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Abstract. This paper presents a novel Multi-Agent MicroServices (MAMS)
framework, centered on a formal deployment ontology. This ontology
models the environment as a dynamic knowledge graph, separating de-
ployment intent from runtime reality. We demonstrate how Belief-Desire-
Intention (BDI) agents autonomously reason over this graph to assemble,
deploy, and manage containerized systems. Agents explore the environ-
ment via a hypermedia-driven API following Hypermedia as the Engine
of Application State (HATEOAS) principles, react to system-wide events
using WebSub notifications, and coordinate tasks through direct messag-
ing. This approach enables agents to translate high-level goals into low-
level Docker API commands, providing a practical blueprint for bridging
the gap between declarative agent reasoning and the imperative nature
of modern cloud infrastructure.

Keywords: Agent-Oriented Programming · Hypermedia Multi-Agent
Systems.

1 Introduction

The growth of cloud native and edge computing has led to increasingly complex,
distributed systems [26,27] that require sophisticated deployment and manage-
ment strategies. Traditional automation methods, such as imperative scripts and
declarative configurations, often fall short in dynamic environments [19,12] ne-
cessitating human intervention to adapt to unforeseen circumstances.

Recent work on Multi-Agent MicroServices (MAMS) has established agents
as first class, containerized microservices [29]that have the potential to enable the
use of agents to autonomously manage the deployment and lifecycle of other mi-
croservice ecosystems. This paper presents MAMS-Deploy, a framework that
seeks to do this through the combination of web standards, semantic knowledge
representation, and BDI reasoning.

A distinctive property of our approach that emerges from the adoption of
MAMS is its recursive nature: because agents are themselves containerized mi-
croservices, the framework could potentially deploy new agents in response to
workload changes, geographic distribution needs, or fault recovery scenarios.
This means the orchestration layer is not static; it can grow, shrink, or relocate
itself without human intervention. Further, the same approach can be applied
seamlessly to the deployment of both MAS, traditional distributed systems or
any combination of the two.
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This recursive capability is particularly valuable in environments where hu-
man intervention is costly, dangerous, or impossible [16], [14]. In such cases,
lightweight orchestration agents may be deployed alongside application services
at the network edge, for example, on satellites, autonomous underwater vehi-
cles, or polar research stations, to manage local resources and maintain service
continuity. Examples include space missions, where communication delays and
physical inaccessibility prevent real-time human control [7], [3]; deepsea or polar
research stations, where harsh conditions limit maintenance opportunities [30];
disaster recovery zones, where safety concerns restrict human presence [23]; and
large-scale industrial IoT deployments, where the cost of on-site intervention is
prohibitive [17]. In these contexts, the ability of the orchestration layer to au-
tonomously expand, relocate, and repair its distributed components reduces the
need for costly or dangerous human intervention and ensures sustained operation
even when connectivity to central control is intermittent or delayed.

The main contributions of this paper are: the definition of an ontology that
provides a rich, machine-readable vocabulary for describing microservices, their
dependencies, and infrastructure targets (Section 3). A high-level architecture
that supports the deployment and management of distributed systems based on
Semantic Web and Hypermedia APIs (Section 3), a prototype implementation
of that architecture (Section 4) and a corresponding evaluation (Section 5).

2 Background

Traditional approaches to managing the deployment of containerised applica-
tions is based on the use of well established microservices patterns. Newman [20]
provides a canonical guide to such patterns, outlining the key challenges in ser-
vice discovery, configuration, and monitoring that an autonomous system must
manage. Traditionally, these challenges are addressed with declarative orches-
tration platforms like Kubernetes1 and static service registries, such as Consul2
and Eureka3). While powerful, these tools rely on human-defined rules and lack
the adaptive reasoning needed for true autonomy [19] [12].

Automated management of deployed applications is the ultimate goal of au-
tonomic computing, which advocates for systems capable of self-management
through self-configuration, self-healing, and self-optimization [18]. This vision
provides the conceptual framework for the "why" of agent-driven deployment.
Agents, with their inherent goal-driven reasoning, are natural candidates for im-
plementing these autonomic properties. Recent advances in LLM-based agents
are turning this vision into a practical reality. Yu et al. (2025) [31] demon-
strate with ServiceOdyssey how a self-learning agent can autonomously mas-
ter microservice management tasks using curriculum learning and multi-layered
feedback, progressing from simple observation to complex actions. Similarly, the
Agentic AIOps framework proposed by Zota et al. (2025) [32] formalizes the role
1 https://kubernetes.io/
2 https://developer.hashicorp.com/consul
3 https://github.com/Netflix/eureka

https://kubernetes.io/
https://developer.hashicorp.com/consul
https://github.com/Netflix/eureka
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of agents in IT operations, defining a clear path from automated monitoring to
autonomous resolution. While current orchestration platforms like Kubernetes
provide the automated "hands" for deployment [6], these agentic systems provide
the "brain." The missing link, which this research addresses, is the framework
that allows the agentic brain to control the automated hands for the specific
purpose of system assembly and deployment.

3 The MAMS-Deploy Approach

This paper advocates the use of Hypermedia Multi-Agent Systems (hMAS) [15]
as a means to delivering frameworks for intelligent management and deployment
of applications. Hypermedia MAS are a class of MAS that operate in Hypermedia
Environments with the aim of addressing the use of agents as per the original
vision of the Semantic Web [9]. Such environments embody the principles of
REpresentational State Transfer (REST) [13], and in particular Hypermedia As
The Engine Of Application State (HATEOAS), enabling clients - in this case
agents - to navigate a web of services by following links embedded within re-
source representations, eliminating the need for hard-coded knowledge of service
endpoints or interfaces [25]. This principle is central to engineering world-wide
MAS [8].

