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Context

3

● Buildings are complex systems with multiple mechanical, electrical and plumbing (MEP) 

subsystems

● Building management systems (BMS) monitor and control MEP subsystems to

○ ensure optimal indoor environment conditions (IEC)

○ efficient resource utilisation



Context

● Proprietary BMS representations of MEP subsystems hinder solution transferability [6]
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● Researchers have investigated ontology-based approaches to enable vendor-agnostic 
representations of MEP subsystems

● Ontologies excel at representing semantic domain knowledge, but they fall short in modelling the 

operational aspects of MEP subsystems [4]

● Commercial BMS remain largely closed, constraining the integration of advanced control and 

analytics capabilities [5]



Context
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Achieve building energy efficiency through 
dynamic accurate modelling of building 
systems and seamless integration of advanced 
solutions



Thesis Statement
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Can an object-oriented modelling approach represent mechanical, electrical, and 

plumbing (MEP) subsystems in buildings, provide consistent and standardised 

access to their data, and enable the implementation and deployment of control 

strategies through predefined classes, validation mechanisms, and structured interfaces 

that facilitate integration with Building Management Systems (BMS)?

RQ1 & RQ2 RQ3 RQ4



Research Categorisation
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Object-oriented Modelling of MEP Subsystems

● RQ1: How does an object-oriented metamodel enable the creation of accurate, inherently validated 

models compared to existing ontology-based approaches?

● RQ2: How can an object-oriented metamodel represent mechanical, electrical, and plumbing (MEP) 

systems and their complex interactions?

Interoperable Data Access of MEP Subsystems

● RQ3: How can practitioners and researchers access interoperable data of mechanical, electrical, and 

plumbing (MEP) systems in buildings?

Integrating Control Logic in Object-oriented MEP Models

● RQ4: How does an object-oriented modelling approach support the integration of control logic and 

promote broader adoption in practical energy-efficient applications?



Approach
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RQ1 & 2: Object-Oriented Modelling of MEP Systems
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Object-Oriented Modelling of MEP Systems
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RQ1: How does an object-oriented metamodel enable the creation of accurate, inherently validated models 

compared to existing ontology-based approaches?

● RQ1.1: What are the limitations of current built environment modelling approaches, particularly 

ontology-based systems?

● RQ1.2: How can an object-oriented modelling paradigm address these limitations and offer practical 

advantages for representing and validating MEP systems?

RQ2: How can an object-oriented metamodel represent mechanical, electrical, and plumbing (MEP) systems 

and their complex interactions?



RQ1.1: Limitation of Existing Approaches (L1 - L4)
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● L1: Possible Ambiguity in Defining an Entity (e.g., boiler)

● L2: Possibility of Composing Flawed Entity Relationships

● L3: Lack of Entities for Ducts, Pipes, and Detailed Spatial Context

● L4: Difficulty Validating Entities and Relationships

● L5: Inconsistent Data and Structure Semantics

● L6: Complex and Deep Inheritance Hierarchies

● L7: Inability to Represent System Behaviours

● L8: Static Artefacts and Limited Interactivity

Yefi, P., Menon, R. P., Eicker, U., & Guéhéneuc, Y. G. (2024). MetamEnTh: An Object-Oriented Metamodel for IoT Systems in Buildings. IEEE Internet of Things Journal, 
11(15), 25818-25838.
Yefi, P., Menon, R., & Eicker, U. (2023, May). Building IoT systems modeling: A object-oriented Metamodeling approach. In 2023 IEEE/ACM 5th International Workshop 
on Software Engineering Research and Practices for the IoT (SERP4IoT) (pp. 1-8). IEEE.



RQ1.1: Limitation of Existing Approaches (L1, L2, L4)

12Brick Class Hierarchy Project Haystack Tags



RQ1.1: Limitation of Existing Approaches
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● Ontologies can model complex entity relationships for varying system configurations

● They are not suitable to model dynamic operational aspects of MEP subsystems



Object-Oriented Modelling of MEP Systems
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RQ1: How does an object-oriented metamodel enable the creation of accurate, inherently validated models 

compared to existing ontology-based approaches?

