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Context

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

e Building management systems (BMS) monitor and control MEP subsystems to
o ensure optimal indoor environment conditions (IEC)
o efficient resource utilisation
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e Proprietary BMS representations of MEP subsystems hinder solution transferability [6]

e Researchers have investigated ontology-based approaches to enable vendor-agnostic
representations of MEP subsystems

e Ontologies excel at representing semantic domain knowledge, but they fall short in modelling the
operational aspects of MEP subsystems [4]

e Commercial BMS remain largely closed, constraining the integration of advanced control and
analytics capabilities [5]
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Thesis Statement

RQ1 & RQ2 RQ3 RQ4




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

models compared to existing ontology-based approaches?

e RQ2: How can an object-oriented metamodel represent mechanical, electrical, and plumbing (MEP)
systems and their complex interactions?

Interoperable Data Access of MEP Subsystems
e 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
e RQ4: How does an object-oriented modelling approach support the integration of control logic and

promote broader adoption in practical energy-efficient applications?



Approach

Grounded Theory

Feedback Loop Engineering Research

Literature Review
Review of Ontologies

Design
Implementation

Empirical Studies Evaluation




RO1 & 2: Object-Oriented Modelling of MEP Systems



Object-Oriented Modelling of MEP Systems

RQ1: How does an object-oriented metamodel enable the creation of accurate, inherently validated models
compared to existing ontology-based approaches?

e RQ1.1: What are the limitations of current built environment modelling approaches, particularly
ontology-based systems?

e 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?
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ROIL.1: Limitation of Existing Approaches (L1 - L4)

e L1: Possible Ambiguity in Defining an Entity (e.g., boiler)

e L2: Possibility of Composing Flawed Entity Relationships

e L3: Lack of Entities for Ducts, Pipes, and Detailed Spatial Context
e L4: Difficulty Validating Entities and Relationships

e L5: Inconsistent Data and Structure Semantics

e L6: Complex and Deep Inheritance Hierarchies

e L7: Inability to Represent System Behaviours

e 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. 11



ROL.1: Limitation of Existing Approaches (L1, L¢, L4)
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RO1.1: Limitation of Existing Approaches

e Ontologies can model complex entity relationships for varying system configurations

e They are not suitable to model dynamic operational aspects of MEP subsystems
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Object-Oriented Modelling of MEP Systems

RQ1: How does an object-oriented metamodel enable the creation of accurate, inherently validated models
compared to existing ontology-based approaches?

e RQ1.1: What are the key limitations of current built environment modelling approaches, particularly
ontology-based systems?

e 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) 14



RO1.2 & ROZ: How Object-Oriented Models Represent MEP Systems

e A metamodel is a "model of models” [9]

e A model is an illustration of a specific aspect of reality [10]
e The expressiveness of a metamodel determines what an instantiated model can describe

e Metamodels enforces built-in constraints for all instantiated models

Property Behaviour

‘__.T Tn
1
1 1
ent

0."
1 0.
; Has
- Zone = = ! paa "3 Property damper: Damper
1
1 1 h 0.
L 0."
1

Has

0."
ControlSystem T

= 1
B
0.
v
1 0..%)
o.*

Component ial :
[ 3

[ 15




RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Targeted needs assessment with practitioners and researchers

e 30-45 minutes Interview with 2 facility managers
o 34 combined years of experience managing multiple commercial buildings
e Survey with 10 respondents
o 6 student researchers, 2 facility managers, 1 professor and 1 industrial researcher

o Participants worked in multiple countries: Canada, Lebanon, Iraq, Turkey, Syria, the United
States, Australia, Chile, Colombia, Ecuador, Germany, India, Mexico, and Spain

16



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

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?

17



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

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

18



RO1.2 & ROZ: How Object-Oriented Models Represent MEP Systems

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

19



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Surveys Insights

Most Common (Mode) Ratings of Building Model Features

e 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

4 (60.0%)

5 (50.0%)

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

5 (50.0%)

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

20



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Surveys Insights

Building Envelope
Sensors and their data
Solar PV

Meters

Heat pumps

Air handling units
Thermal Storage System
Boilers

Radiant Slabs
Compressor

Fans

VAV Boxes

Chillers

Operational Schedule of Equipment and Spaces
Engine

Operational Conditions or Equipment
Appliances

Heat Exchanges
Charging Stations
Baseboard Heaters
Circulation Pumps

HVAC efficiency

Ease of use

Accuracy of the model

Entities Important for Building Energy Efficiency

0 1 2 3 4 5 6 7
Number of Mentions

Important Concerns for Operational Modelling of Built Environment

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

21



RQ2: How object-oriented models represents MEP subsystems
Structure
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RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Empirical Evaluation

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

e 10 participants

5 software engineers, 3 students, 2 researchers

80%o0 have 3 or more years of programming experience

Experimental Tasks
e Task One: Participants creates Brick and MetamEnTh models of the experimental HVAC system

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

23



RO1.2 & ROZ: How Object-Oriented Models Represent MEP Systems

F.