MAMS-Deploy gets its name from the decision to adopt the MAMS archi-
tectural style in its design [29]. MAMS is an approach to integrating agents into
microservices architecture that is well suited to the intelligent management and
deployment of applications because Microservices are the predominant approach
to implementing applications. According to Market Growth Reports4 more than
62% or Fortune 500 companies used containerized microservices and the cloud
microservices market is projected to be worth more than 1.3B US$ in 2026 alone.
MAMS introduces a new class of Agent-Oriented Microsevices (AOMS) that
can be easily integrated with Plain Old MicroServices (POMS) simplifying the
adoption and deployment of agents. This allows us to treat the MAMS-Deploy
agents as containerized microservices, that are able to manage the lifecycle of
other (possibly agent-oriented) microservices. The proposed solution, which is
presented through the architecture diagram in Figure 1 builds on this and four
key design principles:

– Reactive Coordination: Agents react to events using the W3C WebSub
standard 5, eliminating the need for polling and creating a real-time, event-
driven system.

– Semantic Knowledge: A formal RDF ontology provides a shared, machine-
readable understanding of the deployment domain, decoupling agent logic
from specific service implementations.

4 https://www.marketgrowthreports.com/market-reports/
cloud-microservices-market-106525

5 https://www.w3.org/TR/websub/

https://www.marketgrowthreports.com/market-reports/cloud-microservices-market-106525
https://www.marketgrowthreports.com/market-reports/cloud-microservices-market-106525
https://www.w3.org/TR/websub/
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Fig. 1. The MAMS-Deploy architecture illustrating the flow from human intent (1) to
reactive agent notification (2-3), planning (4-5), execution (6), and continuous moni-
toring (8-9).

– Web-Native Integration: All interactions occur over standard HTTP and
a RESTful API that adheres to HATEOAS principles. Agents discover ac-
tions and resources at runtime.

– Distributed Autonomy & Observability: Agents make independent,
goal-oriented decisions, while a human-centric UI provides a transparent
window into their state and actions.

The architecture is composed of four distinct layers that enable the flow from
human intent to autonomous execution and monitoring. The system is designed
around a central, declarative knowledge base, with agents acting as intelligent
controllers that perceive and act upon this shared world model.

At the top level, a User Interface allows the human operators to initiate
process by interacting with the Deployment Manager UI. Through this, they
define high-level deployment goals that are translated into triples that are sent
to the Management Server via a HTTP POST request (1). This layer serves
as the systems authoritative control plane acting as the central hub for state
management and event coordination. It combines:

– A Knowledge Base modelled as a RDF triple store that contains the au-
thoritative state of the entire system, structured by our deployment ontology.

– A Hypermedia API, which serves as the sole gateway to the Knowledge
Base, exposing its contents as linked data (JSON-LD).

– A WebSub Hub that publishes changes in the Knowledge Base as events,
allowing agents to subscribe to relevant topics. This enables real-time no-
tifications of changes, such as new deployments or updates to microservice
states (2).

The Agent Society layer contains the MAMS-Deploy agents which are re-
sponsible for realising the high-level deployment goals of the users. In line with
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the MAMS philosophy [29], each agent is itself a containerized microservice. This
makes the agent society inherently distributed; each agent operates as an inde-
pendent process and can be deployed anywhere, from a central server to the edge
hosts they manage, allowing for a highly scalable and flexible topology. The so-
ciety consists of various agents, whose actions correspond to the numbered steps
in Figure 1:

– The Manager Agent subscribes to the WebSub hub and is notified of
new deployments (3). It then queries the Hypermedia API to get the full
deployment details (4) and delegates specific microservice deployment tasks
to available workers (5).

– The Worker Agent(s) start managing the container lifecycle upon re-
ceiving a task by interacting directly with the Docker REST API (6). Af-
ter execution, it updates the Knowledge Base via the API (7). This in-
volves updating the status of the Deployment resource and creating a new
ContainerInstance resource to capture the reality of the running container.

– The Monitoring Agent provides the system’s self-healing capabilities. It
periodically checks the health of running containers directly against the
Docker API (8) and compares this with the desired state in the Knowl-
edge Base. If it detects a discrepancy or failure, it updates the relevant
ContainerInstance status via the API (9), potentially triggering a recov-
ery plan.

Treating agents as containerized microservices implies that the system can
deploy its own orchestration components. For example, a Manager Agent could
instruct a Worker Agent to deploy additional Worker Agents on new servers
to handle increased load, or to replace failed agents. This recursive capability
allows the orchestration layer to adapt its own topology dynamically, enabling
self-scaling and self-healing not only for application services but also for the
orchestration infrastructure itself, as is shown in Figure 2.

Finally, the Execution Environment layer consists of one or more Docker
Host(s). All interactions with this layer are performed by the agents via the
standard Docker REST API, ensuring broad compatibility without requiring
custom client-side software on the hosts.

sectionThe Deployment Ontology
A core contribution of this work is a formal OWL ontology that provides

the semantic foundation for agent reasoning. It is exposed to the agents via the

Fig. 2. The recursive nature of the MAMS-Deploy framework, where agents can deploy
other agents to manage the orchestration layer itself.
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Management Server’s hypermedia API as JSON-LD. The ontology’s design is
predicated on a crucial principle for autonomic systems: the explicit separation
between the desired state (the intent) and the actual state (the reality). This
allows agents to perceive the gap between what should be and what is, and to
formulate plans to close that gap. Figure 3 illustrates the key relationships.

Fig. 3. Key classes and relationships in the deployment ontology.

The separation of concerns highlighted above is primarily modelled through
three core classes:

– dep:Deployment: The top-level resource representing a complete appli-
cation or system to be deployed. It acts as a container for a collection of
dep:Microservice resources.