● RQ1.1: What are the key limitations of current built environment modelling approaches, particularly 

ontology-based systems?

● RQ1.2: How can an object-oriented modelling paradigm address these limitations and offer practical 

advantages for representing and validating MEP systems?

RQ2: How can an object-oriented metamodel represent mechanical, electrical, and plumbing (MEP) systems 

and their complex interactions?

Yefi, P., Menon, R. P., Eicker, U., & Guéhéneuc, Y. G. (2025a). Implementation of an Object-Oriented Metamodel for Modelling Building Systems. Scientific Reports 
(Manuscript submitted for publication)



RQ1.2 & RQ2: How Object-Oriented Models Represent MEP Systems
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● A metamodel is a “model of models” [9]

● A model is an illustration of a specific aspect of reality [10]

● The expressiveness of a metamodel determines what an instantiated model can describe

● Metamodels enforces built-in constraints for all instantiated models



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Targeted needs assessment with practitioners and researchers

● 30–45 minutes Interview with 2 facility managers

○ 34 combined years of experience managing multiple commercial buildings

● Survey with 10 respondents

○ 6 student researchers, 2 facility managers, 1 professor and 1 industrial researcher

○ Participants worked in multiple countries: Canada, Lebanon, Iraq, Turkey, Syria, the United 

States, Australia, Chile, Colombia, Ecuador, Germany, India, Mexico, and Spain



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Interview Discussions

● If you were creating building models for simulation to improve energy efficiency, which building 

systems would you prioritise?

● Based on your experience, is it acceptable to make minor errors in building models intended for 

energy simulation?

● Could you explain why modelling ventilation ducts, the components within them (e.g., fans, dampers), 

and their connections (e.g., to chillers) is important?

● Have you worked with BMS data outside the BMS itself? If so, what data did you use, for what 

purpose, and in what format?

● Is it important for a user to determine which time-series (sensor) data to include in a model, and the 

required data duration?



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Interview Insights

● Modelling Priorities: Mass flow of air and water to accurately represent components necessary for 

calculating conductive and convective heat losses

● Tolerance for Modelling Error: Avoid duct and piping configuration errors that propagate into 

inaccurate performance assessments

● Data Inclusion and Scope: Allow flexible configuration of data inclusion thresholds 

● Use of BMS Data: Trend logs data exported  into Excel or other analytical tools to perform 

calculations on energy flux, entropy changes in heating systems, or power consumption in electrical 

systems



RQ1.2 & RQ2: How Object-Oriented Models Represent MEP Systems
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Surveys Questions

● SQ1: Difficulty of creating building models from existing ontologies/metamodels

● SQ2: Importance of accurately modelling relationships between building systems and entities

● SQ3: Importance of modelling building-entity behaviour in a metamodel

● SQ4: Importance of distinguishing static vs. dynamic data in a building model

● SQ5: Importance of specifying the amount of historical sensor data in a model

● SQ6: Importance of explicitly modelling ductwork and associated systems

● SQ7: Importance of semantic organisation (spaces, floors, zones) for model usability



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Surveys Insights

● SQ2 (accurate models), SQ4 (static vs dynamic 
data), and SQ7 (semantic organisation) received a 
rating of 5 from 50% of respondents, 
highlighting their high importance 

● SQ1 (model creation) had a modal rating of 3
and SQ5 (amount of historial data) a modal 
rating of 4 (each selected by 60%) 

● No item scored below 3, indicating all aspects 
were viewed as at least moderately relevant



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Surveys Insights

● The survey results indicate that the 
building envelope is viewed as the 
most essential entity for energy 
efficiency (8 respondents), 
followed by sensors and their data 
(5), solar PV (4), meters (4), heat 
pumps (4), and air handling units
(3)

● Model accuracy also emerged as 
the top concern in building energy 
modelling, cited by eight respondents
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RQ2: How object-oriented models represents MEP subsystems



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Empirical Evaluation

● Participants model an experimental HVAC system to Comparison MetamEnTh with Brick

● 10 participants

● 5 software engineers, 3 students, 2 researchers

● 80% have 3 or more years of programming experience

Experimental Tasks

● Task One: Participants creates Brick and MetamEnTh models of the experimental HVAC system