Temperature Sensor ~ Smoke Detector

Ll

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




RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Table 3.1: Summary statistics for questionnaire responses comparing Brick and MetamEnTh - .
= 1 £ pais Paired test, when differences

Question Approach Mean Median Min Max Std Dev between paired responses
General Detail of Model Brick 39 40 2 5 099 follow a normal distribution
MetamEnTh 3.8 4.0 2 5 1.03
Modelling Difficulty Brick 25 2.0 1 5 1.08 _ - -
MetamEnTh 3.6 4.0 2 3 0.84 Non pa ramgtrlc Wilcoxon
Model Accuracy Brick 39 40 2 5 L10 test, otherwise
MetamEnTh 4.2 4.0 4 5 0.63
Detail in Modelling HVAC Entities  Brick 3.6 4.0 1 3 1553
MetamEnTh 4.3 4.5 3 5 0.82
Table 3.2: Results of statistical tests comparing Brick and MetamEnTh responses
Question Test Used  p-value Significant (p < 0.05)?
General Modelling Detail  Paired t-test  0.859 No
Modelling Difficulty Wilcoxon 0.027 Yes
Modelling Accuracy Paired t-test  0.541 No
HVAC Modelling Detail ~ Wilcoxon 0.100 No
Treated ordinal data as interval for central tendencies and variability [12] s



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

RQ1.2: MetamEnTh prevents the creation of inaccurate models

Reported vs. Observed Task Completion: Brick vs. MetamEnTh
MetamEnTh

Number of Participants

of cnen 1 4ot
o 5ens xche - office - co\'“d
pam?e’ pctuat®’

BN Reported - Yes HEE Reported - No M Observed -Yes mmm Observed - No

e Brick: 6 participants created the four relationships, except one .

%



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

Practical Evaluation

RT.CP \/_{D-.,.,.,;,,., oriales) Table 3.3: Layer composition of cover RT-B1 of the LB Building
=
" - eroos st0n . Name Length (mm) = Height (mm) Thickness (mm) = Material . Layer Order Description
53?7* gy RT-B1 3,200 2,800 16  ordinary gypsum 1 Window Area
’ " r ee > board
0 T .' - RT-B1 3,200 2,800 42 metal half-timbering 2 Window Area
EEAE immmm | Bum, RT-B1 3,200 2,800 92 | semi-rigid insulation 4 Window Area
HH | RT-BI 3,200 2,800 16  ordinary  gypsum 5 Window Area
25 7% board
- — . RT-B1 3,200 2,800 38 | semi-rigid insulation 6 Window Area
mun > RT-B1 3,200 2,800 21 | air gap 7 Window Area
o i L Tetmese, LATR RT-B1 3,200 2,800 94 | varnished  concrete 8 Window Area
92478 T blOCk
FeverRe : )
’ RT-B1 2,000 2000 6 | glass 1 Window
RT-B1 2,000 2000 12 window gas 2 Window
RT-B1 2,000 2000 6 | glass 3 Window
RT-B1 2,000 2000 12 window gas 4 Window
RT-B1 2,000 2000 6  glass 5 Window
Architectural Drawings Extracted Envelope Layers

27



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

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_prientation': 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()

28



RO1 & ROZ: How Object-Oriented Models Represent MEP Systems

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:
L2:
L3:
L4:
L7:
L8:

Possible Ambiguity in Defining an Entity

Possibility of Composing Flawed Entity Relationships

Lack of Entities for Ducts, Pipes, and Detailed Spatial Context
Difficulty Validating Entities and Relationships

Inability to Represent System Behaviours

Static Artefacts and Limited Interactivity 29



Internal Validity
o Participants had different levels of OOP and building-systems experience
o Documentation was provided, but prior experience still likely affected task performance and
perceived difficulty

External Validity
o  Study involved only 10 participants
o Findings may not generalise to industry practitioners or other regions

Construct Validity
o Model quality was defined by semantic correctness, relationship accuracy, and completeness
using predefined rules
o Different definitions or criteria could change how accuracy and detail are interpreted

Conclusion Validity
o Small sample size limited statistical power
o Larger, more diverse samples are needed to draw stronger conclusions

30



ROJ: Interoperable Data Access for MEP Systems

il



Interoperable Data Access for MEP Systems

RQ3: How can practitioners and researchers access interoperable data of mechanical, electrical, and
plumbing (MEP) systems in buildings?

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

e RQ3.2: How can practitioners and researchers interact with building systems and their data in a
standardised way?

k14



Interoperable Data Access for MEP Systems

RQ3.1: Capabilities of BMS APIs

e We evaluate and group the API capabilities of 5 BMS vendors into 12 functional groups

e BMS vendors: Siemens (Desigo), Honeywell (EBI), Schneider Electric (Ecostruxture), Delta Controls
(Enteliweb), Johnson Controls (Metasys)

e 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) 33



None of the BMS provide endpoints covering the 12 functional groups

e Schneider Electric’s EcoStruxure 10/12 functional groups

e Johnson Controls’ Metasys 9/12 functional groups

e Siemens’ Desigo 9/12 functional groups
e Delta Controls’ Enteliweb 6/12 functional groups

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

e Data requirements of 7 common building applications [16]

o 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. 14
ACM Transactlons on Cyber Phy5|cal Systems (Manuscript submitted for publication)



RO3.1: BMS API Capabilities

Building entities (MEP) and their relationships:

e [FRI: Sensor-to-Spatial Location e FR6: HVAC Component-to-HVAC Component

e [FRZ: Sensor-to-HVAC Component or Appliance e EFR7 Meter-to-Sensor

e [FR3: Person-to-Spatial Location e [FRSE: Meter-to-HVAC Component

e [FR4: Spatial Hierarchy e [FR9. Meter-to-Spatial Location

e FRI10: Appliance-to-Person
e FR5: HVAC Component-to-Spatial Location

35



RO3.1: BMS API Capabilities

Table 4.4: Common Building Applications, Building Entities and their Relationships, and API Re-

quirements
Common Application Entity Relationship API Category
Occupancy Modelling ER1, ER2, ER3, ER4, ERS5, Equipment, Objects, Space,
ER6, ER8, ER10 Time-series (occupancy)

