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Abstract. The full potential of Digital Twins (DTs) is hindered by the
challenge of integrating complex engineering models with high-frequency
runtime data from disparate sources. Existing approaches lack a unified
mechanism to query across the boundary of static models and dynamic
data, leading to fragmented and inconsistent DT systems. We introduce a
hybrid query language that unifies model and data retrieval, translating
queries into SPARQL for model access and SQL for data access within
a single declarative statement. Our evaluation demonstrates that this
approach overcomes the models-meet-data challenge by enabling scal-
able, near real-time queries, thereby paving the way for more robust and
integrated DT applications.
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1 Introduction

Existing Digital Twin (DT) solutions generally fail to adequately address the
models-meet-data challenge [17], which involves synchronizing models and data
across heterogeneous sources, managing their co-evolution, and providing unified
access. Current approaches largely capitalize on manual integration efforts [21]
which yields error-prone solutions that lack interoperability and mechanisms for
efficient synchronization, leading to fragmented and disharmonized DT systems.
The disconnect between models and operational data remains one of the primary
obstacles to full-scale DT implementation [8,15]. This challenge is further com-
plicated by the inherent heterogeneity of DT ecosystems, where cyber-physical
systems operate across multiple abstraction levels and temporal scales [4,24].
Commensurate with this, the central question of our work arises, viz., how can
we develop a unified mechanism to enable seamless integration, management,
and provisioning of heterogeneous models and data for DT engineering while
ensuring scalability and interoperability?

To this end, we propose a hybrid query language atop a repository for
DTs [22,23] for integrated model and data retrieval, to resolve the models-meet-
data challenge. Our approach enables efficient aggregation of models and runtime
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data with unified access, fostering interoperability and operational efficiency in
DT systems. Our solution builds upon established information integration prin-
ciples from cooperative information systems, including schema integration, dis-
tributed query processing, semantic interoperability, and data fusion [7,19], to
address the models-meet-data challenge in DT engineering.

Organization Section 2 outlines the context of our work, followed by Sec-
tion 3 where we outline our challenges and contributions. Section 4 discusses our
contributions in detail. We evaluate our proposal in Section 5 and discuss our
results in Section 6. We conclude in Section 7.

2 Background and Related Work

The effective implementation of DTs is hindered by a fundamental challenge: the
seamless integration of heterogeneous engineering models with dynamic runtime
data, known as the models-meet-data challenge [17]. This problem stems from the
historical separation between model-driven engineering (MDE) and data man-
agement technologies [22,23,9], which has led to fragmented tools and manual
integration efforts that lack scalability [21]. Consequently, models are managed
in specialized repositories with distinct query languages while runtime data re-
sides in separate databases. This fragmentation creates significant barriers to
DT operations by impeding the co-evolution of models and data [10], preventing
unified data access, and complicating the execution of hybrid queries essential
for consistency checking and comprehensive analysis.

Recent work in DT data management consistently highlights the unresolved
challenge of integrated model-data access [14]. While semantic approaches [13],
multi-scale modeling [24], and data-level integration using GraphQL [5] have
been explored, they lack a unified mechanism for querying across both engineer-
ing models and runtime data. Our approach builds on foundational data inte-
gration principles [7,19] to provide a concrete solution to the models-meet-data
challenge articulated by van den Brand et al. [17]. To the best of our knowledge,
no hybrid query language targeting both models and data in DTs currently ex-
ists; existing solutions rely on manual, non-scalable integration techniques [21,2],
reinforcing the novelty of our unified query interface.

Our work extends the DAIRY repository for DT engineering [22,23] in the
construction domain by introducing a unified models-meet-data representation
via knowledge graphs, and a Domain-Specific Language (DSL) with a query
generator and executor to enable hybrid querying across versioned models and
runtime data.

3 Challenges and Contributions

We aim to fill the research gap of seamlessly integrating models and data for DT
engineering with our proposed hybrid query language. It builds upon established
information integration principles while addressing the specific challenges of DT
environments, viz.,
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1. the integration of heterogeneous data sources,
2. the dynamic evolution of models and data, and
3. a lack of unified access mechanisms to models-and-data.