● Task Two: Definition of four MEP domain relationships in models from Task One



RQ1.2 & RQ2: How Object-Oriented Models Represent MEP Systems

24Experimental HVAC systems adapted from Pritoni et al. [10]



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Treated ordinal data as interval for central tendencies and variability [12]

Paired test, when differences 
between paired responses 
follow a normal distribution

Non-parametric Wilcoxon 
test, otherwise



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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● Brick: 6 participants created the four relationships, except one 

● MetamEnTh: none implemented all four correctly

RQ1.2: MetamEnTh prevents the creation of inaccurate models



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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Practical Evaluation

Architectural Drawings Extracted Envelope Layers



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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webster_library = BuildingCreator('webster_library.json',   LBDynamicDataReader(LIBRARY_FLOOR))

webster_library.create_building()

webster_library.add_building_envelope(

    BuildingEnvelopeProcessor('lb-layer-catalog.xlsx'),'LB Envelope')

envelope = webster_library.building.get_envelope_by_name('LB Envelope')

first_floor_north_covers = envelope.get_covers({'floor_number': 0,

'building_orientation': BuildingOrientation.NORTH.value})

glass_layers = first_floor_north_covers[0].get_layers({'material.material_type': MaterialType.GLASS.value})

envelope_obj = EnvelopeAnalysis(first_floor_north_covers)

cover_u_values = envelope_obj.calculate_envelope_u_values()

integrity_checks = envelope_obj.check_integrity()

total_area = envelope_obj.calculate_total_cover_area()



RQ1 & RQ2: How Object-Oriented Models Represent MEP Systems
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● L1, L2, L4: MetamEnTh defines classes with built-in properties, behaviours, and relationships, 

along with validation rules and constraints that ensure accurate and easily verifiable models

● L3: Classes such as Duct, DuctConnection, and HVACComponent support detailed modelling of 

airflow systems

● L7, L8: Memory-resident objects and methods model dynamic behaviours

Limitations

● L1: Possible Ambiguity in Defining an Entity

● L2: Possibility of Composing Flawed Entity Relationships

● L3: Lack of Entities for Ducts, Pipes, and Detailed Spatial Context

● L4: Difficulty Validating Entities and Relationships

● L7: Inability to Represent System Behaviours

● L8: Static Artefacts and Limited Interactivity



Object-Oriented Modelling of MEP Systems: Threats to Validity
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● Internal Validity

○ Participants had different levels of OOP and building-systems experience

○ Documentation was provided, but prior experience still likely affected task performance and 

perceived difficulty

● External Validity

○ Study involved only 10 participants

○ Findings may not generalise to industry practitioners or other regions

● Construct Validity

○ Model quality was defined by semantic correctness, relationship accuracy, and completeness 

using predefined rules

○ Different definitions or criteria could change how accuracy and detail are interpreted

● Conclusion Validity

○ Small sample size limited statistical power

○ Larger, more diverse samples are needed to draw stronger conclusions



RQ3: Interoperable Data Access for MEP Systems
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Interoperable Data Access for MEP Systems
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RQ3: How can practitioners and researchers access interoperable data of mechanical, electrical, and 

plumbing (MEP) systems in buildings?

● RQ3.1:  What capabilities do BMS APIs provide to interact with building systems and the data they 

generate?

● RQ3.2: How can practitioners and researchers interact with building systems and their data in a 

standardised way?



Interoperable Data Access for MEP Systems
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● We evaluate and group the API capabilities of 5 BMS vendors into 12 functional groups

● BMS vendors: Siemens (Desigo), Honeywell (EBI), Schneider Electric (Ecostruxture), Delta Controls 

(Enteliweb), Johnson Controls (Metasys)

● 12 functional groups: alarms and events, audits, equipment, network devices, objects, space, time-

series data, energy, carbon dioxide emissions, assets, energy LEED scoring, energy modelling

Yefi, P., Menon, R., & Eicker, U. (2024). Evaluation of APIs for data exchange with building management systems. In Proceedings of the ACM/IEEE 6th 
international workshop on software engineering research & practices for the internet of things (pp. 1–6)

