2021 European Conference on Computing in Construction
Online eConference
July 26-28, 2021

An Application of the PROV-O Vocabulary to Building Energy
Performance Simulation
Cathal Hoare1 , Sergio Pinheiro1,2 , James O’Donnell1 ,
1 School of Mechanical & Materials Engineering and UCD Energy Institute,
University College Dublin, Ireland
2 BAM Ireland, Kill, Co. Kildare, Ireland

ABSTRACT
Like many technological advances, Building Energy
Performance Simulation (BEPS) tools face barriers
to their adaptation. Stakeholders must be able to
trust results - building owners and occupiers want to
know how the results will benefit them, while companies require a return in investment through the use
of such tools. Furthermore, engineers using such systems should be able to examine their use over time to
tune their accuracy. Provenance systems seek to capture information that can be used to fulfill these goals.
An application of the W3C PROV-O vocabulary to
record typical BEPS processes is described. An interface to support engineers when recording provenance
data is then introduced.

INTRODUCTION
The building sector accounts for a significant portion of the overall energy demand and greenhouse
gas emissions of any country. Around 39% and 36%
of the CO2 emissions are associated with buildings
in the United States and Europe respectively (Energy for Europe by European Commission 2018). In
Europe, buildings are responsible for 40% of overall
energy consumption. One viable solution is to analyze the energy performance of buildings and use the
results to inform various decision-making processes.
While the body of work around this approach is well
developed, many obstacles remain. Though willing
to embrace new technologies, companies and government bodies are concerned by the accuracy of results
(ECTP 2019). An environmental and energy performance gap between predicted and operational buildings is a widespread industry issue (de Wilde 2014).
This can occur for a number of reasons, including
quality of data input to the simulation process, as
well as flaws in the process itself (Ali et al. 2019). A
wider societal mistrust continues to grow around simulations and other data intensive approaches such as
deep learning. This creates a hesitancy to share data
and adopting results from these types of processes
(González et al. 2019).
Data provenance helps promote trust and enables
mechanisms to help users of BEPS modelling outputs
to have confidence in those results (Zafar et al. 2017).

The work described here would enable various parts
of a BEPS process to be attributed to individuals
and organizations as well as enable resproducability
and analysis to improve accuracy. These concepts
have been identified as key components for producing
trust amongst consumers of modelling results (Stoica
et al. 2017); that work identified explainable results
as a key goal in the field of AI, Information Retrieval,
Search and other fields. Consumers of results (technical experts through to building owners) must be
confident that answers provided by decision support
systems provide causal inferences rather than coincidental results. This is achieved by:
• being able to explain the source and quality of
inputs to an Artificial Intelligence (AI) system;
• being able to identify the the properties of input
that caused a result to be derived;
• being able to examine the effect of small perturbations to these inputs and allow engineers to
experiment with these changes to assist in developing their understanding of the inputs, models
and their outputs.
Stoica et al. (2017) further assert that a key requirement for supporting explainable simulations is ensuring their reproducability. To provide suitable metadata and mechanisms that admit these goals is to
provide an explanation of a model’s data and process
provenance.
Data provenance, also known as data lineage or
data pedigree is concerned with providing a history
of the steps - including any data and process - used to
derive some new data artifact. Provenance research
has evolved in science and engineering, especially in
areas under scrutiny, such as climate change, business
where financial records are subject to formal review,
engineering fields, such as aeronautical engineering,
and food and pharmaceutical production (Glavic &
Dittrich 2007). A search of research literature found
few concrete references to data provenance in the construction domain; related fields, such as change management and version control, would, in the authors’
opinion, inform a broader provenance view of BEPS.
The overarching aim of this paper is to address this

deficit by exploring how the PROV-O linked data vocabulary can be applied to record BEPS provenance.
The paper continues by reviewing existing work
in the area of provenance, and in particular, its application to BEPS. Then, a typical BEPS process is
described and the PROV-O provenance vocabulary is
reviewed. A description of the application of PROVO to record a BEPS process is then provided. The paper will continue by describing an interface that was
developed to simplify recording BEPS provenance.