– dep:Microservice: This class represents the blueprint of a service. It is a
static resource that defines the intent for a deployment, including the Docker
imageName, imageTag, environmentVariables, the portMapping, and the
intended targetServer. It describes what should be.

– dep:ContainerInstance: This class represents the realization of that in-
tent, an actual, running container. It is a dynamic resource created by a
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Worker Agent after a successful deployment. It captures the reality of the
runtime, including the unique containerId, its live instanceStatus (e.g.,
dep:Running, dep:Exited), and a link back to the dep:Microservice def-
inition it fulfills via the dep:hasInstance property.

This distinction is fundamental. The Monitoring Agent, for example, oper-
ates by comparing the desired state of dep:Microservice resources with the
actual state of their corresponding dep:ContainerInstance resources. Any dis-
crepancy triggers a self-healing plan.

To ground the ontology in a familiar context, we can map its concepts to
those found in a standard docker-compose.yml file. This is illustrated through
the simplified WordPress docker-compose.yml file presented in Figure 4 along-
side the equivalent semantic description modelled using our ontology. Docker
Compose provides a declarative YAML format for defining multi-container appli-
cations. The ontology serves as a semantic, machine-readable equivalent, trans-
forming a static configuration file into a dynamic knowledge graph that agents
can reason over.

Table 1 explicitly maps the key concepts between the two representations.
The ontology not only mirrors the declarative structure but enriches it with
formal semantics that enable advanced agent reasoning. For example, instead
of a hardcoded service name like DB_HOST=db, the ontology uses an abstract
dep:ServiceEndpoint. This allows an agent to dynamically discover and bind
to any service that fulfils the required capability (se:mysql-connection).

1 services:
2 db:
3 image: mysql :8.0
4 environment:
5 - MYSQL_ROOT_PASSWORD=rootpassword123
6 - MYSQL_DATABASE=wordpress
7 ports:
8 - "3306:3306"
9

10 wordpress:
11 image: wordpress:latest
12 depends_on:
13 - db
14 environment:
15 - DB_HOST=db
16 - DB_NAME=wordpress
17 ports:
18 - "8080:80"

1 @prefix dep: <http ://.../ deployment -ontology#> .
2 @prefix ms: <http ://.../ microservices/> .
3 @prefix srv: <http ://.../ servers/> .
4 @prefix se: <http ://.../ service -endpoints/> .
5
6 ms:wordpress -blog -mysql
7 rdf:type dep:Microservice ;
8 dep:imageName "mysql" ;
9 dep:imageTag "8.0" ;

10 :environmentVariable
11 "MYSQL_ROOT_PASSWORD=rootpassword123",
12 "MYSQL_DATABASE=wordpress" ;
13 dep:hasPortMapping [
14 dep:hostPort 3306 ;
15 dep:containerPort 3306
16 ] ;
17 dep:provides se:mysql -connection .
18
19 ms:wordpress -blog -app
20 rdf:type dep:Microservice ;
21 dep:imageName "wordpress" ;
22 dep:imageTag "latest" ;
23 dep:dependsOn ms:wordpress -blog -mysql ;
24 dep:consumes se:mysql -connection ;
25 dep:environmentVariable
26 "DB_HOST ={se:mysql -connection.host}",
27 "DB_NAME=wordpress" ;
28 dep:hasPortMapping [
29 dep:hostPort 8080 ;
30 dep:containerPort 80
31 ] .

Fig. 4. Example Docker Compose file (left) and its MAMS-Deploy equivalent (right).



8 M. Schöll and R.W. Collier

Docker Compose (YAML) Ontology Equivalent (Turtle)

services:
db:

ms:mysql rdf:type
dep:Microservice .

image: mysql:8.0 dep:imageName "mysql";
dep:imageTag "8.0" .

environment:
- VAR=val

dep:environmentVariable
"VAR=val" .

ports:
- "3306:3306"

dep:hasPortMapping [
dep:hostPort 3306; ...

] .
depends_on: [db] dep:dependsOn ms:mysql .

Implicit Service Name dep:provides se:mysql-connection .

Hardcoded Hostname dep:consumes se:mysql-connection .

Table 1. Interpretation of HTTP Methods for Java Classes Resource Types

The ontology supports two complementary mechanisms for expressing rela-
tionships between microservices:

– Direct Dependencies: The dep:dependsOn property creates an explicit
ordering constraint between two dep:Microservice definitions. For exam-
ple, a web application may declare that it dep:dependsOn a database service,
ensuring that the database is deployed and running before the application is
started. This is a simple, static relationship that enforces deployment order.

– Abstract Service Endpoints: While direct dependencies capture ordering,
they do not describe what a service provides in a reusable way. To address
this, the ontology introduces dep:ServiceEndpoint, an abstract identifier
for a capability or interface that a service offers. A microservice can declare
that it dep:provides a given endpoint, and other services can declare that
they dep:consume it. This indirection decouples consumers from specific
providers and removes the need for hardcoded service names or addresses

To illustrate this, look at the example on the right of Figure 4. On line 17, the
MySQL microservice ms:wordpress-db declares that it dep:provides the ab-
stract endpoint se:mysql-connection. Following this, on line 23, the WordPress
application microservice ms:wordpress-app declares that it dep:consumes this
endpoint and uses it in an environment variable template (see line 28).

When deploying wordpress-blog-app, the agent: identifies that it consumes
se:mysql-connection; locates the deployed dep:ContainerInstance of the
MySQL service that provides this endpoint; retrieves the hostname from the in-
stance’s dep:runningOn server, and substitutes the value into the environment
variable before creating the container. This allows agents to dynamically bind
services at runtime without hardcoded addresses. By combining direct depen-
dencies for ordering and abstract endpoints for capability matching, the ontology
enables agents to reason about both when and how services should be connected.

