introduction

The vision of autonomic computing originally proposed systems
capable of self-management, adapting their behavior in response
to changing conditions with minimal human intervention [12].
Importantly, this vision was not limited to a single centralized
controller: it also included the idea of autonomic elements or self-
managing units, each equipped with local monitoring, analysis,
planning, and execution capabilities [12, 13]. However, this vision
did not converge on a compositional abstraction through which
such autonomic elements could be exposed, combined, and reused
across independently managed providers. Moreover, many large-
scale practical realizations of infrastructure management evolved
toward centralized or tightly coordinated operational models, in
which a limited number of control points retained most of the
visibility and authority required to manage the system as a whole.

In practice, large-scale distributed systems evolved toward highly
centralized operational models, particularly in cloud computing.
Hyperscale providers have achieved unprecedented levels of effi-
ciency, performance, and reliability by consolidating infrastructure,
control, and service delivery within unified platforms. While this
model has proven effective, it has also led to increasing concentra-
tion of capabilities and has raised the barrier to entry for smaller
actors seeking to offer competitive services with strong guaran-
tees [25].
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At the same time, the emergence of the computing continuum,
spanning cloud, edge, and device-level resources, has introduced a
significantly more challenging environment [5, 10, 23]. This ecosys-
tem is inherently heterogeneous, dynamic, and distributed across
multiple administrative domains. Resources appear and disappear,
workloads fluctuate, and application deployments continuously
evolve. In such settings, no single entity can maintain complete
knowledge or control of the system, making global orchestration
increasingly difficult and, in many cases, impractical [5, 10].

This evolution exposes a structural mismatch. The decentralized
and heterogeneous nature of the computing continuum requires
composition mechanisms that account for partial visibility, multiple
administrative domains, and uncertainty. Yet, dominant abstrac-
tions remain centered on composing functional execution units
such as workflow tasks, service endpoints, or microservices [11, 19].
In these approaches, composition primarily defines how compo-
nents are connected and executed, while robustness and resilience
are introduced at a later stage through deployment strategies such
as replication, failover, or multi-provider placement [18, 27]. As a
result, resilience remains external to the service abstraction, rather
than an intrinsic property of the entities being composed.

Consequently, existing approaches lack a unified abstraction
that allows services to be constructed, exposed, and composed as
autonomous, uncertainty-aware entities. This limitation becomes
particularly critical in decentralized environments, where services
must be combined across independent providers without relying
on central coordination or complete system knowledge.

This paper proposes a decentralized architectural framework for
the computing continuum based on the abstraction of Composable
Autonomic Offerings (CAOs). This model can be interpreted as a step
toward extending the autonomic computing vision with an explicit
compositional service abstraction. In this approach, the primitive
of composition is not a task or service endpoint, but an autonomic
offering: a self-managed entity that encapsulates not only functional
behavior, but also explicit trade-offs and a characterization of its
expected survivability under changing conditions. CAOs interact
by composing their offerings with those of other CAOs, enabling
complex services to emerge from purely local decisions without
requiring central orchestration.

Contributions. This paper makes the following contributions.
First, it introduces a decentralized compositional model in which
services are constructed from recursively composable autonomic
offerings rather than from functional tasks or workflow nodes. Sec-
ond, it formalizes the notion of service offerings as multi-objective
entities exposed through Pareto-front interfaces, allowing trade-offs
to be explicitly represented and propagated across compositions.
Third, it incorporates survival semantics into the service abstrac-
tion, enabling offerings to express their expected persistence under
dynamic conditions and making resilience a first-class, composable
property rather than an external deployment concern. Fourth, it
proposes a uniform abstraction capable of integrating infrastruc-
ture resources, software services, and human-provided capabilities
within the same compositional framework.

Together, these contributions define a new architectural perspec-
tive in which decentralized service ecosystems can be constructed

Magrans de Abril et al.

through the composition of autonomic offerings, enabling more flex-
ible, resilient, and accessible forms of service provisioning across
the computing continuum.

2 Related work

A first line of work concerns how distributed infrastructures are
managed across the computing continuum. The autonomic comput-
ing vision introduced the idea of self-managing systems [12], later
operationalized in self-adaptive architectures through reference
feedback-loop models such as MAPE-K [13]. More recent work has
explored decentralized self-adaptive systems [21], as well as fog
and edge resource management and orchestration frameworks for
heterogeneous cloud-edge environments [5, 10]. These systems dis-
tribute decision-making across nodes or administrative domains in
order to improve scalability, reduce latency, and avoid single points
of failure. However, in most cases the managed entities remain tasks,
services, or deployments, while the control logic is responsible for
coordinating their placement, execution, and recovery. In contrast,
the present work shifts part of this responsibility into the entities
themselves: CAOs expose self-managed offerings that encapsulate
both functionality and adaptation logic, allowing coordination to
emerge from interactions among autonomous providers rather than
from an external control layer.