BACKGROUND
A review of the literature for the Architecture, Engineering and Construction (AEC) domain finds few
references to work on provenance. However, provenance has been applied in science and engineering
domains such as scientific simulation, food production and business (Simmhan et al. 2005a,b). This
section seeks to place these works in the context of
provenance, discussing their relevance alongside references to related work on provenance in other domains. Data and process provenance has several
purposes. Within the AEC domain, these include
Audit/Attribution, Replication and Data Quality.
Audit/Attribution is the ability to learn about the
source of information, including, but not limited to
the ability to know who created information and both
how and when this occurred (Ambrosio et al. 2017).
This application is not just about attributing information to individuals, but, for example, can also be
used to trace faults with measuring equipment. Replication is the ability to recreate a process (Zafar et al.
2017), and is used to examine the execution of a simulation, perhaps to compare with real world data in
order to refine the accuracy of the process for future
applications (Leschert & Mclean 2015).
Several approaches have been explored to provide provenance. These range from extensions to
databases to the use of linked data based approaches.
While some focused on describing provenance of data
or process (Hasham et al. 2018), we focus on an encompassing solution in order to address all three purposes discussed earlier. Several provenance standards
have been proposed. Because of their broad applicability, and ability to admit reasoning, we focus on
linked data based provenance approaches as described
by (Moreau et al. 2015). A range of other implementations approaches have been taken to support provenance, including the use of Blockchain (Liang et al.
2017) and bespoke metadata schema for high performance computing environments (Dai et al. 2019).
Indeed, scalability and operational overheads has received extensive attention, for example, Suh et al.
(2019); while these approaches have merit, we believe
that linked data provides a solution that is easier to
implement and maintain in the context of the BEPS
application context.
While many works focus on the process of cre-

ating and managing provenance data, the ability to
reason about this information is key to answering
more complex questions. Semantic and linked data
approaches are particularly suitable for this purpose.
Made up of structured data, annotated using the Resource Description Framework (RDF) standard and
ontologies expressed using Web Ontology Language
(OWL), that provides meaning for the RDF annotations, these data can be reasoned about both in terms
of its values and the relationships between these. The
PROV-O ontology (PROV-O: The PROV Ontology
2013), described in greater detail in the next sections, is provided by W3C as a baseline standard
for expressing provenance information. Several other
projects have explored the provision of provenance
data using linked data approaches. Ornelas et al. describe the development and use of Open Provenance
Model Ontology‐e (OPMO‐e) ontology for describing
and reasoning about large scale scientific experiments
(Ornelas et al. (2018)). Shaon et al. describe how
the Digital Object Identifier (DOI) ontology was combined with others such as the data re-use standard,
OAI-ORE, to provide the ability to reason about research that was input to a report in order to support the veracity of climate research (Shaon et al.
2012). Leschert et al. describe the development of
a linked-data approach to capture and reason about
the provenance of power systems (Leschert & Mclean
2015); this is used to audit these systems to maintain,
tune and enhance their operation.

SUMMARY OF ENERGY MODELLING
PROCESS
The energy modelling process is composed of entities
and relationships that describe an energy modelling
session. This was derived both from interviews with
energy modelling experts and with reference to IEA
EBC Annex 60 project which promoted research and
development of new methods to help design and operate energy eﬀicient buildings and communities (Wetter & Van Treek 2017). The steps consist of:
• Step 1 - Data Collection: data collection is perhaps
the most variable step in data modelling. Information can originate from a variety of sources,
including drawings, survey information and sensor data. The collected data, the process and
tools used to collect these data along with the
agent that conducted the measurements are all
variables that influence the accuracy of this step,
and so should be recorded. Furthermore, data
collection is implicitly part of the energy modelling process, but may be carried out independently - both in terms of process and time - from
the actual modelling process;
• Step 2 - BIM-based CAD Tool: this tool is used to
collate collected information. Driven by a software process, details of the software and hard-

ware platform should be recorded to ensure that
the model is reproducible. Any changes made to
the data in the BIM should also be recorded;
• Step 3 - Export Tool: this is also a software artifact.
It is used to export a defined subset of data from
step 2. Both the software version and the configuration of the platform it runs on, along with
any run-time settings can effect the model’s outputs. While largely a software step, the version
of step 2’s data that the process was applied to
should be recorded to ensure traceability;
• Step 4 - Data Transformations: various transformations can be applied to the exported data,
fundamentally changing its character, and so influencing the model’s output. Recorded details
would include for example, procedures, software
versions and its configuration;