Energy Apportionment ER1, ER2, ER4, ER7, ER9 Objects, Space, Equipment,
Time-series (metering data),
Energy

Model Predictive Control ~ ER1, ER2, ERS5, ER6 Objects, Space, Time-series,
Equipment

Participatory Feedback ER1, ER2, ERS5, ER6 Objects, Space, Time-series,
Equipment

Fault Detection and Diag- ER1, ER2, ERS, ER6 Objects, Space, Time-series,

nosis Equipment

Non-Intrusive Load Mon-
itoring

ER7, ER9

Time-series (energy), Objects

Demand Response

ER1, ER2, ERS, ER6

Objects, Space, Time-series,

Equipment

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

36



Interoperable Data Access for MEP Systems

RQ3: How can practitioners and researchers access interoperable data of mechanical, electrical, and
plumbing (MEP) systems in buildings?

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

e RQ3.2: How can practitioners and researchers interact with building systems and their data in a
standardised way?

37



RO3.Z: 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. 78




ROJ.Z: Standardised MEP Access

Evaluation

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

e Middleware

o Parsing and type conversion with BuildingStructure

o Model creation with BuildingCreator
o Historical sensor data with DynamicDataReader
o Envelope data integration with BuildingEnvelopeProcessor
e A MetamEnTh model each for the Webster Library (LB) and Varennes Library

e A single temperature analysis client

39



RO3.Z: Standardised MEP Access

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_Jlibrary.add_sensor_data ()

data = varennes library.building.get floor by number (1) .get rooms ()

tempAnalysis = TemperatureAnalysis (data)

tempAnalysis.time_of_day_variability ()

40
e 4 P



RO3.Z: Standardised MEP Access

Time-of-Day Temperature Variability

—e— Périod. Courants 205 PIE_205_T_PIE
—e— Salle Fauteuil 204 PIE_204_T_PIE
—e— Salon de Lecture 207 PIE_207_T_PIE
22.0 4 —e— Bureau Doc. 214 PIE_214_T_PIE
—e— Salle Travail 216 PIE_216_T_PIE
—e— Salle Travail 217 PIE_217_T_PIE
—e— Salle Travail 218 PIE_218_T_PIE
2154
\
E 21.0 \
s =
g
: \V,
@
H
2 20551
20.0
195 4

1] 5 10 15 20
Hour of Day

Time of Day Temperature Variability, Varennes

Mean Temperature

Time-of-Day Temperature Variability

0345-00 TEC1.345-00.LB:ROOM TEMP
0385-00 TEC1.385-00.LB:AUX TEMP AIS
0385-00 TEC1.385-00.LB:ROOM TEMP
0385-00 TEC10.385-00.LB:AUX TEMP AIS
0385-00 TEC10.385-00.LB:ROOM TEMP
0385-00 TEC11.385-00.LB:AUX TEMP AI5
0385-00 TEC11.385-00.LB:ROOM TEMP
0385-00 TEC2.385-00.LB:AUX TEMP AI5
0385-00 TEC2.385-00.LB:ROOM TEMP
0385-00 TEC3.385-00.LB:ROOM TEMP
0385-00 TEC6.385-00.LB:ROOM TEMP
0385-00 TEC7.385-00.LB:ROOM TEMP
0385-00 TEC5.385-00.LB:ROOM TEMP
0385-00 TEC5.385-00.LB:AUX TEMP AI5
0385-00 TEC4.385-00.LB:ROOM TEMP
0385-00 TEC8.385-00.LB:ROOM TEMP
0385-00 TEC9.385-00.LB:ROOM TEMP

284

~
o
i

244

221

o 5 10 15 20
Hour of Day

Time of Day Temperature Variability, LB

41



Interoperable Data Access for MEP Systems: Threats to Validity

e Construct validity
o Relied on API documentation, which may not reflect real system behaviour

e Internal validity
o Limited access to live BMS installations; manual extraction may introduce errors or miss real-
world nuances

e External validity
o Findings based on five vendors and selected use cases; applicability may vary across building
types, regions, and software versions

e Conclusion validity

o API-requirement mappings rely on literature and expert judgment; different categorizations
could yield different conclusions

42



RO4: Integrating Control Logic in Object-oriented MEP Models

43



RQ4: How does an object-oriented modelling approach support the integration of control logic and promote
broader adoption in practical energy-efficient applications?

e Data Acquisition Challenge: Advanced controls need high-quality real-time data, but BMSs use
heterogeneous formats and proprietary interfaces, complicating integration

e Architectural Complexity: Traditional BMS control modules are vendor-specific and inflexible
e Interfaces to embed control logic into MetamEnTh models using OOP principles

e 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

44



Integrating Control Logic in Object-Oriented MEP Models




Integrating Control Logic in Object-Oriented MEP Models

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
o indicates occupancy & low temperature
Boiler OFF: temperature > 24 °C or CO2 < 400 ppm
o  space warm or unoccupied
Lack of BMS write access

o actuation simulated via console output



Integrating Control Logic in Object-Oriented MEP Models

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)
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Integrating Control Logic in Object-Oriented MEP Models