In resolving these challenges, we deliver the following contributions

1. advancing the DAIRY repository to support model-data integration,
2. a hybrid query language for integrated model and data retrieval, and
3. a prototype addressing the models-meet-data challenge.

thereby investigating the following research questions:

RQ1: What mechanisms need to be implemented within the DAIRY repository
to ensure seamless synchronization between evolving models and dynamic data
sources in DT systems?

RQ2: How can a hybrid query language be designed to effectively integrate and
retrieve heterogeneous model and runtime data in DT environments?

Our work is grounded in Design Science Research (DSR) [20] where the
central contribution is a hybrid query language embedded in a repository for
DTs. Our artifact evolved through multiple iterative cycles, each responding to
insights from the problem space, system feedback, and user trials [22,23], and is
implemented as a solution to the following design science problem [20]:

Improve DT engineering (context)

by designing a hybrid query language for models and data (artifact)
that satisfies the models-meet-challenge (requirement)

to deliver a unified representation on a physical twin. (goal)

4 A Hybrid Query Language For Digital Twin
Engineering

Our solution capitalizes on a global-as-a-view (cf. unified schema, local views) [16]
approach where a global data model for building runtime data (cf. Section 4.1)
is defined in terms of local data sources (e.g., devices in a building). This data
model is linked to a building model which establishes a knowledge graph and
lays the foundation for our hybrid query language (cf. Section 4.2).

4.1 Data Modeling

We link a static, ifcOWL-based building model (persisted in DAIRY) with a man-
ually defined dynamic data model following the star schema [3]. This integration
is achieved by generating a semantic data model using the SOSA /SSN ontology
from the dynamic data model, which creates a unified knowledge graph repre-
senting the building’s structure and its corresponding data schemas. Runtime
data is persisted in a dedicated relational database, to avoid the computational
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overhead and scalability issues associated with frequent, high-volume data inges-
tion in a knowledge graph. This design enables a lazy-linking approach, inspired
by lazy evaluation [6], where combined model-data queries leverage the knowl-
edge graph and redirect data retrieval to the appropriate SQL tables. This design
ensures that models and data can be queried independently without performance
degradation while allowing for their efficient, on-demand combination.

4.2 A Hybrid Query Language for Models and Data - BSQL

Our Basic Sensor Query Language (BSQL) is designed to retrieve both model
and runtime data by providing a simple and intuitive way to specify the in-
formation to retrieve. BSQL queries are structured into two main components,
viz., the SENSOR part and the DATA part. Consequently, queries are executed in a
two-step process:

(1) The SENSOR part is translated into SPARQL and executed against the model
store. It filters specified sensors and their associated static information from
the models (contained in IfcPropertySets at every sensor).

(2) The DATA part is translated into SQL and is executed against the data ware-
house to retrieve runtime data for each sensor retrieved in (1).

BSQL’s novelty lies in unifying querying across structured model repositories and
runtime data stores using a lightweight, composable syntax with lazy evaluation
semantics [6]. BSQL is implemented using Xtext [1] for developing the query
language and Xtend [1] for query generation.

<Statement> ::= 'SENSOR_SELECT' <PropertySelectType>
['WHERE' '{' <PropertyConditions> '}' ]
['ORDER_BY' <PSID_PID> [<Order>] {',' <PSID_PID> [<Order>]}]
['LIMIT' <INT>]

<PropertySelectType> ::= 'BASIC' | '(' <Clause> {',' <Clause>} ')

<Clause> ::= 'PROPERTY_SET' <PSID> 'PROPERTIES' '(' <PID> {',' <PID>} ')
<PropertyConditions> ::= ['NOT'] <PropCond> {('AND' | 'OR') ['NOT'] <PropCond>}
<PropCond> ::= <PSID_PID> <PropertyComparison> | '(' <PropertyConditions> ')
<PropertyComparison> ::= (* comparison against a value that the property holds *)
<PSID_PID> ::= <PSID> '.' <PID> | 'Sensor.Id'

<PSID> ::= <String>

<PID> ::= <String>

<Order> ::= 'ASC' | 'DESC'

Listing 1: Simplified syntax of the SENSOR part of our DSL (in EBNF) for
querying models-and-data. <String> denotes any valid UTF-8 strings, <INT>
denotes an integer, <PSID> a property set ID and <PID> a property ID.
<PropertyComparison> allow for detailed comparison and filtering of retrieved
data. Best viewed on a computer screen.