RQ3.1: Capabilities of BMS APIs



RQ3.1: BMS API Capabilities

None of the BMS provide endpoints covering the 12 functional groups

● Schneider Electric’s EcoStruxure 10/12 functional groups

● Johnson Controls’ Metasys 9/12 functional groups

● Siemens’ Desigo 9/12 functional groups

● Delta Controls’  Enteliweb 6/12 functional groups

● Honeywell’s Enterprise Building Integrator 2/12 functional groups

34

● Data requirements of 7 common building applications [16]

○ Occupancy modelling, energy apportionment, model predictive control (MPC), participatory 

feedback, fault detection and diagnosis (FDD), non-intrusive load monitoring, demand-

response

Yefi, P., Menon, R. P., Eicker, U., & Guéhéneuc, Y. G. (2025b). A study of the capabilities of building management system APIs and the limitations of their practical usage. 
ACM Transactions on Cyber-Physical Systems (Manuscript submitted for publication)



RQ3.1: BMS API Capabilities

Building entities (MEP) and their relationships:

● ER1: Sensor-to-Spatial Location

● ER2: Sensor-to-HVAC Component or Appliance

● ER3: Person-to-Spatial Location

● ER4: Spatial Hierarchy

● ER5: HVAC Component-to-Spatial Location 
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● ER6: HVAC Component-to-HVAC Component

● ER7: Meter-to-Sensor

● ER8: Meter-to-HVAC Component

● ER9: Meter-to-Spatial Location

● ER10: Appliance-to-Person



RQ3.1: BMS API Capabilities
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Occupancy modelling requires data 
for nearly all entity relationships plus 
Equipment, Objects, Space, and 
Time-series APIs

All vendors expose Objects and 
Time-series

Only Metasys and Desigo provide 
the full APIs for advanced applications 
like demand response, FDD, 
participatory feedback, and MPC

ER7: Meter-to-Sensor
ER9: Meter-to-Spatial Location



Interoperable Data Access for MEP Systems
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RQ3: How can practitioners and researchers access interoperable data of mechanical, electrical, and 

plumbing (MEP) systems in buildings?

● RQ3.1:  What capabilities do BMS APIs provide to interact with building systems and the data they 

generate?

● RQ3.2: How can practitioners and researchers interact with building systems and their data in a 

standardised way?



RQ3.2: Standardised MEP Access 
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Yefi, P., Ejaz, S., Menon, R. P., Eicker, U., & Guéhéneuc, Y. G. (2024, October). An Architectural Approach for Enhanced Data Interoperability Across Building Systems. In 

2024 7th Conference on Cloud and Internet of Things (CIoT) (pp. 1-8). IEEE.



RQ3.2: Standardised MEP Access 
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Evaluation

● Multiple data sources: architectural drawings, Archidata, BMS (Enteliweb, Desigo)

● Middleware

○ Parsing and type conversion with BuildingStructure

○ Model creation with BuildingCreator

○ Historical sensor data with DynamicDataReader

○ Envelope data integration with BuildingEnvelopeProcessor

● A MetamEnTh model each for the Webster Library (LB) and Varennes Library

● A single temperature analysis client



RQ3.2: Standardised MEP Access 
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Webster Library (LB Building)

webster_library = BuildingCreator('webster.json', LBDynamicDataReader(LIBRARY_FLOOR))

webster_library.create_building()

webster_library.add_sensor_data()

data = webster_library.building.get_floor_by_number(LIBRARY_FLOOR).get_rooms({'room_type': 'Library'})

tempAnalysis = TemperatureAnalysis(data)

tempAnalysis.time_of_day_variability()

Varennes Library

varennes_library = BuildingCreator('varennes.json', VLDynamicDataReader())

varennes_library.create_building()

varennes_library.add_sensor_data()

data = varennes_library.building.get_floor_by_number(1).get_rooms()

tempAnalysis = TemperatureAnalysis(data)

tempAnalysis.time_of_day_variability()



RQ3.2: Standardised MEP Access 
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Time of Day Temperature Variability, Varennes Time of Day Temperature Variability, LB