Prior work on DeepSLOs [4] proposed a decentralized conceptual
architecture for continuum management centered on hierarchical
SLOs, Bayesian-network dependencies, Markov blankets, and ac-
tive inference. The present work addresses a related architectural
space, but shifts the focus from SLO-centric management to the def-
inition of a recursively composable offering primitive that exposes
functionality, trade-offs, survivability, and realization constraints.

A second body of work focuses on service composition, work-
flow orchestration, and application-graph models [11]. Existing
approaches compose functionality in the form of workflow nodes,
service endpoints, microservices, or dataflow operators [11, 19],
often represented as directed acyclic graphs or more expressive
workflow structures [24]. These models are widely used in cloud,
edge, and fog systems, including simulation frameworks such as
YAFS and iFogSim2 [14, 15]. In these settings, composition typically
produces a concrete application structure or deployment plan, after
which concerns such as placement, scaling, and fault tolerance are
addressed by separate mechanisms [14, 15, 19]. In contrast, the
proposed architecture treats a composable offering as the primitive
unit: each element being composed is itself a self-managed, persis-
tent entity exposing an interface that includes not only functional
behavior but also trade-offs and survivability characteristics. This
induces a shift from composing workflow steps, service endpoints,
and deployment components to composing autonomous service
abstractions.

A third line of work addresses how trade-offs are expressed and
optimized in distributed systems. Multi-objective optimization has
been widely studied in scheduling and resource allocation, where
Pareto-based methods are used to balance latency, throughput,
cost, and energy consumption [6, 16, 17, 26]. Similarly, probabilistic
models have been used to characterize uncertainty in performance
and reliability [1, 3]. However, these techniques are typically used
within optimization and orchestration processes, where they guide
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decision-making, but are not exposed as part of the service inter-
face. In contrast, the present work elevates these elements to the
architectural level: CAOs expose Pareto-front offerings augmented
with survival semantics, allowing trade-offs and uncertainty to be-
come first-class elements of composition and interaction among
providers.

A fourth area of related work concerns resilience and fault toler-
ance in distributed service infrastructures [27]. Existing approaches
rely on replication, failover, migration, multi-cloud deployment, and
decentralized coordination mechanisms to improve robustness and
availability [7, 18]. While these techniques are effective, resilience
is generally treated as a property of the orchestration strategy or
the deployment configuration rather than of the service abstrac-
tion itself. In contrast, the proposed architecture embeds resilience
directly into the offering semantics: each CAO may construct of-
ferings based on alternative or portfolio-based compositions of
upstream providers, and expose survival profiles that characterize
the probability of maintaining service objectives over time. This
enables resilience to be reasoned about and composed explicitly
across layers.

Finally, a substantial body of work has explored service ecosys-
tems, contracts, and market mechanisms, including service-oriented
architectures, cloud brokerage, and federated provisioning mod-
els [2, 20, 22, 25]. These approaches facilitate interoperability and
multi-provider integration, but often rely on centralized or semi-
centralized intermediaries for discovery, coordination, or brokerage,
and assume that providers expose relatively stable service endpoints
backed by their own infrastructure and operational capabilities. As a
result, smaller actors may face significant barriers to entry when at-
tempting to offer competitive services with strong performance and
reliability guarantees [25]. Federated provisioning models are par-
ticularly relevant here, since they already support the combination
of resources from multiple providers and may therefore resemble a
kind of virtual provider [22, 25]. Recent work on IoT-edge—cloud
continuum systems highlights the need for federated management
layers to coordinate resources across heterogeneous providers [9].
However, they remain primarily resource-centric: what is aggre-
gated is infrastructure capacity, while resilience and service seman-
tics are still largely determined by the orchestration or deployment
layer. In contrast, the architecture proposed in this paper shifts
part of the burden from ownership of end-to-end infrastructure to
composition of upstream offerings. Complex services can be con-
structed recursively from offerings that already expose trade-offs,
constraints, and survivability, allowing providers to participate by
offering specialized capabilities while higher-level services emerge
through aggregation and local risk management. This opens the
possibility of more decentralized and accessible service ecosystems
with new roles such as aggregators, resilience providers, and hy-
brid human-machine service operators. This hybrid direction also
connects to Social Compute Units, which model human-provided
and software services as programmable composite systems [8].