Sensor Queries. Listing 1 shows the grammar of the SENSOR part of queries
formulated using our hybrid models-meet-data query language. The SENSOR part
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of our queries is initiated with the keyword SENSOR_SELECT (Listing 1, line 1),
followed by optional clauses that specify property sets, each associated with
one or more properties of a sensor (1.5-6). The query can be refined using a
WHERE clause (1.2), which includes conditions that filter sensors based on whether
certain properties fall within specified sets of values, which then can also be
logically connected using AND, OR, and NOT (1.7-9). Additionally, the results can
be ordered using the ORDER_BY clause (1.3), which sorts the data in ascending
(ASC) or descending (DESC) order (1.13). The number of returned results can be
controlled using the LIMIT clause (1.4) followed by an integer. This enables the
construction of flexible and powerful queries to retrieve sensors from building
models based on various criteria. <PSID> (1.11) denotes a property set ID and
<PID> (1.12) a property ID, respectively.

<Statement> ::= 'DATA_SELECT' <DataSelectType>

['WHERE' '{' <DataCondition> '}']

['GROUP" 'receiveTime' <GroupByTime>]

['ORDER_BY' 'receiveTime' ['ASC' | 'DESC']]

['LIMIT' <INT>]
<DataSelectType> ::= 'x' | <AggregationType> {',' <AggregationType>}
<AggregationType> ::= 'MAX' | 'MIN' | 'AVG' | 'COUNT' | 'SUM'
<DataCondition> ::= [<AllSensorsConditions>] ['[' <SensorSpecificConditions> ']']
<AllSensorsConditions> ::= ['NOT'] <AllCond> {('AND' | 'OR') ['NOT'] <AllCond>}
<AllCond> ::= <ReceiveTimeCond> | '(' <AllSensorsConditions> ')
<ReceiveTimeCond> ::= 'receiveTime' <ReceiveTimeComparison>
<ReceiveTimeComparison> ::= (x comparison against the receive_time path *)
<SensorSpecificConditions> ::= <SensorCondition> {',' <SensorCondition>}
<SensorCondition> ::= <PayloadCondition> 'ON_SENSOR_WITH_ID' <String>
<PayloadCondition> ::= ['NOT'] <PathCond> {('AND' | 'OR') ['NOT'] <PathCond>}
<PathCond> ::= <Path> <PathComparison>
<PathComparison> ::= (x comparison against a path of modeled sensor *)
<GroupByTime> ::= 'PER_YEAR' | 'PER_MONTH' | 'PER_DAY' | 'PER_HOUR' | 'PER_MINUTE'
<Path> ::= ':' <String> {':' <String>}

Listing 2: Simplified syntax of the DATA part of our DSL (in EBNF) for querying
models-and-data. <String> denotes any valid UTF-8 string and <INT> an integer.
<ReceiveTimeComparison> and <PathComparison> allow for detailed comparison
and filtering of retrieved data. Best viewed on a computer screen.

Data Queries. Data queries complement sensor queries by enabling the re-
trieval of runtime data to combine static model information with dynamic run-
time data. Listing 2 outlines the grammar of the DATA part of our hybrid query
language for selecting and filtering sensor data. The DATA_SELECT statement
(Listing 2, line 1) is the core construct, allowing users to select data using either
predefined types or custom selections (1.6-7). The query can include a WHERE
clause (1.2) to filter data based on conditions, which can be logically connected
using AND, OR, and NOT operators (1.8-17). These conditions can pertain to the
receiveTime or specific measurements associated with sensors. The GROUP clause
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(1.3) allows data to be aggregated by time intervals such as year, month, or day
(1.18), while the ORDER_BY clause (1.4) specifies the sorting order of the results,
e.g., based on the receiveTime, or aggregations. Additionally, the LIMIT clause
(1.5) restricts the number of results returned.