The MAMS-Deploy environment is also incorporated into the model through
the dep:Server and dep:Agent classes. The dep:Server class represents a host
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machine where containers can be deployed, identified by its serverHostname
and API port, while thedep:Agent class represents the actors in the system
and links to their current status (e.g., dep:Idle, dep:Busy).

Finally, to ensure observability, all states are modelled as individuals of sta-
tus classes (e.g., dep:Running, dep:Failed, dep:Busy). When a failure occurs
that an agent cannot resolve, it updates the status of the relevant resource to
dep:Failed and also populates the dep:errorMessage data property with a de-
tailed message from the underlying system (e.g., the Docker API). This makes
the reason for failure a queryable part of the knowledge graph, which is then
surfaced to the human operator via the UI.

4 Prototype Implementation

To demonstrate how the ontology described in Section 3 can be used to deliver
the approach outlined in Section 3, a prototype system has been developed using
the reference implementation of the MAMS architectural style [22] that has been
implemented using ASTRA [11], a BDI-style programming language based on
AgentSpeak(L), and CArtAgO, a framework for building agent environments
based on the Agents & Artifacts conceptual model [24]. The approach is inspired
by prior applications of MAMS [21,2].

This section focuses on two aspects of the implementation: the design of the
Hypermedia API and the design of the agents that consume that API in order to
realise the deployment design goals. Details on the User Interface can be found
in Appendix C. The prototype source code is available on GitLab 6.

4.1 The Hypermedia API

While the ontology defines the conceptual model of our system, it is the hy-
permedia API that makes this model a navigable, interactive environment for
the agents. This API is the part of the Management Server that exposes the
knowledge graph (a collection of all deployments, microservices and their prop-
erties) as a set of Hypermedia resources that agents can interact with in order
to understand the state of the system. JSON-LD [1] is used as the primary rep-
resentation, meaning that each JSON object is not just a data structure but a
piece of a linked-data graph that can easily be navigated by the agents. The
navigable entry points, collections, item resources, and action forms follow the
sitemap summarized in Figure 5.

The left hand side of Figure 6 presents an example of the root entry point
to the API which allows the consumer to discover two things: the URI for the
deployments collection and the URI for the ontology itself. Agents can navigate
from deployments to their constituent microservices, and from microservices to
the target server by following the hypermedia links provided in the JSON-LD

6 https://gitlab.com/mams-ucd/mams-deploy

https://gitlab.com/mams-ucd/mams-deploy
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Fig. 5. HATEOAS sitemap for the Management Server API.

responses. The approach is based on approaches used in WoT Thing Descrip-
tions7 and the associated WoT Hypermedia Controls Ontology8 and is not
limited to navigation; it is also how agents learn to modify the state of the system.
Actions are exposed through hypermedia forms embedded within the resource
representations. These forms provide agents with all the necessary metadata to
construct a valid state-changing request. For example, after a Worker Agent has
started a container, it needs to update the status of the corresponding Microser-
vice resource. By inspecting the resource’s representation (the right hand side of
Figure 6), it discovers a form for this purpose.

1 {
2 "@context ": { ... },
3 "@id": "http ://192.168.2.10:5000" ,
4 "@type ": "schema:EntryPoint",
5 "links ": [{
6 "href": "http ://.../ deployments",
7 "rel": "collection"
8 }, {
9 "href": "http ://.../ deployment -ontology",

10 "rel": "describedby"
11 }]
12 }

1 {
2 "@id": "http ://.../ microservices/mysql -database",
3 "forms ": [{
4 "href":
5 "http ://.../ microservices/mysqldatabase/status",
6 "contentType ": "application/json",
7 "htv:methodName ": "PUT",
8 "wot:op": "updatemicroservicestatus",
9 "properties ": [{

10 "name": "dep:microserviceStatus",
11 "required ": true
12 }]
13 }]
14 }

Fig. 6. The API Entry Point (/) response in JSON-LD (left) and excerpt of a hyper-
media form for updating a microservice’s status (right).

This form tells the agent everything it needs to know to perform the action:
the href field identifies the target URL for the request; the htv:methodName
field identifies the HTTP method to use (PUT); the wot:op field provides a
semantic identifier for the operation, which the agent can use in its reasoning

7 https://www.w3.org/TR/wot-thing-description11/
8 https://www.w3.org/2019/wot/hypermedia

https://www.w3.org/TR/wot-thing-description11/
https://www.w3.org/2019/wot/hypermedia
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logic; and the properties field lists the required fields for the request body,
which, in this case, is a dep:microserviceStatus property.

The agent can infer that it needs to send a PUT request to the specified href
with a JSON body containing the new status. This hypermedia-driven approach
allows agents to adapt to changes in the API without requiring code changes, as
they discover available actions and resources at runtime.

4.2 Agent Navigation and Interaction

The framework’s autonomy is realized through a collaborative navigation and
interaction process between the Manager and Worker agents. They navigate the
environment by following the hypermedia affordances and action forms summa-
rized in the HATEOAS sitemap (Fig. 5) using the following interaction sequence:

1. Task Discovery (Manager Agent): The Manager Agent is triggered re-
actively by a WebSub notification for a newly created deployment. It parses
the response to identify any deployments with a status of dep:Pending.

2. Task Delegation (Manager Agent): The Manager Agent selects an avail-
able (dep:Idle) Worker Agent for each pending deployment and delegates
the deployment task that Worker through a messages that includes the spe-
cific URI of the deployment resource (e.g., /deployments/wordpress-blog).
This delegation by URI is inherently RESTful and decouples the Manager
from the execution details.

3. Information Gathering (Worker Agent): The Worker Agent receives
the deployment URI. It performs a GET request on this resource and extracts
the list of URIs for all constituent dep:Microservice resources that belong
to this deployment from the response.