Taken together, these lines of work address complementary as-
pects of distributed service systems, but typically treat composition,
resilience, optimization, and market interaction as separate lay-
ers. The CAO abstraction unifies these concerns by making them
intrinsic to the composable service primitive itself.

3 Architectural Requirements

The computing continuum is increasingly heterogeneous, decentral-
ized, and dynamic, yet dominant abstractions for service construc-
tion and management remain centered on centralized orchestration
and the composition of functional units. As a result, existing mod-
els often struggle to support composition across independently
managed providers under uncertainty without relying on broad
coordination assumptions or levels of visibility that may be difficult
to sustain in open continuum environments [5, 9, 21].

Addressing this gap requires a service abstraction that can be
exposed, composed, and adapted locally while still enabling coordi-
nation across a decentralized environment. This section outlines
the key requirements for such an abstraction, focusing on offer-
ings and their composition rather than on specific implementation
choices.

Decentralized and autonomic management. The architecture must
avoid reliance on global control points or centralized orchestration.
Each participating entity should manage its own behavior from
local information and objectives, while global behavior emerges
from composition of local decisions.

Composable offering abstraction. The primitive of composition
must go beyond functional tasks, service endpoints, or workflow
nodes. It should expose heterogeneous capabilities as composable
offerings that can be combined and recursively re-exposed at higher
levels, spanning infrastructure resources, software services, and
human-backed operations.

Explicit representation of trade-offs. Offerings must expose not
only functionality but also trade-offs across relevant quality dimen-
sions, such as latency, cost, energy, reliability, or accuracy. The
architecture should support multiple alternative offerings and prop-
agate these trade-offs through composition rather than burying
them entirely inside internal optimization procedures.

Uncertainty-aware offering semantics. In dynamic and partially
observable environments, offering behavior cannot be captured by
deterministic guarantees alone. The architecture must therefore
represent uncertainty, including the expected persistence of service
objectives over time, so that offerings can be reasoned about and
composed under incomplete knowledge and changing conditions.

Resilience by composition. Resilience should not be treated only as
an external deployment strategy applied after service construction.
The architecture must support building more robust offerings from
less robust ones through alternatives, fallbacks, diversification, or
portfolio-based realizations, so that robustness can be created and
propagated across layers.

Recursive and open participation. The architecture should support
the participation of diverse actors, from infrastructure providers
to software and human-backed services. By allowing partial or
specialized capabilities to be exposed and composed into higher-
level offerings, it lowers the barrier to participation for actors that
do not control a complete service stack.

Continuous adaptation. Because the computing continuum is
dynamic, offerings must be continuously revised in response to
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changing demand, resource availability, and environmental condi-
tions, without requiring centralized coordination or system-wide
recomputation.

4 Architecture

This section refines the CAO abstraction by describing the internal
objects and processes through which a CAO constructs, evaluates,
exposes, and maintains its offerings. Let O; denote the set of candi-
date offerings currently maintained by CAO i. Each offering o € O;
is represented as a tuple o = (G, s, 0,r), where G captures com-
position structure, s is a multi-objective SLO vector, o(t) is the
probability that the advertised SLO commitments remain satisfied
up to time ¢, and r is a realization envelope specifying the admissi-
ble conditions under which the offering may be instantiated. The
resilience example in Figure 2 provides a simple instance of this
representation: the compositional structure G encodes a fallback
relation between two upstream offerings, while s, o, and r describe
the resulting trade-offs, survival profile, and admissible realization
conditions.

These elements form a coupled representation rather than inde-
pendent descriptors. Together, G and r induce a space of admissible
realizations R(G, r), corresponding to possible instantiations un-
der specific deployment conditions and upstream bindings. The
SLO vector s characterizes the commitments induced by those real-
izations, while the survival model o(t) represents the probability
that the advertised SLO commitments remain satisfied up to time
t. For non-instantiated offerings, o is estimated from upstream in-
formation, structural assumptions encoded in G, and admissible
realizations defined by r, using analytical, simulation-based, or
historically calibrated models. For instantiated offerings, the same
structure can be progressively refined from runtime observations
and agreement outcomes.