Our hybrid query language for models-meet-data offers a powerful frame-
work for precise sensor and data selection and analysis. It allows users to define
complex queries with conditions, aggregations, and temporal groupings, enabling
targeted and efficient data retrieval from DTs via DAIRY. BSQL supports ad-
vanced filtering, sorting, and limiting of results, making it ideal for efficient
operational monitoring as showcased in Section 5.

5 Evaluation

We evaluated our approach using a real-world setting: a Living Lab at the Uni-
versity of Innsbruck, equipped with a heterogeneous network of 32 sensors mea-
suring environmental conditions (e.g., temperature, CO2, air quality), occupancy
(PIR, radar), and imaging data (thermal array). The evaluation focuses on two
aspects: (i) the performance and scalability of query execution (cf. Section 5.1),
and (ii) a practical use case from building management, identifying rooms where
temperature exceeds a predefined threshold (cf. Section 5.2). Following the star
schema (cf. Section 4.1), his scenario utilized a data model with one dimension
table for the sensors (devices), and two fact tables for both room conditions
(room_conditions) and occupancy (occupant_data), respectively.

5.1 Technical Evaluation

Execution Time vs Number of Sensors
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Fig. 1. Summary of query execution times.

To evaluate query efficacy, we benchmarked a hybrid query retrieving static
model data (room location) and the most recent dynamic sensor payload for a
variable number of sensors, from N=0 to 32. The primary execution overhead
stems not from the delegated SQL and SPARQL queries, but from the preced-
ing code generation and validation phase. This phase performs essential syntactic
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and semantic checks (e.g., verifying property IDs against the model) and incorpo-
rates optimizations such as reduced knowledge graph traversal and placeholder
replacement for efficient SQL generation [18]. As confirmed by the results shown
in Figure 1, the total execution time exhibits efficient linear scaling, validating
the scalability of our architecture.

5.2 Operational Runtime Monitoring.

Our use case in a larger context addresses occupant comfort and safety [2] by
querying the DT for rooms which temperature is not within a specified range
(e.g., due to a broken heater). Doing so allows to adapt building operations
continuously to better meet occupant comfort [2]. Specifically, we (i) check the
model of the aforesaid Living Lab into DAIRY [23], (ii) create the relevant data
model (cf. Section 4.1), and (iii) automatically collect data from the Living Lab
in DAIRY [23]. Observe that for this the sensors in the Living Lab are config-
ured to send data to the repository via MQTT. This establishes the foundational
infrastructure of a DT of the building which subsequently can be used for oper-
ational runtime monitoring.

We employ our DT to identify rooms which temperature falls outside a spec-
ified range (observe that in our example we only have one room which however
does not negatively impact the correctness of our results and later conclusions
in Section 6). Given BSQL, we next formulated a query that allows to identify
sensors in a building model and subsequently filter for those, whose temperature
readings fall outside a specified range. By being located inside a room in the
building model we can further extract room information via the sensor. This re-
sults in a list of sensors alongside their location (e.g., the room) in the building
whose temperature readings fall outside the specified temperature range. List-
ing 3 (see p. 8) shows the corresponding query. First, in the SENSOR_SELECT part
we extract relevant temperature sensors from the building model using family
and type; in the subsequent DATA_SELECT part we then query for those sen-
sors whose temperature measurements fall outside a specific range (e.g., 20°C —
22°C).

Listing 4 (see p. 8) shows the raw JSON reply as a list of sensors and their
locations, cf. the rooms they are located in, falling outside the specified tem-
perature range. In our example, Room A needs attention. Facility managers thus
using a few known relevant sensors IDs can easily check and identify anomalies,
and react appropriately (e.g., by fixing a broken heater). The total execution
time of the query was ~0.235 seconds once again showcasing the performance
of our proposal in that it allows to establish near real-time monitoring cycles
(ignoring any latency related to the retrieval of building data which is outside
our control).