4. Plan Formulation (Worker Agent): The Worker Agent iterates through
the list of microservice URIs and performs a GET request for each one to
retrieve its full definition. It adds all retrieved properties such as image name,
dependencies, environment variables and target server to its local belief base.
Once it has gathered all the information, its BDI reasoning engine formulates
a concrete execution plan, respecting the dep:dependsOn, dep:provides
and dep:consumes constraints to determine the correct deployment order.

5. Execution and State Update (Worker Agent): The Worker executes
the plan, updating the shared knowledge graph after each microservice de-
ployment attempt. On success, it POSTs a new dep:ContainerInstance re-
source to the server. On failure, it PUTs an update to the dep:Microservice
resource, setting its status to dep:Failed and adding a dep:errorMessage.

6. Finalization (Worker Agent): Once all microservices have reached a ter-
minal state (dep:Running or dep:Failed), it performs a final PUT request,
updating the parent dep:Deployment resource’s status to dep:Deployed or
dep:Failed, completing the workflow.

4.3 WebSub-Based Reactive Coordination

A custom WebSub library has been implemented for ASTRA enabling agents
to become fully reactive participants in a web-native ecosystem. An agent first
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initializes the module (line 2), which starts an embedded web server to listen
for callbacks from the hub. The agent’s callback URL is automatically exposed
based on its name. It can then subscribe to any topic offered by the hub (lines
5-8). Once subscribed, the agent uses plans such as the one defined on lines 11-14
to handle incoming event notifications.

1 rule +!main(list args) { // agent ’s initial goal
2 !websub_init ("http :// localhost", 8080);
3 // Starts a server and exposes the callback URL
4 // http :// localhost :8080/ worker1
5 !websub_subscribe ("http ://192.168.2.10:5000/ websub", // Hub URL
6 "deployment.created "); // Topic URL
7 }
8 rule $websub.event(string topic , string content , string contentType) :
9 strings.endsWith(topic , "deployment.created ") {

10 // Actions to be performed on event notification
11 }

Fig. 7. ASTRA agent initializing and subscribing to WebSub together with example
rule to handle incoming WebSub events.

4.4 Semantic Knowledge Processing and Planning

Consumption of the JSON-LD representations by ASTRA agents is handled
through the KnowledgeStore module which acts as a wrapper around an Apache
Jena Triple Store9. As described in [21], this module integrates the triples into
ASTRA reasoner allowing the agent to reason across its private beliefs and any
facts contained in the triple store. This module provides actions to allow the
agent to consume the JSON-LD representation associated with a given URL
(it can handle multiple Semantic Web formats) and notifies the agent when the
resource has been consumed. For example, when an agent consumes a deployment
resource, the KnowledgeStore inserts a set of dep:hasMicroservice triples
linking the deployment to its constituent services which it can reason about as
is illustrated through the first plan in Figure 8. This rule iterates through each
dep:hasMicroservice fact and adds a new, belief, +microservice(uri), for
each service URI it discovers.

The agent then uses a processing rule, shown in Figure 8, to react to this new
information. Specifically, the agent transforms the declarative knowledge from
the environment into a curated set of facts that subsequent planning rules, like
the second plan in Figure 8, can easily query. This two-step process, parsing the
environment into semantic triples and then refining them into simple, actionable
beliefs is what enables the agent to autonomously build its deployment plan.

9 https://jena.apache.org/

https://jena.apache.org/
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1 rule $knowledgeStore.read(string dep_uri) :
2 strings.contains(dep_uri , "/ deployments ") {
3 // Iterate through microservices just
4 foreach(dep.hasMicroservice(dep_uri , string uri)) {
5 // Add belief for each microservice
6 +microservice(uri);
7 }
8 // Trigger the goal to start deployment
9 !deploy_microservice ();

10 }
11 // Goal: Deploy a microservice
12 // Deploy microservices that have no dependencies
13 rule +! deploy_microservice () :
14 microservice(string ms_uri)
15 & microservice_image(ms_uri , string image , string tag)
16 & ~microservice_depends_on(ms_uri , string _1)
17 & ~microservice_deployed(ms_uri , true) {
18 !deploy_microservice(ms_uri );
19 }

Fig. 8. Agent rule for processing deployment resources.

5 Evaluation

To evaluate MAMS-Deploy, a sample Wordpress deployment10 is created an used
to validate the core claims of the MAMS-Deploy framework: its capacity for au-
tonomous reasoning and goal-driven resilience. Our evaluation is structured into
two main qualitative assessments. The first subsection, A. Correctness and Scal-
ability, verifies the framework’s ability to correctly execute deployment plans
under normal operating conditions. The second subsection, B. Resilience and
Failure Handling, evaluates the system’s robustness by introducing runtime fail-
ures. These scenarios test both reactive and proactive self-healing capabilities, as
well as the system’s ability to diagnose and transparently report unrecoverable
errors. To ensure a realistic and non-trivial benchmark, all tests were conducted
using the same WordPress deployment, and each scenario was executed follow-
ing the information flow depicted in the system architecture (Fig. 1). Detailed
execution flows for each scenario are provided in Appendix B.