Rather than prescribing a specific estimation method, the ar-
chitecture constrains the role of 0. Any admissible instantiation
must: (i) represent a time-indexed probability of maintaining the
advertised SLO vector, (ii) remain compatible with the composi-
tional structure G, so that uncertainty can be propagated across
sequential, parallel, and alternative realizations, and (iii) support
conservative estimation, especially in early stages when empirical
evidence is limited.

These requirements admit models inspired by reliability theory,
hierarchical or graphical survival models, and simulation-based
estimators over the realization space induced by (G, r). The archi-
tecture does not commit to one modeling approach but requires
consistency with the compositional semantics of the offering and
support for incremental refinement as new evidence becomes avail-
able.

In practice, o may combine analytical, simulation-based, and
observational components. A baseline estimate 0,04,/ (t) can be
derived from G and upstream offerings, confronted with simulation-
based estimates oy, (t) over sampled realizations from R(G, r), and,
when available, observational estimates o,ps(t). A conservative
choice is to expose

o(t) = min(omodel (t), Tsim (1), Tobs (t)) ,
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although other calibration or fusion strategies are also compatible
provided they preserve the architectural role of o as a conservative,
revisable estimate.

In dependability terms, o(¢) can be interpreted as an SLO-level
survivability curve: it estimates the probability that the offering can
continue satisfying its advertised SLO vector up to time t, rather
than only the probability that an individual component remains
available. Classical reliability, availability, or survivability models
may therefore be used internally to estimate o(t), while the exposed
quantity remains a conservative, revisable estimate at the level of
the CAO abstraction.

A similar issue arises for the SLO vector s: although its dimen-
sions are fixed by the CAO interface or domain, the threshold values
of a newly generated offering must still be derived from G, r, up-
stream commitments, and available analytical, simulation-based, or
observational evidence. As with o, these estimates should initially
be conservative.

The set O; therefore represents the CAO’s internal candidate
offering space, while the interface exposed to other CAOs is its
currently relevant non-dominated subset, the Pareto Front Offering
(PFO), under the comparison semantics adopted by the implementa-
tion. The following subsections refine how offerings are represented,
generated, maintained, and adapted over time.

4.1 Offering Representation, Composition
Operators, and Realization Constraints

A central requirement of the proposed architecture is that each
Composable Autonomic Offering (CAO) maintains an explicit rep-
resentation of the offerings it may expose. The primary object to be
represented is not merely an application, nor a concrete deployment
plan, but the offering itself. This is necessary because an offering
may depend on linked upstream offerings, inherit constraints from
them, combine several of them into a larger capability, and admit
multiple possible realizations with different trade-offs and survival
properties.

This need for explicit structure is strongest when composition
is present. If an offering has no upstream dependencies, its internal
structure need not be exposed at the same granularity; the required
level of detail is therefore a design variable under the provider’s
control.

The representation layer must satisfy three requirements. First,
it must represent the compositional structure of the offering, in-
cluding how local capabilities and linked upstream offerings are
combined into a higher-level capability, and must support recursive
composition so that offerings can themselves appear as constituents
of larger offerings. Second, it must support a small family of com-
position operators through which resilience can be constructed
rather than merely assumed, including at least sequential, parallel,
fallback, and portfolio-style combinations. These operators are not
purely structural, but are associated with selection, switching, or
allocation logic that determines how alternative realizations are
activated under changing conditions. The architecture does not
prescribe the form or complexity of this logic. Instead, it constrains
only its role: to select or construct a valid realization from the avail-
able alternatives under the current context, in a manner consistent
with the compositional structure and realization constraints. As a
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Composable Autonomic Offering (CAO)
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Figure 1: Internal decision and adaptation loop of a compos-
able autonomic offering (CAO). A CAO generates candidate
offerings through local and upstream composition, evaluates
their multi-objective performance and survival characteris-
tics, and maintains a Pareto-front offering (PFO) that consti-
tutes its exposed interface. This interface represents a set of
non-dominated, probabilistic service commitments rather
than fixed guarantees. The CAO continuously adapts its can-
didate set and exposed frontier in response to changes in
demand, upstream dependencies, and runtime observations.
Interaction with other CAOs occurs through the exchange of
PFOs over an external dissemination and discovery substrate,
which enables decentralized composition without requiring
global coordination.

result, these operators affect not only functionality, but also the
trade-offs and survival properties of the resulting offering by intro-
ducing alternative realization paths. Third, it must make explicit
the realization constraints under which an offering remains valid
as advertised, rather than prematurely collapsing it into one fixed
realization. In the fallback case illustrated in Figure 2, the operator
does not simply denote an edge in a graph: it specifies that an alter-
native upstream realization may be activated when the currently
selected realization no longer satisfies the survival or realization
conditions of the offering.