and plans that represent collections of entities, entities that describe provenance and entities that describe ordered sets of actions that allow agents to
achieve some goal. Entities are further expanded
through the use of intra-entity relationships. Agents
describe someone or something that trigger an activity resulting in the creation of or changes to entities.
The PROV-O standard provides several sub-classes
of agent including Person, Organization and Software
Agent. An activity is something that acts upon an entity and is triggered by an agent. These classes are
quite flexible in structure, consisting of a class ID and
an optional set of attributes; this structure provides
great flexibility when recording provenance.

• Step 5 - Quality Control: various quality control
steps can be applied to the exported data, fundamentally changing its character, and so influencing the model’s output. Details recorded include
procedures followed and evaluation criteria;
• Step 6 - Import Tool: this step is heavily influenced by software. Like the earlier export step,
both the software version and the configuration
of the platform it runs on, along with any runtime settings can impact the output of the overall
modelling process;
• Step 7 - Simulations Tool (e.g. EnergyPlus): similar
to steps 2, 3 and 6, software version, hardware
details and settings should be recorded to ensure
traceability;
• Step 8 - Outputs: the output of the modelling process may be used as input to other processes, or
appear in reports or documentation. In order to
allow these uses to be traced back to the modelling process, they should be properly attributed
to the modelling instance.
This description shows that BEPS modelling is a complex collaborative workflow, with multi-facetted data,
multiple human agents and complex software running
on multiple hardware platforms.

The PROV-O VOCABULARY
W3C’s PROVPROV-O: The PROV Ontology (2013)
is a collection of 12 documents that describes standards that seek to fulfill the requirements of the
Provenance Incubator Group. At its core is the
PROV-O ontology (shown in Figure 1) that describes
3 classes, and 7 fundamental relationships between
these; ancillary classes and relationships are also defined, such as use of datetime to track temporal aspects provenance. Within the ontology, entities describe physical, digital or other concepts. The ontology extends the term to include collections, bundles

Figure 1: W3C’s Prov-O (PROV-O: The PROV Ontology
(2013)) Ontology for Provenance Management.

The classes are related through a set of relationships. Activities can use an entity or be informed
by other activities. They also have a begin and ﬁnish
time. Entities are derived from one another and can
be generated by activities.
This ontology can be used to record and, subsequently, answer questions such as who carried out
some activity, or what was the initial information
used by some activity. When several activities are
chained into a plan, the ontology allows for a rich understanding of the process, and admits attribution,
recreation of the process and data quality traceability back to original sources of information.

APPLYING PROV-O TO THE MODELLING PROCESS
The paper continues by examining how the PROVO ontology is applied to create a representation for
the provenance of each step in the modelling process.
This representation provides a set of relationships between activities, agents and entities that can be used
to audit or reproduce the modelling process, attribute
data and modelling steps and provide a basis for measuring data quality. The steps, shown in Figure 2,
while derived from detailed interview with BEPSs

specialists, are illustrative, and other processes can
be accommodated.
Steps 1 & 2 - Collecting Data and Importing to BIM
The provenance process begins by creating a representation of the simulation to provide context for the
provenance data and any published results. We can
say that the modelling process explicitly starts once
the information is available, and indeed, when provenance is employed to reproduce the modelling process
or to attribute actions in the process to some activity
or agent, then tracing as far as data input is suﬀicient;
data can be attributed to its source, and having data
sets in their original form allows a simulation process
to be rerun. In order to assess data quality, it is ideal
to have each data set’s provenance, including how the
data was acquired, details of hardware used, qualifications of operators of equipment, and any other factors that might affect data quality. However, this
information may not be available - third parties responsible for its measurement may not record such
details.
The import process is described by the Import
to BIM activity and involves the input data and updated BIM state (each an represented as an entity)
and three agents representing the modeler, the company for which he works and the BIM server to which
information is up-loaded. The company is responsible for maintaining the BIM server, while the modeler
is responsible for triggering the import process. The
BIM server is considered to have done the actual import. The modified BIM state is attributed to the
three agents and can be said to have been generated
by the import activity which used the input entities.
The only actual data source that persist in the
BEPS process are the input data sources. Thereafter, the comprehensive view of processes applied,
and recorded in the provenance system, will allow
recreation of intermediate data states. Therefore, the
focus is on the state of software or any manual steps
taken by agents.
Step 3 - Exporting from BIM
The provenance for the next step of the process, involves describing how the collected data from the
BIM server is exported to produce a data set that
can be cleaned and imported to, in this case, EnergyPlus to execute the actual modelling process. At
this point, two entities, the BIM’s data set and the
exported data are represented. These are acted upon
by the export from BIM activity, and acted upon
by four agents, including the BIM server, the export
tool, the modeler and their company. The exported
dataset is derived from the BIM’s data. The activity uses the BIM’s data set to generate the exported
data set. The activity is informed by the BIM server
and export tool software agents, while the activity is
done by the modeler that triggers the export process.