Interoperable Data Access for MEP Systems: Threats to Validity

● Construct validity

○ Relied on API documentation, which may not reflect real system behaviour 

● Internal validity

○ Limited access to live BMS installations; manual extraction may introduce errors or miss real-

world nuances

● External validity

○ Findings based on five vendors and selected use cases; applicability may vary across building 

types, regions, and software versions

● Conclusion validity

○ API–requirement mappings rely on literature and expert judgment; different categorizations 

could yield different conclusions

42



RQ4: Integrating Control Logic in Object-oriented MEP Models
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Integrating Control Logic in Object-oriented MEP Models
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RQ4: How does an object-oriented modelling approach support the integration of control logic and promote 

broader adoption in practical energy-efficient applications?

● Data Acquisition Challenge: Advanced controls need high-quality real-time data, but BMSs use 

heterogeneous formats and proprietary interfaces, complicating integration

● Architectural Complexity: Traditional BMS control modules are vendor-specific and inflexible

● Interfaces to embed control logic into MetamEnTh models using OOP principles

● Demonstrate on/off control integration through two real building use cases 

Peter Yefi, Reiner Braun, Philipp Regel, Ramanunni Parakkal Menon, and Ursula Eicker. Enabling Digital Twins in Built Environments with Object-Oriented Models. In 
Proceedings of 8th International Workshop on Software Engineering Research and Practices for the IoT (SERP4IoT 26). ACM



Integrating Control Logic in Object-Oriented MEP Models
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Integrating Control Logic in Object-Oriented MEP Models
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Evaluation: LB Building

● Implemented on/off control for the Living Lab Room 345

● Control logic retrieves temperature and CO₂ values via Desigo BMS API

● Boiler ON: temperature ≤ 16 °C and CO₂ ≥ 420 ppm 

○ indicates occupancy & low temperature

● Boiler OFF: temperature ≥ 24 °C or CO₂ ≤ 400 ppm

○ space warm or unoccupied

● Lack of BMS write access 

○ actuation simulated via console output



Integrating Control Logic in Object-Oriented MEP Models
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Evaluation: LB Building

LIBRARY_FLOOR=3

temp_sensor    = (library.building.get_floor_by_number(LIBRARY_FLOOR).get_room_by_name('345-00')

                 .get_transducer_by_name('TEC1.345-00.LB:ROOM TEMP'))

co2_con_sensor = Sensor('TEC1.345-00.LB:ROOM C02', SensorMeasure.CARBON_DIOXIDE, MeasurementUnit.PARTS_PER_MILLION,

                 SensorMeasureType.NON_DISPERSIVE_INFRARED, 900)

library.building.get_floor_by_number(LIBRARY_FLOOR).get_room_by_name('345-00').add_transducer(co2_con_sensor)

temp_set_point   = MeasureFactory.create_measure(RecordingType.CONTINUOUS.value,       

Measure(MeasurementUnit.DEGREE_CELSIUS, 16, 24))

co2_con_variable = MeasureFactory.create_measure(RecordingType.CONTINUOUS.value,

Measure(MeasurementUnit.PARTS_PER_MILLION, 400, 420))

boiler     = Boiler('CTRL.BL', BoilerCategory.NATURAL_GAS, PowerState.ON)

controller = Controller('CTR')

actuator   = Actuator("Boiler.ACT", boiler)

controller.add_transducer(temp_sensor)

controller.add_transducer(co2_sensor_con_sensor)

controller.add_transducer(actuator)

controller.add_set_point(temp_set_point, (temp_sensor.name, actuator.name))

controller.add_set_point(co2_con_variable, (co2_sensor_con_sensor.name, actuator.name))

binary_control = LBBinaryControl([temp_sensor, co2_con_sensor], actuator, [temp_set_point, co2_con_variable])

controller.control(binary_control)



Integrating Control Logic in Object-Oriented MEP Models
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Evaluation: Mixed-Use Building, Ludwigsburg, Germany

● IoT-based setup monitors and controls a thermostat in Unit 3 (office)