Realization constraints and shared deployment context. The com-
positional representation G is not sufficient by itself to establish
whether an offering is realizable. In a heterogeneous continuum,

lower-level offerings must also expose the admissible conditions
under which they can participate in a larger composition. The re-
alization envelope r therefore captures the resource, placement,
communication, policy, and dependency constraints under which
the offering remains valid as advertised. These constraints describe
the conditions under which an offering can be validly instantiated,
and are distinct from the SLO commitments captured in s, which
characterize the performance of the offering once deployed. In
general, quantitative and comparable properties (e.g., latency, cost,
energy, or even certain capability indicators) are expressed in s,
where they can be optimized and propagated through composi-
tion. By contrast, the realization envelope r captures admissibility
and compatibility constraints that determine whether a realization
is feasible at all. These include, for example, shared identity or
trust domains, access permissions, protocol or API compatibility,
co-location or anti-colocation requirements, shared failure-domain
exclusions, regulatory constraints, or other conditions that cannot
be naturally expressed as optimizable objectives. In this sense, r
defines the admissible realization space of the offering, while s
characterizes performance within that space.

More precisely, each realization envelope r; defines the set of
deployment contexts under which the corresponding offering o;
can be validly instantiated. Given a composed offering depending
on upstream offerings oy, . . ., 0, realizability depends on whether
their realization constraints are jointly compatible under the compo-
sition structure G. This can be expressed as 3x € (N, ;) N C(G),
where C(G) denotes the additional constraints imposed by the com-
position itself, such as communication requirements or placement
relations between components.

In this sense, the realization envelope of a composed offering
is the admissible deployment context induced by the upstream
constraints and the additional requirements introduced by the com-
position structure, so candidate realizations are evaluated for their
SLO vector and survival profile only after this compatibility check
succeeds.

4.2 Candidate Generation and Pareto-Front
Maintenance

This stage describes how a CAO constructs and maintains its lo-
cal set of candidate offerings from its own capabilities and visible
upstream offerings, assigns them provisional multi-objective and
survival estimates, and exposes the non-dominated subset as its
Pareto Front Offering (PFO). Architecturally, candidate construc-
tion and frontier maintenance form a single local decision loop,
continuously driven by changes in expected demand, upstream
availability, and observed evidence.

The constructive problem faced by a CAO is not merely to enu-
merate feasible offerings, but to identify and maintain those feasible
offerings that may belong to its locally relevant Pareto frontier.
Given a target offering specification, the CAO must therefore ex-
plore a constrained space of admissible realizations induced by G
and r.

The architecture does not require one specific solution proce-
dure. Candidate generation may rely on incremental refinement
and pruning, constrained multi-objective optimization, stochastic
or simulation-guided search, or hybrid strategies. What matters
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architecturally is that generation, feasibility checking, and frontier
maintenance remain coupled, since the goal is to maintain relevant
non-dominated offerings rather than arbitrary feasible ones.

Once a candidate offering has been specified to the point that
its composition structure G and realization envelope r determine
an admissible realization space, the CAO derives provisional es-
timates of its SLO vector s and survival model ¢ from the rele-
vant upstream offering components (in particular s;, o;, and, where
needed, r;), together with any locally available analytical models,
simulation-based estimates, and observational estimates. For in-
stance, a resilience CAO may generate a candidate by selecting
two compatible upstream offerings, checking whether their real-
ization envelopes can coexist under the fallback composition, and
then deriving a provisional SLO vector and survival profile for the
composed offering.

PFO maintenance is event-driven. Reevaluation is triggered by
changes affecting the admissible realization space or the estimated
characteristics of candidate offerings, including the appearance
or disappearance of upstream offerings, updates in their SLO or
survival estimates, and demand changes that alter capacity, perfor-
mance, or reliability assumptions. The CAO then revises affected
candidates and refreshes Pareto membership by discarding domi-
nated offerings and promoting newly relevant ones.

4.3 Continuous Adaptation of Instantiated
Offerings

Once an offering has been instantiated, the CAO enters a contin-
uous adaptation phase in which it must preserve the validity of
the offering under changing conditions. At this stage, the relevant
object is an instantiated offering o = (G, s, o, r) with a currently
selected realization p € R(G,r). The purpose of this phase is to
connect the offering representation introduced above with run-
time adaptation: the same compositional structure and realization
constraints used to define the offering also guide how an instan-
tiated offering is re-evaluated and reconfigured under changing
conditions.

