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ABSTRACT
Building automation (BA) systems ensure comfort and safety of
the occupants while optimizing energy consumption. However, the
requirements of space comfort and the capabilities of the equip-
ment which serve it often change during the lifetime of the building.
This is seen especially for systems like heating, ventilation, and
air conditioning (HVAC), lighting, etc. in rooms . The current ap-
proach of manually re-engineering the room automation system
to realign with the changes is time-consuming (and hence, higher
costs), and misaligned automation can result in energy loss. To
address this challenge, we show how goal-driven multi-agent sys-
tems which use procedural reasoning in their planning process
enable automation systems to recognize and dynamically readjust
to changing requirements and environment capabilities. The nov-
elty of our approach lies in decomposing the available high-level
feature requirements of the rooms to goals for the agents while
providing it semantic description of the room environment . We
validated our approach by implementing an automation system for
a real-life office room and subjecting it to changes in requirements
and equipment capabilities.
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1 INTRODUCTION
We first describe in brief a broad outline of engineering procedures
in BA, and then highlight the challenge that the requirements, the
environment, and the automation system are difficult to remain
aligned in the face of changes in each of them.

Engineering of BA systems are based on design descriptions of
mechanical, electrical, and plumbing (MEP) systems like HVAC,
lighting, fire-safety etc. along with high-level description of equip-
ment monitoring, controls, and coordination requirements (includ-
ing references to norms and regulations).

The BA engineering process is carried out in parallel for each of
the disciplines like HVAC and fire-safety by one or more vendors,
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wherein the respective BA engineers create the bill of materials and
functional specification of the automation system. This functional
specification is provided in the following documents:

(1) Data point list showing inputs, outputs, and virtual data
points, their role in control logic, and their interface to re-
spective automation controllers.

(2) Sequence of operation which describes high-level goals
and control strategy to achieve it (see [17] for further elabo-
ration)

(3) Process schematic which shows the equipment and its
energy and mass flow relationships. This is augmented with
the placement of sensors and actuators.

During the usage of the building spaces, the facility managers
often encounter new requirements or errors in the designed behav-
ior. In a survey at a BA project organization of Siemens AG where
the author is affiliated, it was found that medium-sized buildings
like offices and hotels require re-engineering of control behavior in
about a third of the automation controllers in the first two years
of operation, whereas large-sized installation like airports require
constant re-engineering throughout its life (an informal term con-
tinuous commissioning is used in the BA industry to denote this
situation). Most of the re-engineering of the control logic is required
because of change in usage of room spaces, change in its installed
MEP equipment, or need for changes in control strategy in the
room. In almost half-the cases, the need for re-engineering
is realized late because the facility managers assumed based
on the sequence of operation that the changes will not need
re-engineering, whereas the exact control strategy was found
to be inconsistent with the changes. Such inconsistencies are
often hard to discover and lead to sub-optimal performance and
energy wastage.

Hence, our research goal was to find out how room automation
system can be achieved based on goals derived from the functional
specification.

In the following sections, we first describe the existing approaches
to enable adaptable automation systems, and then describe our
approach based on multi-agent systems (MAS) followed by its eval-
uation in a real-life deployment.

2 STATE OF THE ART
We surveyed existing approaches in the industry and research to
identify potential reuse of the following building blocks needed in
our work:

(1) Tools and information model to capture BA functional spec-
ifications

(2) Ontology to describe the room environment
(3) Programming models and architecture that drive automation

behavior based on goals derived from functional specifica-
tion

https://doi.org/10.1145/nnnnnnn.nnnnnnn
https://doi.org/10.1145/nnnnnnn.nnnnnnn
https://doi.org/10.1145/nnnnnnn.nnnnnnn


SgPervConf ’21, December 23, 2021, St.Gallen, Switzerland Ramanathan Ganesh

Heating: VAV reheater followed by radiator to maintain room
temperature in winter months

Cooling: VAV cooling coil to be operational when outdoor
temperature is greater than 30C
...