The query from Listing 3 readily can be adapted to other use cases, e.g.,
querying for occupied rooms where the temperature level reaches a critical
threshold that could negatively affect an occupant’s health, depending on the
available sensors. As an example, Listing 5 (see p. 9) shows a query for identifying
occupied rooms whose temperatures exceed a threshold of 30 °C.
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SENSOR_SELECT (
PROPERTY_SET 'Allgemein' PROPERTIES ('Room'),
PROPERTY_SET 'Andere' PROPERTIES ('Familie und Typ')

)
WHERE {
Sensor.Id IN ('41','42','43') AND
'Andere'.'Familie und Typ' = 'Temperature_Sensor_Surface: XENSIV PAS CO2 - Temperature'

}
DATA_SELECT * WHERE {
receiveTime BETWEEN '2024-12-30 23:00:00' AND '2024-12-31 00:00:00'

L
:'temperature' NOT_BETWEEN 20 AND 22 ON_SENSOR_WITH_ID '41',
: '"temperature' NOT_BETWEEN 20 AND 22 ON_SENSOR_WITH_ID '42',
: '"temperature' NOT_BETWEEN 20 AND 22 ON_SENSOR_WITH_ID '43'
]

3
ORDER_BY receiveTime DESC LIMIT 1

Listing 3: Hybrid query for retrieving all rooms whose current temperature read-
ings fall outside specified ranges.

{"bsql_response”:{"sensors":[{"static_dimension":{"Andere":{"Familie und
Typ":"Temperature_Sensor_Surface: XENSIV PAS CO2 - Temperature”},"Allgemein”:{"Room":"Room
A"}},"dynamic_dimension”:{"reading_count”:1,"metadata"”:{"temperature”:"DOUBLE","receive_time":
"TIMESTAMP"}, "sensor_readings”: [{"temperature”:17.74743080882481, "receive_time":"2024-12-31
00:00:00.0"}13}, "sensor_id":"42"},{"static_dimension”:{"Andere":{"Familie und
Typ":"Temperature_Sensor_Surface: XENSIV PAS CO2 - Temperature”},"Allgemein”:{"Room":"Room
A"}},"dynamic_dimension”:{"reading_count”:1,"metadata"”:{"temperature”: "DOUBLE", "receive_time":
"TIMESTAMP"}, "sensor_readings”: [{"temperature”:17.59644148648948, "receive_time":"2024-12-31
00:00:00.0"}13}, "sensor_id":"43"},{"static_dimension":{"Andere":{"Familie und
Typ":"Temperature_Sensor_Surface: XENSIV PAS CO2 - Temperature”},"Allgemein”:{"Room":"Room
A"3}3},"dynamic_dimension”:{"reading_count”:1, "metadata”:{"temperature”:"DOUBLE", "receive_time":
"TIMESTAMP"}, "sensor_readings": [{"temperature”:17.598542091060978, "receive_time":"2024-12-31
00:00:00.0"3}1},"sensor_id":"41"3}], "sensor_count"”:3}, "execution_time":"PT0.235859844S5"}

n.on

N
N
N
<
<
N
N
N
<
N
N
N

Listing 4: Raw JSON response to our query for operational runtime monitoring
of room temperatures, showing rooms where sensor readings fall outside the
specified range (cf. Listing 3). Room A is falling outside the range.

6 Discussion

Our work provides a concrete solution to the models-meet-data challenge [17]
by introducing a hybrid query language that unifies static model representations
with dynamic runtime data. In contrast to existing DT solutions that maintain
separate infrastructures and rely on ad-hoc integration [2,21], our approach is
grounded in established data integration principles [7]. By linking an ifcOWL-
based building model with a SOSA /SSN-based data model, we establish a unified
semantic framework that enables a single declarative language, BSQL, to retrieve
data across these distinct paradigms using SPARQL and SQL.