5.1 Correctness and Scalability

Semantic Reasoning & HATEOAS Navigation: This test validated that
an agent can autonomously navigate the hypermedia API to gather infor-
mation, formulate a plan respecting dependencies, and execute it. The out-
come was successful, confirming the division of labor (Manager/Worker) and

10 The sample RDF deployment document can be found on Gitlab both at the follow-
ing URL: https://gitlab.com/mams-ucd/mams-deploy/-/blob/main/management/
temp/deployment-wordpress-blog.ttl and in Appendix A. This directory also in-
cludes two other sample RDF deployment documents

https://gitlab.com/mams-ucd/mams-deploy/-/blob/main/management/temp/deployment-wordpress-blog.ttl
https://gitlab.com/mams-ucd/mams-deploy/-/blob/main/management/temp/deployment-wordpress-blog.ttl
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the agent’s ability to derive a multi-step plan directly from the hypermedia
environment. (App. B-1)

Reactive Self-Healing: This test evaluated an agent’s ability to detect and
correct a dependency failure during its own execution plan. The agent suc-
cessfully detected a stopped dependency, executed a corrective restart, and
resumed its original plan, demonstrating goal-driven resilience. (App. B-2)

Proactive Self-Healing: This test focused on the dedicated Monitoring Agent’s
ability to correct failures post-deployment. The agent successfully detected
a state mismatch, restored the system to its desired state, and correctly re-
ported unrecoverable crash loops, ensuring system observability. (App. B-3)

Failure Diagnosis & Reporting: This scenario assessed the system’s ability
to handle unrecoverable errors. The system correctly diagnosed a port con-
flict, prevented dependent deployments, and made the specific error reason
queryable in the knowledge graph, demonstrating transparency. (App. B-4)

Scalability via Parallelism: This test demonstrated that deployment through-
put increases by distributing independent tasks across multiple Worker Agents.
Parallel execution of two deployments significantly reduced total completion
time compared to sequential execution, confirming the architecture’s scala-
bility. (App. B-5)

5.2 Resilience and Failure Handling

A key measure of an autonomous system’s utility is its behavior in the face
of unrecoverable errors. The "Failure Diagnosis and Reporting" scenario (App.
B-4) specifically tested this by defining a deployment with a port conflict, an
issue the agent cannot resolve on its own. When the Worker Agent attempted to
create the container, the Docker API returned a ‘409 Conflict‘ error. The agent’s
web modules captured this response. Recognizing that this was not a transient
error it could fix (unlike a stopped container), the agent correctly abandoned its
deployment plan for that microservice. Crucially, it then performed two actions
to ensure system transparency:

1. It performed a HTTP PUT request to the dep:Microservice resource, updat-
ing its status to dep:Failed.

2. It populated the dep:errorMessage data property with the exact error mes-
sage received from the Docker API: “port is already allocated.”

This process makes the failure transparent and auditable. The reason for the
failure becomes a queryable fact in the shared knowledge graph, which is then
surfaced to the human operator via the UI. This prevents silent failures and
provides clear, actionable diagnostic information, which is essential for building
trust in the system’s autonomy.

5.3 Comparison with Traditional Orchestration

While industry-standard orchestrators like Kubernetes are powerful, mature
platforms, our framework explores a different paradigm focused on higher-level,
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Aspect Traditional Orchestration MAMS-Deploy Framework
Decision Making Rule-based execution of human-

authored YAML/JSON files.
Autonomous, goal-driven reasoning
using BDI agent architecture.

Adaptability Limited to predefined rules (e.g.,
restart policies). Cannot adapt
strategy to novel failures.

Designed for autonomous adapta-
tion. Agents can diagnose failures,
re-plan, and change strategy at run-
time.

Knowledge Storage Static YAML/JSON configuration
files.

A dynamic, queryable RDF knowl-
edge graph (ontology) that evolves
with the system.

Service Discovery Built-in DNS (Kubernetes) or
network-based resolution.

Hypermedia navigation (HA-
TEOAS) and semantic endpoint
resolution.

Coordination Centralized control plane (e.g., Ku-
bernetes API Server).

Distributed multi-agent collabora-
tion via web standards (WebSub,
REST).

Coordination Centralized control plane (e.g., Ku-
bernetes API Server).

Distributed multi-agent collabora-
tion via web standards (WebSub,
REST).

Failure Handling Reactive (restarts failed containers
based on health probes).

Diagnostic and proactive. Agents
can reason about the cause of fail-
ure, attempt corrective actions, and
escalate unrecoverable issues.

Human Interaction Humans write and apply declarative
manifests (the "what" and "how").

Humans define high-level goals;
agents autonomously determine the
"how" and adapt plans dynamically.

Recursive Deployment Not applicable — orchestrators can-
not deploy themselves.

Agents can deploy other agents,
enabling self-expansion, self-
replication, and adaptive scaling of
the orchestration layer itself.

Table 2. Comparison of Deployment Paradigms

goal-driven autonomy. As a research prototype, a direct feature-by-feature com-
parison is premature. Instead, the value lies in contrasting the foundational prin-
ciples that motivate our agent-based approach. Traditional orchestrators exhibit
several inherent limitations in highly dynamic environments:

– No Semantic Reasoning: They operate on static manifests (YAML/J-
SON) without an explicit, queryable knowledge model of the deployment
domain.

– Limited Adaptability: Recovery is typically limited to predefined restart
policies. They cannot diagnose the cause of novel failures or adapt their
strategy dynamically [4].

– Static Control Topology: The orchestration layer itself is fixed and cannot
autonomously expand, relocate, or replace its own control components [4].

– Human-Centric Change Management: Any significant change in de-
ployment intent requires human intervention to modify and reapply mani-
fests [28,5].

Table 2 provides this conceptual comparison. Traditional orchestrators excel
at enforcing a desired state defined by a human in a static manifest. Our system,
by contrast, is designed to derive and autonomously adapt the plan to achieve
a high-level goal, even in the face of unexpected environmental changes.
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The most significant differentiator is the framework’s recursive nature.
Because agents are themselves containerized microservices, they can deploy other
agents. This enables the orchestration layer itself to grow, shrink, or relocate
without human intervention. This capability opens the door to self-propagating
systems that could bootstrap entire distributed infrastructures from a minimal
seed, a concept beyond the scope of traditional, statically-defined orchestrators.