Evaluation: Mixed-Use Building, Ludwigsburg, Germany

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

e Devices communicate via LoORaWAN and are programmed using Node-RED

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

e Conditional logic ensures setpoints remain within 20—26 °C to prevent overheating/cooling
e PATCH request updates valve position through real-time monitoring

e Physical actuation not connected to HVAC
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Integrating Control Logic in Object-Oriented MEP Models

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._priginal_set_point + self.VALVE UPDATE VAL))
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Integrating Control Logic in Object-Oriented MEP Models: Threats to Validity

e Construct validity
o No expertise claimed in designing control strategies
o Focus on demonstrating integration, not optimising control logic

e Internal validity

o Current implementation lacks interfaces for advanced strategies
o Extending to complex controls may require class modifications

e External validity
o Results may not generalize to all control scenarios

e Conclusion validity

o Conclusions apply only to integration mechanisms, not control performance or correctness
o Broader inferences beyond integration are unsupported
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Conclusion

e Buildings rely on complex systems managed by BMS, yet still consume ~30% more energy than
necessary due to inefficiencies and lack of interoperability

e Deploying solutions for building efficiency goes beyond static semantic representation of MEP
systems with ontologies

e Alternative object-oriented metamodels to address limitations of ontologies

RQ1 & RQ2 RQ3 RQ4




Conclusion: Answer

Components of Effective Building System Modelling

Seamless
Integration

Integrating control logic
smoothly into the model

S5 il

Standardised
Access

Providing uniform
access to systems and
data

=)

mpynamic Noture

Capturing the evolving
states of building
systems

Validity

Ensuring the model
accurately represents
real-world systems

RQ1 & RQ2

RQ1 & RQ2

Accuracy

Maintaining precision i
data and system
representation

Made with Z Napkin
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Future Work

Threats to Validity Short Term

e Small sample size for survey and e Broader evaluation of MetamEnTh
interview e Implement Building Information Modelling (BIM) importers
e 10 developers involved in e Inclusion of utility methods for energy-efficiency related tasks
experiment e Interfaces for advanced control strategy integration
e Perceived difficulty in using
MetamEnTh
e Perceived difficulty in using e User-friendly editors and plugins
MetamEnTh e Cross-building pilots
e Lack of write API access e Adoption of MetamEnTh for digital twins
e Evaluation limited to 2 buildings

e Alignment MetamEnTh with semantic standards, e.g., ASHRAE
(223P), IFC, Brick 53
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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
R%B: BMS APIs ang their%apa%ﬁ‘ities 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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Interoperable Data Access for MEP Systems

RQ3.2: Standardised access to building systems

e We propose a 5 layer architecture for a standardised access to MEP systems and their data
e 5 layers: Clients, Modelling, Data Exchange, BMS, Systems Hardware (MEP)

e BMS APIs exist in the Data Exchange Layer

e MetamEnTh exists in the Modelling Layer

3/



Conclusion: Answer

e Object-oriented modelling effectively represents MEP systems (RQ1 & RQ2) and integrates
heterogeneous BMS data (RQ3) for seamless control deployment (RQ4)

e Encapsulation, interfaces, and design patterns make the metamodel flexible, extensible, and practical
for real-world use

e MetamEnTh lays the foundation for next-generation digital twins, simulations, and real-time control
in the built environment
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Integrating Control Logic in Object-Oriented MEP Models

AbstractBinaryControl

e Attributes: process value sensors: List/Sensor], actuator: Actuator, control_thresholds:
List/ContinousMeasure], run_duration. float

e Methods:
o acquire_process_value_data(self) -> Dict. Encapsulates data acquisition logic

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

Controller

e Attributes: set points: Dict/str, ContinuousMeasure] (e.g. {"sensor_name:actuator_name”:
ContinuousMeasure}), controller_entities: ListfUnion[AbstractHVACComponent, Appliance]]

e Methods:
o control(self, control_obj.: AbstractControl) -> Dict. Orchestrates the execution of control logic

19



RQ3.Z: Standardised MEP Access

Cover(UID:
Layer(UID:
Layer(UID:
Layer(UID:
Layer(UID:

-

5424d339-b85a-4d8b-8a38-6%eleadf4334,
JaBlc80a-56a2-478a-8dc2-6eeff482e78b,
8celéf28-defe-4a99-840b-béba870f169a,
a3eb5250-2805-444e-bd41-6761a3e915c¢6,
66931335-a062-48aa-bbla-af774d1lacd7d,

Cover Type: CoverType.ROOF, Building Orientation: Top, Floor Number: &, Layers:

webster_library = BuildingCreator( file_path: 'webster_library/data/webster.json', dynamic_data_reader: None)
webster_library.create_building()
webster_library.add_sensor_data()

vwebster_library.add_building_envelope(BuildingEnvelopeProcessor('../webster_library/data/1b-layer-catalog.xlsx'),
envelope_name: 'LB Envelope')

envelope = webster_library.building.get_envelope_by_name('LB Envelope')
first_floor_north_covers = envelope.get_covers({'floor_number': @,

'building_orientation': BuildingOrientation.SOUTH.value})
bishop_roof_covers = envelope.get_covers({'floor_number': 6,

'building_orientation': BuildingOrientation.TOP.value})
filtered_layers = first_floor_north_covers[@].get_layers({'material.material_type': MaterialType.GLASS.value})

Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 20 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 102 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 180 MeasurementUnit.MILLIMETERS,
Height: 36000 MeasurementUnit.MILLIMETERS, Length: 22775 MeasurementUnit.MILLIMETERS, Thickness: 280 MeasurementUnit.MILLIMETERS,