● Devices communicate via LoRaWAN and are programmed using Node-RED

● FIWARE REST API (HTTP) exposes FIWARE Data Model of devices

● Conditional logic ensures setpoints remain within 20–26 °C to prevent overheating/cooling

● PATCH request updates valve position through real-time monitoring

● Physical actuation not connected to HVAC



Integrating Control Logic in Object-Oriented MEP Models
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Evaluation: Mixed-Use Building, Ludwigsburg, Germany

def execute_control(self, process_value: Dict):

   if process_value["temperature"] >

      self.control_thresholds[self.SETPOINT_INDEX].maximum:

       self.process_actuator.actuated_component.add_damper_position(DamperPosition(  
self._original_set_point - self.VALVE_UPDATE_VAL))

   elif process_value["temperature"] <

        self.control_thresholds[self.SETPOINT_INDEX].minimum:

self.process_actuator.actuated_component.add_damper_position(DamperPosition( 

self._original_set_point + self.VALVE_UPDATE_VAL))



Integrating Control Logic in Object-Oriented MEP Models: Threats to Validity
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● Construct validity

○ No expertise claimed in designing control strategies

○ Focus on demonstrating integration, not optimising control logic

● Internal validity

○ Current implementation lacks interfaces for advanced strategies

○ Extending to complex controls may require class modifications

● External validity

○ Results may not generalize to all control scenarios

● Conclusion validity

○ Conclusions apply only to integration mechanisms, not control performance or correctness

○ Broader inferences beyond integration are unsupported



Conclusion
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● Buildings rely on complex systems managed by BMS, yet still consume ~30% more energy than 

necessary due to inefficiencies and lack of interoperability

● Deploying solutions for building efficiency goes beyond static semantic representation of MEP 

systems with ontologies

● Alternative object-oriented metamodels to address limitations of ontologies 

Can an object-oriented modelling approach represent mechanical, electrical, and 

plumbing (MEP) subsystems in buildings, provide consistent and standardised 

access to their data, and enable the implementation and deployment of control 

strategies through predefined classes, validation mechanisms, and structured interfaces 

that facilitate integration with Building Management Systems (BMS)?

RQ1 & RQ2 RQ3 RQ4



Conclusion: Answer
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Future Work
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Short TermThreats to Validity

● Broader evaluation of MetamEnTh 

● Implement Building Information Modelling (BIM) importers

● Inclusion of utility methods for energy-efficiency related tasks

● Interfaces for advanced control strategy integration

● Small sample size for survey and 

interview

● 10 developers involved in 

experiment

● Perceived difficulty in using 

MetamEnTh

Mid-Term

● User-friendly editors and plugins 

● Cross-building pilots 

● Adoption of MetamEnTh for digital twins

● Perceived difficulty in using 

MetamEnTh

● Lack of write API access

● Evaluation limited to 2 buildings

Long Term

● Alignment MetamEnTh with semantic standards, e.g., ASHRAE 

(223P), IFC, Brick
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Evaluation: LB Building

Acquired data for sensor TEC1.345-00.LB:ROOM TEMP: {‘Value’: ‘24.0020008087158’, ‘Quality’: 

‘9439544818970133761’, ‘QualityGood’: True, ‘Timestamp’: ‘2025-04-16T22:29:00.35’}

Process value of 24.0020008087158 is greater than maximum threshold of 24

Triggering process to turn off boiler.

Token expired or unauthorized. Re-authenticaing…

Acquired data for sensor TEC1.345-00.LB:ROOM TEMP: {‘Value’: ‘23.7720008087158’, ‘Quality’: 

‘9439544818970133761’, ‘QualityGood’: True, ‘Timestamp’: ‘2025-04-16T22:44:.03.75’}

Token expired or unauthorized. Re-authenticaing…
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● RQ1: Identified 8 limitations of existing approaches

● RQ1: MetamEnTh addresses limitations using a grounded theory foundation, iterative practitioner-

informed design, and engineering-based implementation

● RQ1&2: Empirical and practical evaluation with Webster Library, Varennes Library and facility 

managers

● RQ1&2: Complete envelope data of LB 
● RQ3: BMS APIs and their capabilities to support 7 common building application