The exported dataset is attributed to the export tool,
modeler and company. Finally, the company is responsible for the software agent’s maintenance. The
steps taken by the modeler, and especially the configuration of the export tool is the most important
information recorded in this step.
Steps 4 & 5 - Transformation and Quality Control
Steps 4 and 5 deal with transformation and cleaning of the exported data. The provenance models for
both steps are broadly similar consisting of two entities, the data input to the step, and the resultant output for the step. Each step has an associated step and
is associated with three agents - the modeler carrying out the steps, their company (with its aforementioned responsibilities for maintaining software and
platforms) and any tools used in the transformation
and cleaning processes. As in earlier steps, the output data set is derived from the input set, while the
activity uses the input to generate the output. The
activity is informed by any software tools, while the
activity itself is done by the modeler who triggers the
use of software agents in pursuit of the goals of the
task. The output is attributed to the three agents.
These steps differ from previous steps somewhat
in that the activities are bespoke for the simulation being undertaken. Some of these may involve
applying calculations to the data, substituting values, replacing values such as those from archetypes.
Where these actions are standard, the actions taken
along with references to company standards and procedures documents that describe the steps, should be
recorded for the activity (process document). Where
the actions are bespoke, each should be rigorously
documented; the level of detail provided should be
suﬀicient to allow another agent to reproduce the actions.
Step 6 - Importing to EnergyPlus
This step is largely software based. Again, there are
two entities, the cleaned data, as input, and the EnergyPlus state after import. The activity is supported
by four agents - two software, the import tool and
EnergyPlus software, the modeler and the modeler’s
company. The import tool and modeler do the activity, and the activity is informed by the EnergyPlus
software. EnergyPlus’ state is informed (updated) by
the import tool agent. Similar in structure to Step 3,
the same relationships exist between the entities, the
entities and activities, and the output is attributed to
EnergyPlus, modeler and company. The steps taken
by the modeler, and especially the configuration of
the import tool is the most important information
recorded in this step.
Step 7 - Simulation
The model for Step 7 is - like Steps 3 and 6 - largely
software oriented. While the modeler agent is responsible for configuring the simulation engine and editing

Figure 2: Prov-O Representation for all 8 BEPS Steps.

the editing the input file for simulation, it is the software itself that is best positioned to record its own
state. Again, there are two entities - output derived

from input, and associated with the simulation engine
using the same relationships as before. Three agents,
the EnergyPlus software, modeler and his/her com-

pany are also included, again sharing the same relationships as in previous steps. The steps taken by
the modeler, and especially the configuration of the
EnergyPlus tool is the most important information
recorded in this step.
Step 8 - Using the Simulation Output
Step 8 describes how a result persists. The model described here assumes that some system assists with
the tracking of results. Where this is the case, a representation of the result - the output file, or a document describing the results - would be published to
the repository; the simulation object in the provenance model would be updated to reflect this. This
final published entity is derived from the EnergyPlus
result entity and generated by the publication entity.
The action is triggered by the modeler on behalf of
the company.
Step 8 is divided into explicit and implicit uses;
this acts as a boundary between actions that are part
of the BEPS modelling process and those that represent subsequent use of information generated by the
process. This is captured by a generic Further Use
activity. This activity generates some output by synthesizing many sources of information; therefore, this
new entity is not derived from the modelling result.
In this case the agent involved carrying out this task
should cite the source - the modelling process’ result and update the result’s citation list. This step creates
a lineage from the entities that use the result through
to the inputs to the modelling process.