DP1, AnalogInput, Room temperature sensor, Temperature control
DP2, AnalogOutput, Radiator 1 valve, Heating control
DP3, BinaryInput, Window switch, Energy optimization

Supply fan

Extract fan

Heating coil
T

Sequence of Operation

Data-point List

Process Schematic

Knowledge Graph
Heating

Ventilation

Lighting

Goal Decomposition

T

Web of Things

EnvironmentRoom

room1

heating vav

radiator

valve

Figure 1: Our implementation of a MAS-based room automation whose goals are obtained from functional specifications.

In one of the earliest work on the topic, [17] proposes an in-
formation model to describe the sequence of operation by defining
a vocabulary of well-known control functions (like temperature
control) and linking them using predicates describing the coordi-
nation relationship (e.g. energy management specifies set point for
temperature control). The control functions are also linked to the
data points required for its operation. However, it does not specify
rules or formalization of the semantics. [7] proposes generation
of abstract design templates for controls based on rules defined by
domain experts to map functional requirements to function blocks.
This approach however requires presence of extensive rules to
cover all possible combination of physical process in the room. Sim-
ilarly, [4] considers semantic models of standard room automation
strategies so that they can be assigned to rooms based on feature
requirements. The feasibility to link abstract room functions to the
space description has been described in [2], while [8] (using IEC
61499 model), [19], and [18] advocate the need to describe the exact
functioning of the control logic.

In the last decade, ontologies to describe BA systems has seen
significant adoption. Project Haystack 1 provides an extensive syn-
tactic tagging vocabulary to describe the equipment and data points,
but lacks in richness to express relationships. The BRICK [1] was
the first openly available ontology to describe the building topology,
the equipment, and physical process relationship. It however lacks
the ability to describe automation functions, and its vocabulary is
restricted mostly to terms in HVAC. A more extensive survey of
ontologies in the building domain can be found in [12].

Adapting behaviour of automation systems to changing needs
and environment has been explored by several researches. [15]
proposes the use of mediators which communicate in a hierarchical
structure using messages with pre-defined semantics to find appro-
priate functions to meet the goals. The architecture however relies
on the specialized mediators to interact in a tightly coupled manner
as it advocates centralized orchestration of function (called home
agents) which is not practical in large installations. Autonomous
and goal-driven behaviour by software agents which are social and
proactive has been explored for automation systems too [14, 16, 20].

1https://project-haystack.org/

While they draw on the benefits of MAS to adapt to dynamic envi-
ronments, the agent goals, behaviour, interaction, and organization
are manually engineered (i.e. in code). Though some research ad-
dress the use of MAS to achieve adaptive controls in BA [16], they
have not looked at reusing the vast repertoire of control strategies
and simulation models for different equipment and physical pro-
cesses known in the BA domain to facilitate the agent planning
process.

Inspiration for adaptive automation systems can also be drawn
from the smart manufacturing and robotics [6] domain. [13] shows
how top-down planning can be achieved where actions are com-
posed using semantically described web services. [10] describes
how service compositions can be created based on specification of
the product to be manufactured (the equivalence to application in
BA can be viewed as choice of process control that achieves a state
of the environment in its goal).

3 APPROACH
Room automation involvesmultiple functional disciplines likeHVAC,
lighting, fire safety etc. which are engineered independent of one
another, but need to operate in co-ordination based on local and
global goals. Hence, as compared to centralized orchestration of
functions or service composition, the paradigm of multi-agent sys-
tems where agents operate autonomously, but coordinate (and in
some cases, compete) to achieve their local goals (process control)
as well as global (system-wide constraints and coordination) goals
provides better scalability of solutions in BA. (An interesting dis-
cussion on the applicability of MAS can be found here [9], and [11]
makes a similar argument for the case of home automation).

For our implementation, we chose JaCaMo 2 as the multi-agent-
oriented programming (MAOP) framework as it offers in addition
to multi-agent programming, the possibility to model both the en-
vironment and the agent organization as first-class entities (see [3]
for details).