Material: Material(UID: 1303f172-dS80-4436-a151-77cda9f15dc3, Description: crushed stone ballast, Type: CrushedStoneBallast, Density: 0 kg/m3, Heat Capacity: © J/K, Thermal Trar
Material: Material(UID: al42b4e8-fefc-44d9-9d1b-09e629512ab6, Description: rigid insulation, Type: RigidInsulation, Density: 0 kg/m3, Heat Capacity: © J/K, Thermal Transmittance
Material: Material(UID: e0945928-83ba-4f86-8c20-27485ebd77f1, Description: rubber membrane, Type: RubberMembrane, Density: © kg/m3, Heat Capacity: © J/K, Thermal Transmittance:
terial: Material(UID: 7a3f23e7-bd6a-4018-b758-2f795cbe708e, Description: concrete, Type: Concrete, Density: © kg/m3, Heat Capacity: © J/K, Thermal Transmittance: @ W/(m2.K), Ther
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ROL.1: Limitation of Existing Approaches (L1, L2, L4)

Open-world assumption [7]:

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

e Restrictions are not data constraints

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

Shape Constraint Language (SHACL) closed-world assumption [8]:
e Adds constraints to triples in RDF graphs
e Any data or fact not stated is considered false

e External to the model, and not enforced
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Integrating Control Logic in Object-Oriented MEP Models

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

by

"Qcontext": [

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

}

self._iot_api.make_authenticated_request (uri, 'PATCH', Jjson_data)

b2



Integrating Control Logic in Object-Oriented MEP Models

Sensor <<AbstractTransducer>>

<<AbstractSubsystem>>

Actuator

T <<AbstractDynamicEntity>> T

Hgs
Appliance T T

<<AbstractHVACComponent>>

T Controls

Controller

Controls

MetamEnTh classes for control integration ’



RO1.2 & ROZ: How Object-Oriented Models Represent MEP Systems

Demographic Analysis of Respondents

Years of Experience Experience Ratings

Categories Categories
mmm Between 3 and 5 years — 40% mmm Advanced — 50%
mmm More than 10 years — 30%
mmm Expert — 30%
mmm Between 5 and 10 years — 20% == Intermediate — 20%
mmm Between 1 and 3 years — 10%

Age Group Gender

Categories
mmm Between 25 and 34 — 60%
mmm Between 35 and 44 — 30%
mmm Between 45 and 54 — 10%

Categories
== Male — 80%
mss Female — 20%
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ROZ: Practitioners and Researchers Interactions with BMS APIs

e We mocked selected API endpoints from EnteliWEB, Desigo and Metasys
e We evaluated the BMS APIs on four criteria beyond their functional capabilities:

o Standardisation: HTTP verbs, status codes
o Error handling: error status codes and HTTP verbs
o Security: authentication and authorisation
m Use of OAuth tokens
m American Society of Heating Refrigeration, and Air conditioning Engineers (ASHRAE)
Addendum 135-2012am
o Interoperability: Data and URI formats
m ASHRAE Addendum 135-2012am
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ROZ: Practitioners and Researchers Interactions with BMS APIs
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.
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ROZ: Practitioners and Researchers Interactions with BMS APIs

Assessment
e Most of APIs endpoints do not use PATCH and PUT correctly
e Only EnteliWEB conforms to data and URI formats specified in the ASHRAE Addendum 135-2012am

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

e 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

57 "rooms": [

58 {
59 "name": "Room 001",
60 "room_type": "storage",
61 "area": {"value": 25.99, "unit": "square feet"},
62 "sensors": [
63 {
64 "name": "C02_SENSOR_@01",
65 "log_type": "Polling",
66 "meta_data": {},
67 "data": [],
68 "measure': "carbon dioxide concentration",
69 "measure_range": {"minimum": @, "maximum": 2000},
70 "unit": "ppm",
71 "data_frequency": 600
72 ¥,
73 {
74 “name": "TMP_SENSOR_001",
75 "log_type": "Polling",
76 "measure": "temperature",
77 "measure_range": {"minimum": -40, "maximum": 150},
78 "input_voltage_range": {
79 "minimum": @,
80 "maximum": 10,
81 "unit": "volts"
82 | 3
83 "output_voltage_range": {
84 "minimum": 0,
85 "maximum": 10,
86 "unit": "volts"
| 87 }, 69
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_air_) | : [Air ]
— ThermalStorage + heatExchanger: [HeatExchanger]
+ filters: [Filter]
GJ + compressor: Compressor
- J, 1 BaseboardHeater
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+ phase: UPSPhase
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; - - | e —
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Energy System

ATS
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Methods

Metamodel for Energy Things

<<AbstractFloorSpace>>

+ add_transducer(transducer: AbstractTransducer)

+ add_adjacent_space(space: AbstractFloorSpace)

+ remove_adjacent_space(space: AbstractFloorSpace)

+ add_appliance(appliance: Appliance)

+ remove_appliance(appliance: Appliance)

+ add_hvac_component(component: AbstractHVACComponent)

+ remove_hvac_component(component: AbstractHVACComponent)

+ add_energy_system(energy_system: AbstractCommonEnergySystem)
+ remove_energy_system(energy_system: AbstractCommonEnergySystem)
+ get_hvac_component(search_terms: Dict): [AbstractHVACComponent]
+ get_adjacent_space_by_name(name: str): AbstractFloorSpace

+ get_adjacent_space_by_uid(uid: str): AbstractFloorSpace

+ get_adjacent_spaces(search_terms: Dict): [AbstractFloorSpace] o Appliance

+ get_appliance_by_name(name: str): Appliance

+ get_appliance_by_uid(uid: str): Appliance

+ get_appliances(search_terms: Dict): [Appliance]

+ get_energy_systemn(search_terms: Dict): [AbstractCommonEnergySystem]

1

yO0."