Adaptation is event-driven and centered on the evolution of the
survival model of the instantiated offering. The local control loop
of the CAO is triggered when the estimated survival profile o ()
falls below a predefined admissibility threshold, indicating a high
probability that the advertised SLO vector s may not be sustained.
Such degradation may result from changes in upstream offerings,
violations of realization constraints, observed deviations between
predicted and actual behavior, or shifts in expected operating con-
ditions. In response, the CAO re-evaluates the instantiated offering
through the operator semantics encoded in G, updates the corre-
sponding estimates of (s, 0), and determines whether the current
internal configuration should be preserved, switched, rebalanced, or
otherwise adapted using the resilience structures already available
in the offering representation.

The control problem is therefore to use the operator semantics
encoded in G to adapt the internal configuration of the instantiated
offering so as to preserve the advertised SLO vector as much as
possible while maximizing the achievable survival profile under the
current conditions. In this sense, adaptation is not an external mech-
anism added after composition, but the runtime continuation of
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the same offering semantics used during candidate generation. The
structure encoded in G may include resilience strategies that define
alternative admissible configurations under changing conditions.

Fallback, portfolio, and diversification operators are representa-
tive rather than exhaustive. In a fallback composition, for instance,
G encodes an admissible switch from the selected upstream realiza-
tion to an alternative one; adaptation is the runtime activation of
this switch when the advertised SLO vector and realization enve-
lope can still be preserved under updated survival estimates.

The architectural goal is to absorb variability within the local
adaptation loop of each CAO, so that changes are handled locally
before propagating to dependent offerings. System-level resilience
emerges from local adaptation over composable offerings, rather
than from centralized orchestration.

4.4 Interaction and Information Exchange
Model

CAOs interact through the continuous exchange of offering infor-
mation and through the establishment of agreements over selected
offerings. Each CAO observes the Pareto-front offerings (PFOs)
published by other CAOs and updates its local knowledge state
accordingly. Symmetrically, it publishes revisions of its exposed
frontier as local conditions evolve, as well as status updates on
already instantiated offerings.

The dissemination of offering information is assumed to rely on
an external infrastructure, such as a peer-to-peer overlay, gossip-
based mechanisms, or distributed registries. This infrastructure is
treated as a commodity substrate and is not part of the architectural
contribution of this work.

In addition to passive observation, CAOs perform active inter-
actions to establish and maintain agreements corresponding to
selected dependencies. Instantiating a local offering often requires
a cascade of upstream commitments, since the selected realization
may depend on multiple upstream offerings that must themselves
be reserved or instantiated consistently. Without transactional guar-
antees, such cascades may lead to partial commitment, duplicate
instantiation, over-allocation of shared upstream resources, or in-
consistent dependency state when concurrent decisions occur. For
this reason, agreement establishment and subsequent reconfigu-
ration (e.g., fallback activation, provider substitution, or portfolio
updates) should be supported by atomic operations over a commod-
ity zero-trust substrate, such as blockchain-backed or otherwise
transactional coordination infrastructure.

The content of each agreement is not arbitrary, but is derived
from the selected offering under the risk and economic policy of
the CAO. In particular, the offering’s survival curve at the time
of agreement provides the reference for the risk profile that can
be exposed contractually, while the precise SLA terms depend on
how the CAO’s owner chooses to price, bound, or hedge that risk.
After agreement formation, the survival profile may evolve under
changing conditions, and adaptation may activate fallback or other
admissible realizations to preserve the agreed behavior without
altering the established terms. The interaction model therefore
combines continuous asynchronous information flow with discrete
agreement operations that materialize the effective dependency
structure of composed offerings.
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5 Use Cases

Figure 2 summarizes representative roles that a CAO may play in a
decentralized ecosystem. These examples illustrate how the same
abstraction supports different forms of value creation.

Entrepreneur CAO. An entrepreneurial CAO constructs a compet-
itive offering by composing upstream offerings without owning a
full infrastructure stack. Unlike a traditional broker, it performs the
composition itself and exposes the resulting service as its own offer-
ing, while a broker only matches consumers to existing providers
without constructing a new service. This shifts value creation from
infrastructure ownership to composition, allowing small actors to
create competitive services by recombining upstream trade-offs,
survival profiles, and resilience structures.