An office room with a typical combination of HVAC and lighting
equipment was considered as a candidate for implementation and
evaluation of our approach. We obtained the functional specifi-
cation for the room automation of this office in the form of data
2http://jacamo.sourceforge.net/
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point list (CSV file), sequence of operation (human-readable text),
and process schematic (CAD file). A software program was created
to translate the data point list and the process schematic to RDF.
The translator referenced the BRICK ontology to depict data points,
equipment, and process relationships in the room. Based on the
terms proposed by [17], the sequence of operation was manually
translated to RDF. As opposed to automated translation of process
diagram and datapoint list, manual translation of sequence of op-
eration was required because there is neither a standard structure
or formal language to model this specification. We facilitated the
translation by providing a GUI tool which suggested terms and
relationships from BRICK ontology augmented with proprietary
terms for describing functions.

A heterogeneous device ecosystem like in BA, where multiple
communication protocols and information models are employed,
creates a challenge for their integration to the agent’s environ-
ment [5]. To address this, data points representing the sensors and
actuators were described using Web of Thing (WoT) Thing De-
scription (TD) 3 and integrated into the environment program of
JaCaMo. In this way, the agents could then use semantic query
(encoded in SPARQL) like “room temperature sensor" or “valve(s)
of the radiator(s) in the room" to find artifacts in the environment
and interact with them (e.g. read sensor value, or send actuation
command).

A single agent was assigned the responsibility to instantiate
(based on need) agents specialized for heating, cooling, ventilation,
and lighting controls in the room. This management agent used
the semantic description of the sequence of operation to determine
which specialized agents are required and assigned them local goals
(e.g. to maintain thermal comfort, or constant light level) as well as
global goals (e.g. energy efficient heating and cooling).

The application-specific agents had access to different planswhich
reflect possible control strategies. For the immediate purpose of
our research we hard-coded these plans in the agent’s program.
However, in our future work, we see the possibility of providing
access to such plans in form of a common library.

The agents were deployed on distributed computational nodes
on the network. We used automation devices from Siemens AG
which provided the capability to host the JaCaMo program (which
needs a Java run-time environment).

4 EVALUATION
We evaluated the ability of our MAS-based room automation to
adapt to changes in goals and capabilities of the environment. In this
process, apart from validating the correct functioning of the MAS-
based system, we also compared the time required to re-engineer
the system using conventional BA programming workflow versus
the time required to update the functional specification (and conse-
quently the knowledge graph) which enables the agents to re-plan.
We considered the following test cases which reflect the scenarios
of change in usage, regulations, system-wide goals, and available
means of acting upon and perceiving the environment:

(1) Room usage: Change the usage of the room from office to
electronics lab which requires higher ventilation, negative
room pressure, humidity control, and constant light output.

3https://www.w3.org/TR/wot-thing-description/

Changes Conventional MAS-based
Room usage 90 min 30 min
Regulation 5 min 10 min
Global goals 30 min 15 min
Means of perception 30 min 5 min
Means of action 30 min 5 min

Table 1: Comparison of time required for re-engineering the
automation system

(2) Regulation: Update ventilation standard for number of air-
changes per hour. This influences the working of the venti-
lation and energy management system.

(3) Global goal: Specify energy consumption limit for the room,
which should cause the individual systems in the room to
constrain their operation to meet the goal.

(4) Means of perception: Add or remove a second temperature
sensor, and also a humidity sensor in the room, which should
result in the systems choosing a more appropriate control
strategy. For example, the additional temperature sensor
should cause the averaged value to be used, whereas the hu-
midity sensor should cause the heating and cooling systems
to achieve humidity control goal if required.

(5) Means of action: Add or remove a radiator and a humidifier
to the room. Depending on the load conditions, the second
radiator should either be operated sequentially or in parallel
to the first. The presence of the humidifier should cause
an additional control system to be instantiated (based on
regulations) to maintain minimum room humidity.