<<AbstractDynamicEntity>>

+ add_transducer(transducer: AbstractTransducer)

+ remove_transducer(transducer: AbstractTransducer)

+ get_transducer_by_name(name: str): AbstractTransducer
+ get_transducer_by_uid(uid: str): AbstractTransducer

+ get_transducers(search_term: Dict): [AbstractTransducer]

<<AbstractSubsystem>>

<<AbstractTransducer>>

+ add_data(data: Union([TriggerHistory), [SensorDatal])
+ remove_data(data: Union[TriggerHistory, SensorData])
+ add_meta_data(key: str, value: Object)

+ remove_meta_data(key: str)

+ set_set_point(value: AbstractMeasure, measure: MeasurementUnit)

+ get_data(search_terms: Dict): Union[[TriggerHistory), [SensorDatal]]

Actuator

4

+get_data_by_date(from: str, to: str): Union[[TriggerHistory], [SensorData]]
Y

74




Methods

Metamodel for Energy Things

1

0.*

Duct

+ add_heat_exchanger(exchanger: HeatExchanger)
+ heat

+ add_fan(fan: Fan)

+ remove_fan(fan: Fan)
+ add_connected_air_volume_box(vav_box: AirVolumeBox)

+ remove_connected_air_volume_box(vav_box: AirVolumeBox)

+ add_damper(damper: Damper)

+ _damp D )

+ get_heat_exchangers(search_terms: Dict): [HeatExchanger]

+ get_fans(search_terms: Dict): [Fan]

+ get_dampers(search_terms: Dict): [Damper]

+ get_connected_air_volume_box(search_terms: Dict): [AirVolumeBox]

HVACSystem BuildingContolSystem <<AbstractSubsystem>>
+ add_ventilation_system(sy VentilationSy )
<<AbatlachlomSpaoe>>
1
1 Mg
{VACComponent
+ add_spaces(space: [AbstractSpace])
+ _space(sp Ab tSpace)
+ get_spaces(search_terms: Dict): [AbstractSpace] VariableFrequencyDrive
+ add_status_| (status: StatusM; )
Fan
£ 4 _status_| (¢ Sta <t
+ get_status_measure(search_terms: Dict): [StatusMeasure] HeatExchanger
+ get_status_measure_by_date(from: str, to: str): [StatusMeast G
iller
——— Compressor
\ger: HeatExch ) <<AbstractDynamicEntity>> Boiler
+ add_| (t ducer: AbstractTransducer) L
+ remove_| (t di : AbstractTransducer) 5
Transd AbetractDuctC, ey =
+ transducer_by_name(name: str): AbstractTransducer
gL k. ) + ducts: [Duct]
+get_t _by_ : str): (T
+ vfd: VariableFrequencyDrive <+ |
+ get_transducers(search_term: Dict): [AbstractTransducer]

|_9

AirVolumeBox

e

A

<<AbstractZonalEntity>>
+ add_zone(zone: Zone, building: Building)

+ remove_zone(zone: Zone)

+get_zone_by_name(name: str): Zone
+ get_zone_by_uid(uid: str): Zone
+get_zones(search_terms: Dict): [Zone]

<<AbstractVentilationC RadiantSlab HeatPump CirculationPump
ThermalStorage BaseboardHeater
VentilationSyst
+ get_components(search_terms: Dict): Union[[AbstractVentilationComponent], [Engine]]
+ add_( t: Union[AbstractVentilationComponent, Engine])
. 5 UnionfAt Nantilation Y

?_( P ! L
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UPS

+ add_storage_system(storage_system: ImmobileStorageEnergySystem)
+ remove_storage_system(storage_system: ImmobileStorageEnergySystem)

+ get_storage_system_by_name(| str)
.
AbstractC: EnergySy <<AbstractEl I Alternator
<<AbstractFloorSpace>> | 1 0.
T 3
<<Ab EnergySystem>> 1 ATS
a8 £ Y
1 | <<AbstractSubSystem>>
MobileStorageEnergySystem
ImmobileStorageEnergySyst NonRq bleEnergySy -
Engine
+ add_renewable_energy_source(energy_source: RenewableEnergySystem) <t
L | ble_energy_source(energy_source: RenewableEnergySystem)
+ get_renewable_energy_source(name: str): RenewableEnergySystem
iy
RenewableEnergySystem " WindMill
1
<<AbstractTransducers>
SolarPV 1" | + set_set_point(value: AbstractMeasure, measure: MeasurementUnit)

SuperCapacitor

T'I

+ add_data(data: Union|[TriggerHistory], [SensorData]))

T+ _data(data: Union[TriggerHistory, SensorDatal])

+add_meta_data(key: str, value: Object)

+ _meta_data(key: str)
+ get_data(search_terms: Dict): Union|[TriggerHistory], [SensorData]]

" | + get_data_by_date(from: str, to: str): Union|[TriggerHistory], [SensorDatal]