6 Conclusions

This paper has presented MAMS-Deploy a novel agent-based framework for
managing and deploying container based systems that uses Hypermedia APIs
to expose services and knowledge that can be easily consumed by BDI agents.
The primary value of this approach is its inherent adaptability, which contrasts
with the rigidity of static configuration files that require human intervention.
The proposed ontology enables the creation of a dynamic, machine-readable
knowledge graph of the deployment environment. This not only enables the
agents’ current reasoning but also opens the door for higher levels of abstraction.
As discussed in Section 2, recent trends (under the name AIOps) include the use
of Large Language Models (LLMs) that are not only able to transform operator
intents into deployment action but also able to help in the diagnosis or failures
or the optimisation of the system. Such features could be easily integrated into
the prototype through the astra-langchain4j library [10].

This work provides a robust basis for several promising next steps. Immedi-
ate future work involves hardening the framework for production environments
by integrating robust security mechanisms and extending the agent’s capabili-
ties to manage the full application lifecycle, including versioned updates (e.g.,
blue/green or canary deployments). Future work will also focus on enhancing
the agents’ reasoning and recovery strategies, moving beyond simple restarts to
more sophisticated diagnostic plans, such as re-provisioning containers on differ-
ent hosts or triggering automated rollbacks.

Looking further ahead, this framework provides a foundation for two signifi-
cant research directions. The first is a hybrid solution that positions this system
as an intelligent, goal-driven “brain” for industry-standard orchestrators. In this
model, agents would not replace systems like Kubernetes but would instead au-
tonomously generate and apply Kubernetes manifests, combining our adaptive
reasoning with robust, battle-tested execution engines. The second, more trans-
formative goal is to fully realize the system’s recursive potential for autonomous
infrastructure bootstrapping. This long-term vision involves deploying a mini-
mal set of agents into an edge or bare-metal environment and empowering them
to provision and scale the entire orchestration and application infrastructure.

Ultimately, this work represents a significant step toward realizing the long-
standing vision of autonomic computing systems that can self-configure, self-
heal, and self-optimize, all while operating as first-class, transparent citizens of
the modern web.
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A Wordpress RDF Deployment Document

1 @prefix dep: <http :// localhost :5000/ deployment -ontology#> .
2 @prefix rdf: <http :// www.w3.org /1999/02/22 -rdf -syntax -ns#> .
3 @prefix rdfs: <http :// www.w3.org /2000/01/ rdf -schema#> .
4 @prefix deploy: <http :// localhost :5000/ deployments/> .
5 @prefix ms: <http :// localhost :5000/ microservices/> .
6 @prefix srv: <http :// localhost :5000/ servers/> .
7
8 # WordPress Blog Deployment
9 deploy:wordpress -blog rdf:type dep:Deployment ;

10 dep:deploymentId "wordpress -blog" ;
11 dep:hasStatus dep:Pending ;
12 dep:hasMicroservice ms:wordpress -blog -mysql ,
13 ms:wordpress -blog -app ,
14 ms:wordpress -blog -nginx .
15
16 # MySQL Database - Foundation layer
17 ms:wordpress -blog -mysql rdf:type dep:Microservice ;
18 dep:microserviceName "wordpress -blog -mysql" ;
19 dep:imageName "mysql" ;
20 dep:imageTag "9.3.0" ;
21 dep:networkMode "host" ;
22 dep:environmentVariable
23 "MYSQL_ROOT_PASSWORD=rootpassword123",
24 "MYSQL_DATABASE=wordpress",
25 "MYSQL_USER=wpuser",
26 "MYSQL_PASSWORD=wppassword123",
27 "MYSQL_HOST =192.168.0.128" ;
28 dep:targetServer srv:docker -server -01 ;
29 dep:microserviceStatus dep:PendingDeployment ;
30 dep:hasPortMapping [
31 rdf:type dep:PortMapping ;
32 dep:hostPort 3306 ;
33 dep:containerPort 3306
34 ] .
35 dep:provides se:mysql -connection .
36
37 # WordPress Application - Depends on MySQL
38 ms:wordpress -blog -app rdf:type dep:Microservice ;
39 dep:microserviceName "wordpress -blog -app" ;
40 dep:imageName "wordpress" ;
41 dep:imageTag "6.8.2 - apache" ;
42 dep:networkMode "host" ;
43 dep:dependsOn ms:wordpress -blog -mysql ;
44 dep:environmentVariable
45 "WORDPRESS_DB_HOST ={se:mysql -connection.host}",
46 "WORDPRESS_DB_NAME=wordpress",
47 "WORDPRESS_DB_USER=wpuser",
48 "WORDPRESS_DB_PASSWORD=wppassword123",
49 "WORDPRESS_TABLE_PREFIX=wp_",
50 "WORDPRESS_DEBUG =1" ;
51 dep:targetServer srv:docker -server -01 ;
52 dep:microserviceStatus dep:PendingDeployment ;
53 dep:hasPortMapping [
54 rdf:type dep:PortMapping ;
55 dep:hostPort 8080 ;
56 dep:containerPort 80
57 ] .
58 dep:consumes se:mysql -connection .
59
60 # -- Individuals for Service Endpoint --
61 se:mysql -connection rdf:type dep:ServiceEndpoint ;
62 rdfs:label "MySQL Database Connection" .
63
64 # -- Server for Deployment --
65 srv:docker -server -01
66 rdf:type dep:Server ;
67 dep:serverId "docker -server -01" ;
68 dep:serverHostname "192.168.0.128" ;
69 dep:serverPort 2375 .
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B Evaluation Scenarios

This appendix provides the detailed execution flows for the scenarios summarized
in the Evaluation section.

B.1 Scenario 1: Semantic Reasoning and HATEOAS Navigation

Objective: Validate the collaborative workflow where a Manager Agent dele-
gates tasks and a Worker Agent autonomously forms and executes a detailed
plan by navigating the hypermedia environment.