Resilience CAO. A resilience-oriented CAO constructs offerings
whose primary value is improved robustness under uncertainty
rather than new base functionality. It observes multiple upstream
offerings providing similar capabilities and composes them using
resilience operators such as fallback, diversification, or portfolio-
style combinations. As illustrated in Figure 2, a resilience CAO may
build an offering with composition structure G = fallback(o, 02)
over two compatible upstream offerings. The resulting offering is
not characterized only by its functional behavior, but also by a real-
ization envelope r capturing the conditions under which fallback
remains admissible, such as domain, placement, or failure-domain
constraints, and by a survival estimate derived from the composi-
tion structure, upstream survival information, and available ana-
lytical, simulation-based, or observational evidence. In this way,
the resilience CAO can expose an offering o = (G, s, o,r) whose
value lies in reducing dependence on a single provider or realiza-
tion path. This may increase cost or other trade-offs relative to an
individual dependency, but it allows resilience to be constructed
explicitly through composition rather than introduced only as a
reactive runtime mechanism.

Edge AI Service CAO. A service-oriented CAO may implement a
distributed application, such as an edge Al pipeline spanning de-
vices, edge nodes, and cloud resources. The offering corresponds to
a multi-stage processing chain (e.g., data acquisition, preprocessing,
inference, and aggregation), naturally represented as a composi-
tional structure G. The realization envelope captures the conditions
under which this pipeline can be instantiated across heterogeneous
resources, including locality, latency, and compatibility constraints
induced by upstream bindings. In this way, the CAO exposes a com-
posite service whose implementation depends on multiple upstream
capabilities and admits several valid configurations, leading to a
multi-objective Pareto front rather than a single fixed deployment.

Human Labor CAO. The CAO abstraction can be naturally ex-
tended beyond software and infrastructure to human-provided
capabilities. In this setting, human labor units may expose offerings
such as annotation, moderation, validation, or exception handling,
and participate in composition alongside automated services within
the same decentralized ecosystem. While their internal execution
may rely on richer workflow formalisms, the CAO provides a uni-
fying interface for composition and management.

This example also highlights a limitation of the current represen-
tation layer. Human-centered processes often require control-flow
constructs beyond data dependencies, as captured by workflow
models such as BPM or Petri nets, suggesting that a fully unified
compositional framework may require richer models than those
considered here.

Summary. Taken together, these use cases show that the pro-
posed architecture is not tied to a specific service layer or opera-
tional role. A CAO may act as a leaf provider, a composite service
provider, a resilience-oriented aggregator, an entrepreneurial mar-
ket entrant, or a hybrid human-machine service node. This flexi-
bility underpins the central claim of the paper: that decentralized
composition of probabilistic multi-objective offerings can enable
a more dynamic, resilient, and accessible computing continuum
ecosystem.

6 Discussion and Conclusion

Many of the potential economic benefits of the computing contin-
uum remain under-realized because the diversity of capabilities
that the continuum can create is not yet matched by equally mature
approaches for composing, exposing, and managing them. This is
one of the structural motivations behind the present work. While
centralized and hyperscale service models have achieved high levels
of predictability, efficiency, and operational maturity, they have also
concentrated control, raised the barrier to entry for smaller actors,
and reduced the pressure for integration technologies to evolve
beyond the hyperscaler envelope. As a result, much of the current
orchestration and integration machinery remains best suited to rel-
atively unified platform environments, rather than to the broader
diversity, heterogeneity, and decentralized ownership structure that
the computing continuum is likely to intensify. This structural gap
is precisely what the proposed CAO architecture is intended to
address. The proposed architecture is not intended to replace all
existing service provisioning models: highly centralized platforms
may remain preferable in regimes where predictability, tight co-
ordination, and uniform operational control are more important
than openness or decentralized participation. The CAO model is
instead aimed at settings in which heterogeneity, distributed own-
ership, and dynamic participation make centralized orchestration
increasingly brittle or exclusionary.

A central aspect of the scope of this paper is that it defines
the architectural abstraction and the main interfaces of the CAO
model, rather than a single fixed implementation. In Sections 3
and 4, the paper specifies the core elements that a CAO must ex-
pose and manage: an explicit offering representation centered on
the tuple (G, s, o0,r), a notion of admissible realization contexts,
local generation of offering candidates, Pareto-front maintenance,
interaction through offering exchange and agreement formation,
and continuous adaptation under changing conditions. Together,
these components define the architectural structure of a CAO and
the local decision processes through which higher-level services
may emerge from decentralized composition.