Tl
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Example

Metamodel for Energy Things

bcs = BuildingControlSystem("EV Control System")
hvac_system = HVACSystem()

bcs.hvac_system = hvac_system

# Create the fresh air duct for the ventilation system
supply_air_duct = Duct("SUPP.VNT.@1", DuctType.AIR)
supply_air_duct.duct_sub_type = DuctSubType.FRESH_AIR

# create the return air duct for the ventilation system
return_air_duct = Duct("RET.VNT.01", DuctType.AIR)

return_air_duct.duct_sub_type = DuctSubType.RETURN_AIR

# create the recirculation air duct

recirculation_air_duct = Duct("REC.VNT.@1", DuctType.AIR)

recirculation_air_duct.duct_sub_type = DuctSubType.RETURN_AIR L,
Pipes

# connect the fresh air, return air and recirculation air ducts

duct2duct_conn = DuctConnection()

# add the return air duct as the source of the connection
duct2duct_conn.add_entity(DuctConnectionEntityType.SOURCE, return_air_duct)

# add the fresh air duct as the destination of the connection
duct2duct_conn.add_entity(DuctConnectionEntityType.DESTINATION, supply_air_duct)
# set the connection object as a property of the recirculation air duct
recirculation_air_duct.connections = duct2duct_conn

# set the recirculation air duct as the source for the supply air duct
supp_duct_conn = DuctConnection()
supp_duct_conn.add_entity(DuctConnectionEntityType.SOURCE, recirculation_air_duct)
supply_air_duct.connections = duct2duct_conn

# create the ventilation system with the supply air duct as the principal duct
ventilation_system = VentilationSystem(VentilationType.AIR_HANDLING_UNIT, supply_air_duct)

# set the ventilation system for the HVAC system
hvac_system.add_ventilation_system(ventilation_system)

Flow Meter
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BMS API Capabilities and their Practical Usage: RQZ

TABLE V: Selected endpoints of the mocked BMS APIs, their HTTP verbs, responses, and HTTP status codes. The responses
and status code are limited to successful HTTP requests.

BMS

Metasys

EnteliWEB

Desigo
Building X
Openness

API Category

Objects

Delta Idot Bacnet

Delta Idot Multi

Delta Idot System

Building Operations

Building
Structure

Description

List all objects
Create object
Get object

Send command

Edit object

Delete object

Get object list
Write object value

Delete object

Create multi

Write object present
value

‘Write multiple system
properties

Get all devices
Create device

Update device
attributes

Update point

Update point tags
Delete location

Endpoint

POST /objects
POST /fobjects
GET /objects/{objectld}

PUT lobjects/{objectld }/commands/
{commandName}

PATCH /objects/{objectld}
DELETE /objects/{objectld}
GET /.bacnet/{siteName}/{deviceNumber}

PUT /bacnet/{siteName }/{deviceNumber}
/{objectType},{instance }/{propertyName }

DELETE /bacnet/{siteName }
/{deviceNumber }/{objectType}, {instance }

POST /mult

POST /multi

PUT /systems/{systemName}

GET /devices
POST /devices
PATCH /devices/{deviceld}

PATCH /points/{pointId}
PUT /points/{pointld}/tags
DELETE /locations/{locationld}

Response

Object list
Location header
Object

Success

Object list
Message object

Message object

Multi object
(with error
message)

Multi object
(with error
message)
Property  object
(with error
message)

Device list
Device object

g

200
201

Verb
POST
POST
GET

PATCH
DELETE
GET
PUT

DELETE

POST

POST

PUT

GET
POST
PATCH

PATCH

DELETE
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TABLE III: APIs of five (5) BMS vendors and their capabilities grouped into twelve (12) categories

Criteria/BMS Metasys

Alarms and  List events and

Events alarms. Subscribe and
unsubscribe to alarms.
Perform batch
operation on events.
Update alarms (to
discard or
acknowledge them)

Audits List all audits.
Subscribe and
unsubscribe to audits.
List audit users. Add
audit annotations.
Edit to discard audits

Equipment Retrieve equipment
hosted by network
devices. Retrieve
equipment serving
other equipment or
spaces. Retrieve
equipment points

EnteliWEB

Get alarms and
notifications. Create
alarm details and
categories. Get event
notifications.
Acknowledge event
notifications. Get
alarm details for
event notifications

No endpoints for
audits, however,
there are endpoints
to get all event and
trend logs

Get all systems.
Retrieve system
properties. Write
property values of a
system

Network List network devices Get a list of node
Devices serving a space. List types. Get a list of
hildren of rh P I nodes. Get
devices. Delete offline  a list of network
child network devices  nodes. Get a list of
device nodes
Objects Manage (CRUD) List object nodes.
objects. List object List objects of a
attributes. List device. Get object
commands an object lists and properties.
supports. Send Get object property

commands to an
object. Perform batch
operations on objects.
List object points

Space Get all spaces. Get
spaces served by
network devices. Get
spaces within other
spaces

and delete objects.
Get the value of
multiple object
properties using
multi

Get a list of all sites
ildings)

EcoStruxure

Get all alarms. Get (ranked
and binned) alarm
occurrences. Acknowledge

Desigo

Retrieve all events
and their transition
histories. Create, get

alarms. Create and update and update alarm
alarm instances and configurations. Delete
occurrences. Manage events  alarm configuration.
(CRUD). Get alarm

transitions

N/A N/A

Get asset hierarchies with List all equipment.
parent-child relationships. Create and update
Get equip iated quip Delete
with network devices. Get equipment.
equipment of a particular

type.