In answering our research questions, we extended the DAIRY repository with
two key design strategies: a clear architectural demarcation between model and
data stores (cf. RQ1), and a lazy-linking mechanism for on-demand data fusion
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SENSOR_SELECT (
PROPERTY_SET 'Allgemein' PROPERTIES ('Room'),

PROPERTY_SET 'Andere' PROPERTIES ('Familie und Typ')

)
WHERE {

(Sensor.Id IN ('41','42','43"') AND 'Andere'.'Familie und Typ' = 'Temperature_Sensor_Surface:

—s XENSIV PAS CO2 - Temperature') OR

(Sensor.Id IN ('55','56') AND 'Andere'.'Familie und Typ' = 'PIR_Sensor_Surface: HC-SR501")

}
DATA_SELECT * WHERE {
receiveTime BETWEEN '2024-12-30 23:00:00' AND
C
:"temperature' > 30 ON_SENSOR_WITH_ID
: "temperature' > 30 ON_SENSOR_WITH_ID

'2024-12-31 00:00:00"
M,

42

:'"temperature' > 30 ON_SENSOR_WITH_ID

:'occupant' = TRUE ON_SENSOR_WITH_ID '55',
:'occupant' = TRUE ON_SENSOR_WITH_ID '56'

]

3}
ORDER_BY receiveTime DESC LIMIT 1

Listing 5: Adapted query from Listing 3 to check from occupied rooms with a

critical temperature level.

(cf. RQ2). Our evaluation demonstrates that this approach not only maintains
consistency and operational efficiency but also ensures scalable query perfor-
mance. The ability to handle advanced scenarios, such as temporal and semantic
filtering, through a single interface simplifies the analytical processes for prac-
titioners. This work therefore represents a significant step toward overcoming
the fragmented data representations and synchronization challenges that have
hindered the development of robust, integrated DT applications.

In direct contrast to related work (cf. Section 2), our approach establishes a

unified semantic framework by linking an ifcOWL-based model with a SOSA /SSN-

based data model. This enables a single declarative query language, BSQL, that
applies formal schema integration principles rather than relying on ad-hoc me-
diation. By embedding this language within the DAIRY repository, our solu-
tion overcomes the limitations of fragmented data representations and inconsis-
tent model-data synchronization seen in previous work. The key architectural
decisions—separating model and data stores while enabling on-demand fusion
via lazy-linking—ensure both scalability and practical applicability in resolving

model and data integration in DTs.

6.1 Limitations and Future Work

Future work will address three key limitations. First, the expressiveness of BSQL

is currently limited to properties directly defined via IfcRelDefinesByProperties;

we plan to investigate property inference through path traversal [11] and OWL
reasoning [12]. Second, we will work to mitigate the initial query compilation
latency (cf. Section 5.1) by optimizing the query planning and code generation
pipeline to better support highly dynamic settings. Finally, the generalizability
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of our approach will be assessed by extending our evaluation to other domains,
such as industrial automation and healthcare, which is facilitated by the repos-
itory’s underlying RDF-based architecture [22,23].

7 Conclusion

In our work, we presented a hybrid query language designed to address the
challenge of integrating heterogeneous models with dynamic runtime data in
DT engineering. We developed our approach within the context of the DAIRY
repository, where static building models represented in ifcOWL are seamlessly
connected to runtime data stored in a relational database through a unified
semantic framework. By mapping static model information to SPARQL queries
and runtime data to SQL queries within a single declarative query language,
cf. BSQL, our solution not only simplifies access but also enhances consistency
across different data sources.

Our evaluation, conducted in the context of building operations, revealed
that the proposed hybrid query language is capable of efficiently retrieving and
aggregating sensor data while maintaining scalable performance as the number
of sensors increases. Overall, our contribution presents a solution to resolving the
models-meet-data challenge in DTs. The unified querying approach developed in
our work paves the way for more reliable and efficient integration of diverse data
sources, facilitating real-time monitoring and comprehensive analysis without
imposing the complexity of multiple, disjointed query interfaces.

Acknowledgments This research has received funding from the Austrian Re-
search Promotion Agency (FFG) under Grant Agreements No.: 910225, BORE-
ALIS, and 898708, TwinLight.
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