At the same time, the proposed architecture intentionally leaves
open the precise technological realization of several of these com-
ponents. The representation layer may be instantiated through
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Figure 2: Illustrative CAO ecosystem with a zoomed-in resilience CAO example. An entrepreneur CAO aggregates visible
upstream offerings for a target demand. Representative downstream roles include an edge Al service CAO, which exposes
a composed multi-stage application service, and a human labor CAO, which extends the abstraction to human-in-the-loop
capabilities. The resilience CAO constructs fallback- or portfolio-based offerings from compatible upstream offerings; in
the example shown, it builds a fallback composition G = fallback(o;,0;), derives a model-based survival estimate o0y,0de1 ()
from G, upstream survival information, and the realization envelope r, and exposes a conservative survival estimate o(t) =
min(omodel (), Tsim (1), Tobs(£)). The resulting offering is exposed as o = (G, s, 0,r).

dataflow-based models, richer workflow-oriented formalisms, or hy-
brid approaches that bridge both. Candidate generation and mainte-
nance may rely on analytical methods, heuristics, simulation-based
evaluation, learned estimators, or other search and optimization
techniques. Likewise, agreement formation and settlement may be
supported by different coordination substrates depending on the tar-
get environment. This openness is not a weakness of the proposal,
but one of its advantages: by focusing on the architectural interface
rather than prematurely fixing one detailed implementation, the
model remains compatible with multiple technological perspec-
tives and leaves broad room for the community to explore CAO
realizations adapted to different domains, levels of the digital-twin
spectrum, and target classes of offerings. This makes the proposal
easier to tackle incrementally, since different communities may
instantiate the same architectural principles using the representa-
tions, optimization methods, and runtime substrates most natural
to their expertise and target applications.

Resilience itself also deserves discussion. A natural concern is
that greater decentralization may protect against failures or at-
tacks on centralized services while simultaneously sacrificing some
degree of global coordination efficiency or predictability. The pro-
posed architecture does not eliminate this trade-off. Rather, it shifts
the architectural emphasis: instead of relying primarily on central-
ized coordination to achieve robustness, it enables resilience to
be constructed through composition. Some offerings may already
carry strong survival characteristics, but downstream CAOs may
also build more robust offerings from weaker upstream compo-
nents by combining alternatives, fallback paths, diversification, or
portfolio-based realizations. In this sense, the architecture provides
a different route to robustness, one that is compatible with decen-
tralized and multi-provider environments, even if it may not match

the global coordination efficiency of tightly controlled centralized
systems. The practical balance between these regimes remains an
open empirical question.

A further aspect concerns the underlying infrastructure required
to support the proposed model. The CAO abstraction assumes the
existence of several enabling substrates that are not specified in
detail in this work. First, a dissemination and discovery substrate is
required to allow offerings to be published, updated, and retrieved
across a decentralized environment, ensuring that participants can
access relevant and sufficiently up-to-date information. Second,
mechanisms for agreement formation, accounting, and settlement
are needed to support interactions among autonomous providers,
including the ability to prevent conflicting commitments and ensure
consistent execution of agreements across multiple parties. Third,
the model relies on the availability of observational data to estimate
and continuously update the survival characteristics of offerings.
The quality of these estimates will depend on access to runtime
evidence, monitoring capabilities, and historical data, which may
vary across environments.

Interestingly, CAOs are not only autonomic but also sovereignty-
preserving: each participant retains control over how its offerings
are composed through G, under which deployment, policy, and com-
patibility conditions they remain admissible through r, which non-
dominated alternatives it chooses to expose through its maintained
Pareto Front Offering (PFO), and which offerings it instantiates,
revises, or withdraws through its local agreement and adaptation
processes. This allows providers to encode their own technical
and entrepreneurial biases directly into the offerings they publish,
rather than delegating these decisions to a central orchestrator.
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Finally, the CAO abstraction also points toward a broader cyber-
physical management perspective. Because the architecture is de-
fined at the level of offerings rather than at the level of a specific
software or infrastructure substrate, it may provide a basis for
integrating infrastructure management, software services, human-
backed operations, and, eventually, agent societies that both offer
and consume services with progressively less human intervention.
This broader perspective is still preliminary, but it helps clarify
a more general point: the computing continuum requires a new
compositional primitive—one that combines functionality, trade-
offs, and survivability—if decentralized ecosystems are to become
both manageable and economically generative. The CAO model is
proposed as a step in that direction.
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