IMPLEMENTING THE MODEL
We now present a prototype system for tracking data
provenance during a BEPS process. The system is
implemented as a standalone tool as it is recording
a process that is implemented as a tool-chain that
consumes multiple independent information sources.
The user interface of the prototype is intentionally
simplified - for example, allowing users to upload documents to describe activities or refer to online information sources - rather then explicitly asking for this
information. This is for two reasons: first, it allows
reuse of documentation, and second, it allows the prototype to describe a wide range of scenarios. The
section will conclude by presenting how the prototype records information about each step of the BEPS
modelling process.
An engineer would initially be presented with a
pair of screens that organize tasks in a project component hierarchy. Each task is represented by information about the task and a collection of steps, as
described earlier (see Figure 3). General data about
the task includes its title, responsible person in the
company, last modified data (and other metadata),
and an overall quality score for the task. Each step
that has been completed to date is listed in a table below. Each step is described by its metadata including

a title, quality score, modified time and responsible
person. Clicking on the row expands it to reveal a
list of PROV-O relationships that describe the overall provenance for the step. Steps are related through
their input and output data artifacts; for instance,
Step 1’s output is an input for step two. Relationships
between entities within the step are described, for example the fact that the export tool was executed by
a particular person is captured. Note the entity type
- process, agent, source or output - is captured in abbreviated form in the triple. These triples are stored
in an Apache Jena triple store and so can be subsequently reasoned about using SPARQL queries. This
tabular view will be augmented at a later point with
a graphical representation. New steps can be added
by clicking on the appropriate button to add a new
step. The first involves providing general metadata
about the step, including title and responsible person.
Any new processes, agents or data entities not previously represented on the system must then be added.
The process description must always be added here
as it will contain nuanced details that were not previously represented on the system. Other entities will
usually have to be added - for example, the output of
the step will generally be unique to the step and task.
These details are added via pop up dialog boxes that
capture the information described in Figures 4.
Adding details of a new step continues by prompting the user to describe the process by capturing relationships as triples. This is simplified by listing data
entities, processes and agents associated with the task
in drop-downs, along with provenance relationships,
allowing users to quickly enter the required details.

CONCLUSIONS
BEPS holds demonstrable promise in contributing
to the development of an energy eﬀicient buildings
and lowering energy emissions. These approaches
suffer from several drawbacks in their implementation. Overall, there is a lack of confidence in such
approaches. A performance gap often occurs between predicted energy consumption and that observed once a building is operational; this gap can
occur for a number of reasons, including inaccurate
inputs and missteps in the simulation process. The
performance gap, concerns about value for money,
along with other trust related issues reduces the adoption of simulation results by stakeholders, including
the wider construction industry, decision makers and
occupants.
This work posits that providing a system that
provides auditable, replicable and explainable results would increase trust in BEPS modelling. By
making results auditable, issues around quality can
be resolved by investigating what data or process
step caused gaps between predicted and actual outcomes; furthermore, the system allows for correction
of other outputs where erroneous data sources or pro-

Figure 3: Interface that describes a simulation step, including a summary steps taken to complete the task. Each step can be viewed in
detail by clicking on a row.

Figure 4: Interface used by an engineer to describe step in a simulation task, including an evaluation of the impact of this step on
quality of the simulation.

cess outputs were used. Results are made explainable
through the provision of a nuanced view of the process and data employed. Overtime, the system would
provide feedback to improve design processes by identifying where errors occurred.

FUTURE WORK
While this work has significantly advanced the topic
of provenance for BEPS, several outstanding issues
remain. The human factors impact of using this
type of tool must be investigated. Questions such
as whether the approach provide burdensome for engineers, whether engineers will take the time to accurately record information, and how the quality of
provenance information be measured and maintained
remain open, and of significant importance. Approaches to assist in the analysis of provenance also

remain open. While SPARQL provides an expressive means of accessing provenance information, its
use is relatively specialized. Improved analysis and
reporting tools are required to make the information
captured by systems such as the one described here
more accessible.
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