Get communication device  List all devices.

hierarchies

Retrieve a list of all
objects. Get object
properties. Update object
properties (commands).

N/A

Create and update
devices. List devices
behind gateways.

Get a list of all
objects. Update object
values (commands).
Add object values.
Create, get and update
groups of points.

List buildings in a
partition (e.g.,
campus). List building
parts (e.g., rooms).
Create location
hierarchy (e.g., room
on a floor). Get,
update, and delete a
location. Create, get,
update and delete
addresses. Get a 2D
geometry of floors.

EBI
N/A

N/A

N/A

N/A

Get objects
and

properties

N/A
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APIs of five (5) BMS vendors and their capabilities grouped into twelve (12) categories - continued from the previous page

Criteria/BMS Metasys

Time-series
Data

Energy

Carbon
Dioxide
Emissions

Assets

Energy

Scoring

Energy
Modelling

Get data for objects.
Get network device
attributes that have
time-series data. Get
data for network
device attributes

N/A

N/A

N/A

N/A

N/A

EnteliWEB

Get log records from
trend log objects.
Get a list of
historical or trend
log objects

N/A

N/A

N/A

N/A

N/A

EcoStruxure

Get device time-series data.
Get aggregated time-series
data. Get binned energy
usage data (value and cost)

Get energy production and
consumption data. Get
energy intensity data. Get
energy usage cost data. Get
meters and their
measurements. Get active
energy data. Get utility
(gas, water flow rate) data

Get aggregated carbon
dioxide data (requires
emission factor
configuration)

Get asset details, including
service level, maintenance,
and health indexes. Get
asset tickets. Create, get,
update and delete asset
ticket subscriptions. Create,
get, update and delete asset
health subscriptions.
Create, get, update and
delete site risk-level
subscriptions

Get a building performance
score. Create performance
scoring requests. Request
performance scoring status

Create an energy model.
Apply the existing model
to predict building energy
consumption. Assess model
quality savings

Desigo

Get time-series data
for points. Add point
values.

List all medium
(space and equipment)
consumption. Read
consumption per
location or meter.
Read consumption
cost per location or
meter

Read emission data
per location

Manage (get and
update) asset locations
and their relationships

N/A

N/A

EBI

Retrieve
time-series
data for
points

N/A

N/A

N/A

N/A

N/A
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TABLE VI: Comparison of Brick and Project Haystack Classes and Tags for Representing BMS Data Ac
Across Twelve Functional Categories

BMS API Category

Alarms and events

Audits

Equipment

Network Devices

Objects

Space

Time-series Data

Energy

Carbon Dioxide Emissions

Brick

Alarm class (which extends the Point class). Multi-
ple Alarm types, e.g., Air_Alarm, C02_Alarm, Fail-
ure_Alarm, Cycle_Alarm, Humidity_Alarm, etc. Event
class (from RealEstateCore)

Does not possess classes for BMS audits (e.g., compli-
ance audits) but may have classes to model audit data
generated by building systems, e.g., energy usage data.
Agent class could model building interactions with users,
which is important in compliance audits

Equipment class with multiple equipment types, e.g.,
ICT_Equipment, Elevator, Fire_Safety_Equipment, Me-
ter, PV_Panel, Lighting_Equipment, etc

ICT_Equipment class with multiple types, e.g., Audio-
VisualEquipment, Controller, Gateway, ICTHardware,
ITRack, and SensorEquipment

Does not have a direct class for BACnet objects but
has classes for the entities modelled as BACnet objects.
For example, the Point class can model point objects
like sensors and setpoints. The Command class, which
extends the Point class, can model command objects

Space class (from RealEstateCore) with multiple types,
e.g., Architecture, Region, and Wing. The Architecture
class has subclasses such as Building, Room, Level, Site,
OutdoorSpace, Zone, and SubBuilding

Sensor classes (e.g. C02_Sensor) have attributes for
lastKnownValue and aggregate of data. It is not meant
to store multiple time-series data

The Meter Class measures usage and consumption
of electricity with properties like measuredPower-
Input, measurePowerOutput, ratedCurrentOutput, rat-
edCurrentInput, ratedVoltagelnput, ratedVoltageOutput,
ratedPowerlnput, ratedPowerOutput, etc.,

The Outside_Air_C02_Sensor class has properties like
lastKnownValue and aggregate (for aggregated emis-
sions)

Project Haystack

Alarm tag for conditional notification. The
standard event tag, however, a custom tag to
events can be included

Does not possess classes for BMS audits (e.g
ance audits) but may have classes to model
generated by building systems, e.g., energy us

Equip tag with multiple subtags, e.g., actuatc
dlingEquip, airTerminalUnit, ates, battery, boi
chiller, circuit, coolingTower, etc.

Device, network, networking-device, network
and networking-switch tags

Does not have direct tags for BACnet objects,
tags for the entities modelled as BACnet ot
example, the point class can model data poin
sensors or actuators and cmd tags for comma

The space tag has multiple subtags, such as d
floor, room, and zone-space. The Floor has sul
as the ground-floor, roof-floor and subterrane:

curVal tag for current values of points. unit t
the unit of measurement. The curStatus tag
the status of a point’s value. currErr indicate
condition. The his tag is used for historical
hisMode indicates the way historical data is ¢

The meter, electric-meter, ac-electric-meter, d
meter, and equip tags models a kind of meter.
be used with the point and unit tags to measu
related phenomena.

co2 and point tags with quantities tags such ¢
tration, flow, and level to measure emissions
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