● RQ3: Architecture for accessing standardised data of MEP systems

● RQ4: MetamEnTh interfaces for control logic integration

● RQ4: Practical demonstration of control logic integration with LB and mix-used building in Germany 
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● We propose a 5 layer architecture for a standardised access to MEP systems and their data

● 5 layers: Clients, Modelling, Data Exchange, BMS, Systems Hardware (MEP)

● BMS APIs exist in the Data Exchange Layer

● MetamEnTh exists in the Modelling Layer

RQ3.2: Standardised access to building systems
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● Object-oriented modelling effectively represents MEP systems (RQ1 & RQ2) and integrates 

heterogeneous BMS data (RQ3) for seamless control deployment (RQ4)

● Encapsulation, interfaces, and design patterns make the metamodel flexible, extensible, and practical 

for real-world use

● MetamEnTh lays the foundation for next-generation digital twins, simulations, and real-time control 

in the built environment
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AbstractBinaryControl

● Attributes: process_value_sensors: List[Sensor], actuator: Actuator, control_thresholds: 

List[ContinousMeasure], run_duration: float

● Methods:

○ acquire_process_value_data(self) -> Dict: Encapsulates data acquisition logic

○ execute_control(self, process_value: Dict) -> None: Encapsulates control logic

Controller

● Attributes: set_points: Dict[str, ContinuousMeasure] (e.g. {“sensor_name:actuator_name”: 

ContinuousMeasure}), controller_entities: List[Union[AbstractHVACComponent, Appliance]]

● Methods:

○ control(self, control_obj: AbstractControl) -> Dict: Orchestrates the execution of control logic



RQ3.2: Standardised MEP Access 
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RQ1.1: Limitation of Existing Approaches (L1, L2, L4)
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Open-world assumption [7]:

● Resource Description Framework (RDF), Web Ontology Language (OWL) ontologies are designed for 

inference

● Restrictions are not data constraints

● Missing information are just not captured yet, or they are elsewhere; they are unknown

Shape Constraint Language (SHACL) closed-world assumption [8]:

● Adds constraints to triples in RDF graphs

● Any data or fact not stated is considered false

● External to the model, and not enforced



Integrating Control Logic in Object-Oriented MEP Models

62

Evaluation: Mixed-Use Building, Ludwigsburg, Germany

def valve_update_observer(self, action, valve_position):

   uri = f'entities/{self.process_actuator.actuated_component.name}/attrs'

   json_data = {

       "setPointTemperature": {

           "type": "Property",

           "value": valve_position.value

       },

       "@context": [

           "https://smartdatamodels.org/context.jsonld"

       ]

   }

   self._iot_api.make_authenticated_request(uri, 'PATCH', json_data)
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MetamEnTh classes for control integration 



RQ1.2 & RQ2: How Object-Oriented Models Represent MEP Systems
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RQ2: Practitioners and Researchers Interactions with BMS APIs

● We mocked selected API endpoints from EnteliWEB, Desigo and Metasys 

● We evaluated the BMS APIs on four criteria beyond their functional capabilities:

○ Standardisation: HTTP verbs, status codes

○ Error handling: error status codes and HTTP verbs 

○ Security: authentication and authorisation

■ Use of OAuth tokens

■ American Society of Heating Refrigeration, and Air conditioning Engineers (ASHRAE) 

Addendum 135-2012am

○ Interoperability: Data and URI formats 

■ ASHRAE Addendum 135-2012am

65



RQ2: Practitioners and Researchers Interactions with BMS APIs
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RQ2: Practitioners and Researchers Interactions with BMS APIs
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Assessment

● Most of APIs endpoints  do not use PATCH and PUT correctly

● Only EnteliWEB conforms to data and URI formats specified in the ASHRAE Addendum 135-2012am

● APIs may partially conform to security specifications of ASHRAE Addendum 135-2012am

● APIs do not always use the appropriate HTTP error codes, e.g., Metasys uses 405 PATCH requests 

that try to discard already discarded audits 
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Varennes Library Use Case 
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BMS API Capabilities and their Practical Usage: RQ2
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