We first confirmed the functioning of the MAS-based room au-
tomation for each control scenario on a reduced-scale physical
model of the room, and then deployed it in the actual office room
installation. We then compared the time taken to re-configure or
re-engineer the automation system using traditional workflow (con-
ducted by an experienced BA engineer) versus the time taken for
the agents to obtain update goals and realign their planning (see
table 1)

Changes in both room usage and global goals affect multiple
disciplines (heating, ventilation, lighting) in their local operation as
well as their coordination with others. To deal with this, traditional
BA engineering involves extensive manual refactoring of the con-
trol programs. In some specific cases, like the update of regulation
for ventilation, BA control strategies may already encapsulate this
feature and it requires only an update of a parameter. In contrast,
re-engineering of our MAS-based system is driven by update of
description of sequence of operation which is then captured in
the knowledge graph. The following snippet of triples shows an
example:

: room1 : hasUsageKind : l a b
: l a b : hasProces sNeed : v e n t i l a t i o n C o n t r o l .
: l a b : hasProces sNeed : humid i t yCon t ro l .
: l a b : hasProces sNeed : p r e s s u r eCon t r o l .
: v e n t i l a t i o n C o n t r o l : hasMinLeve l 5 0 0 .
: p r e s s u r eCon t r o l : h a s S e t p o i n t −7
: l a b : hasMaxEnergyLimit 10

https://www.w3.org/TR/wot-thing-description/
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This results in new agents being instantiated for pressure and hu-
midity control, whereas the existing agent responsible for venti-
lation control receives an updated goal. The pressurisation and
ventilation agents exchange beliefs to synchronize their operation
(e.g. ventilation agent would delay increasing the airflow if the
pressurization agent is in the process of ramping up the extract
fans). Such co-ordinations do not need to be specified explicitly
because they are known in the control strategies.

In the traditional BA engineering process, adding of a second
temperature sensor with the intent of aggregating measurements
(min, max, or average) required binding the control program to
the new data source and assigning an additional function block
for the math function. Whereas adding a humidity sensor (with
the implicit intention of controlling the room humidity) required
changing the heating and cooling control logic). Similarly, change
in heating capability by adding or removing an additional radiator
in the room required binding the control program output to the de-
vice (i.e. radiator valve) plus changing the control logic to sequence
the radiators. In the case of the MAS-based systems, availability
of new artifacts in the environment caused the goals (e.g. control
humidity if sensor is available) and plans (e.g. use averaging of tem-
perature) to become valid in the agents. Hence, the effort required
to re-engineer the system in this case was limited to specifying the
presence of the new sensors and devices in the environment. In
case of change in regulation, we realized that operational param-
eters of BA functional blocks in traditional BA engineering tools
were linked to a library of norms (or regulations). Hence, change in
norms required only update of its parameters, whereas in our case
we had to extend the knowledge graph with description of the norm
and assign it to the agent organization (thus needing additional
design-time effort).

Our study was conducted in a functional scenario limited to a
single room. This naturally demands less computational resources
on behalf of the management agent, and similarly less overhead for
translating the source specification and updating the knowledge
graph, both of which are expected to be significantly more complex
in a large-scale deployment . We have manually converted control
strategies for room automation to code, and made it available to the
agents. Also, agent-to-agent communication for various coordina-
tion scenarios were hard-coded in the agent program. This results in
higher memory footprint on the device in comparison to the tradi-
tional deployment were only the required control logic is compiled
and downloaded. Finally, the agent roles, global goals, and social
coordination was managed by the management agent. This func-
tion should have ideally belonged to an organisation management
abstraction in the MAOP (topic for further work).

5 CONCLUSION
The challenge of achieving room automation system which is adapt-
able to changing usage and environment capability was examined
in the light of availability of functional specifications that can be
decomposed to goals for autonomous agents. We have shown that
goals derived from the specifications along with description of
the environment can enable agents to reason about procedures to
achieve the goals. Our proof-of-concept implementation demon-
strated that this method clearly helps reduce the time required for

re-engineering. We have also seen that the agents’ planning process
can be made responsive to changes in the environment’s capabil-
ities, thereby making it adopt the most optimal control strategy
(which in turn helps avoid energy loss). However we see further
work required in the area of generating specifications of agent orga-
nization based on the BA functional specification. Also, the ability
of the agent to access function blocks as resources to compose its
control strategy will enable not only reuse of existing know-how
in BA, but allow agents to run on embedded hardware devices.
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