Execution Flow:

1. The Manager Agent receives a WebSub notification for the new deploy:wordpress-blog
resource.

2. The Manager confirms its status is dep:Pending, selects an available Worker
Agent, and delegates the task by sending it the deployment URI.

3. The Worker Agent performs a GET request on the deployment URI to re-
trieve the list of its constituent microservice URIs.

4. The Worker iterates through this list, performing a GET request on each
microservice URI to gather its full definition (image, dependencies, etc.) and
asserts these facts into its local belief base.

5. With a complete model of the deployment, the Worker’s BDI engine forms
an execution plan, respecting the dep:dependsOn property to deploy mysql
before wordpress-app.

6. The Worker executes the plan. Upon successfully deploying the mysql con-
tainer, it creates a dep:ContainerInstance resource in the knowledge graph.

7. To resolve the {se:mysql-connection.host} template, the Worker queries
its belief base for the new ContainerInstance of the mysql service to find the
server’s hostname and substitutes it.

B.2 Scenario 2: Autonomous Self-Healing (Reactive)

Objective: Evaluate the Worker Agent’s ability to react to runtime issues during
its execution plan.

Execution Flow:

1. The mysql container is deployed successfully. Before the wordpress-app is
deployed, the mysql container is manually stopped.

2. The Worker Agent, tasked with deploying wordpress-app, first validates its
dependencies as part of its plan. It queries the status of the mysql instance.

3. It detects that the container’s status is exited, which contradicts the re-
quired Running state for the dependency to be met.
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4. The agent adopts a new, immediate goal: !start_container(...) for the
mysql instance. It sends a POST request to the Docker API to restart the
container.

5. Once it confirms the mysql container is Running again, it resumes its original
plan of deploying the wordpress-app.

B.3 Scenario 3: Proactive Self-Healing via Monitoring Agent

Objective: Evaluate the framework’s autonomic capability to maintain the de-
sired system state post-deployment.

Execution Flow:

1. The WordPress deployment is successfully running. The mysql container is
manually stopped.

2. The Monitoring Agent, on its periodic cycle, queries the Management Server
for all resources of type dep:ContainerInstance.

3. For each instance that should be Running, it inspects its live state via the
Docker API.

4. It discovers the mysql container’s live state is exited, a mismatch with its
desired state.

5. This deviation triggers a self-healing plan. The agent sends a POST request
to the Docker API’s start endpoint.

6. Success Case: The container restarts. The system returns to its desired
state without human intervention.

7. Failure Case: If the container enters a crash loop, the agent’s restart at-
tempts fail. After a set number of retries, it updates the ContainerInstance
status to dep:Failed and annotates it with a dep:errorMessage.

B.4 Scenario 4: Failure Diagnosis and Reporting

Objective: Evaluate the system’s behavior when faced with an unrecoverable
deployment error.

Execution Flow:

1. The mysql microservice is defined with a hostPort of 80, which is already in
use on the target server.

2. The Worker Agent attempts to create the mysql container. The Docker API
returns a 409 Conflict error.

3. The agent’s HTTP module captures this error. The agent, unable to resolve
a port conflict, recognizes the deployment has failed.

4. It performs an HTTP PUT request to the mysql dep:Microservice re-
source, updating its status to dep:Failed and adding the captured error
message from Docker to the dep:errorMessage property.

5. The Worker Agent marks the overall deployment status as Failed and halts
further actions.
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B.5 Scenario 5: Scalability through Parallel Deployment

Objective: Evaluate the framework’s ability to improve throughput by dis-
tributing work across multiple agents.

Execution Flow:

1. Two independent deployments are created simultaneously with at least two
idle Worker Agents available.

2. The Manager Agent receives two separate WebSub notifications.
3. It assigns the first deployment URI to worker1 and the second to worker2.
4. The two Worker Agents execute their assigned deployments in parallel, each

independently gathering information and interacting with their respective
target servers.

C User Interface

A critical component for the practical adoption of autonomous systems is the
ability for human operators to understand and trust them. Our Deployment
Manager UI provides this layer of observability. It is a real-time representation
of the same underlying knowledge graph that the agents are operating on. This
allows an operator to define goals, monitor the agent society, and observe the
entire deployment lifecycle.

Fig. 9. The UI for creating a new deployment. Operators define the dep:Microservice
resources, their properties, and dependencies, setting the goal for the agents.
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An operator begins by defining the desired state using the “Create Deploy-
ment" form, as shown in Fig. 9. This interface directly populates the dep:Microservice
resources in the ontology, providing a user-friendly way to specify the system’s
goals.

Once a deployment is initiated, the operator can monitor the agent society’s
status in the “Agents" view (Fig. 10). This screen provides insight into which
agents are available (idle) and which are actively executing tasks (busy), making
the distributed workforce transparent.

Fig. 10. The Deployment Manager UI showing the status of the registered agent soci-
ety. The manager and two workers are idle, while worker1 is busy with a task.

The “Deployments" view (Fig. 11) visualizes the agent’s reasoning process.
In the WordPress example, it shows that the wordpress-blog-mysql service is
Deploying while the dependent wordpress-blog-app is still PendingDeployment.
This directly reflects the agent’s understanding and adherence to the dep:dependsOn
relationship defined in the ontology.

Fig. 11. The UI showing a ’wordpress-blog’ deployment in progress. The agent is ac-
tively deploying the mysql service, while the dependent wordpress-app is correctly held
in a pending state.
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Finally, the “Container Instances" view (Fig. 12) displays the actual runtime
state by visualizing the dep:ContainerInstance resources. This screen confirms
which containers are actually running, on which servers, and provides their run-
time identifiers. This completes the observability loop, allowing an operator to
see the system progress from intent (Fig. 9) to process (Fig. 11) to reality (Fig.
12).

Fig. 12. The UI showing the successfully created dep:ContainerInstance resources after
a deployment, reflecting the actual runtime state of the system.
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