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Abstract: Testing and verifying applications (Apps) are essential for a software-driven intelligent
building system. Traditional methods connect App programs to hardware devices for debugging
and testing on the engineering site. However, App bugs can hardly be found out before they are
being deployed and thus always require an extended debugging cycle. To address this issue, we
propose a cyber—physical simulation and verification platform named AppSimV, which enables the
testing and verification of Apps in a mimic real scene. Taking swarm intelligence building as an
example, this paper focuses on the cyber—physical architecture of AppSimV and its implementation
mechanisms, including the standardized encapsulation of software components for the building
physics model, a multitask scheduling simulation engine, a cyber—physical interaction interface, and
the visual monitoring of the simulation process. The implementation mechanisms not only accurately
simulate actual engineering scenarios but also facilitate the early detection and correction of issues
that may arise during the App’s runtime, thus reducing the debugging time required for the App.
With 1200 intelligent physical nodes connected in a swarm hardware system, AppSimV was validated
by conducting the strict testing and verification of a set of Apps for an intelligent building. The results
show that AppSimV is sound and reliable.

Keywords: intelligent building applications; real-time simulation and verification; cyber-physical
simulation platform

1. Introduction

With the continuous improvement of information technology, intelligent buildings
have become the most important part of smart city construction, which provides impor-
tant support for the green and low-carbon operation of buildings [1-7]. In recent years,
intelligent buildings have gradually become software-intensive and software-defined [8].
Specifically, swarm intelligent building systems [9-14] that function based on Apps are
typically representative of this type of technology, which attracts great concerns in the
industry. In such cases, effectively testing and verifying the App is critical to guarantee its
efficient deployment and the successful operation and maintenance of intelligent buildings.
However, at the current stage, the development and debugging of intelligent building
applications are generally performed at project sites [15,16] and affected by issues such as a
long debugging cycle, the late discovery of problems, and the lack of systematic support.
Some scholars have attempted to explore the verification of key algorithms used in intelli-
gent building Apps in the form of simulation platforms before deployment to the project
site [17-25]. However, the operating environment of application algorithms is generally
a simulation software (such as MATLAB), and the hardware computing environment of
an actual project site can hardly be appropriately considered [26-30]. Therefore, the effec-
tiveness and reliability of simulation verification may easily be affected. Therefore, how to
build intelligent building application simulations and verification platforms that mimic the
real scene of an actual project is important.
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With the swarm intelligent building system as an example, an open and scalable
intelligent building application simulation and verification platform, named AppSimV, is
proposed based on the integration of cyber—physical technology. In AppSimV, the intelligent
building application runs with a real hardware controller (physical system), and the control
objects in the App (such as the building chiller, water pump, etc.) exist as virtual simulation
entities. Interactions among all objects and entities are considered in both directions
through a physical network system. Additionally, a virtual entity encapsulation method
for building unit objects is proposed to realize the dynamic expansion of the building
simulation entity library in the platform. Thus, a new intelligent building application
simulation and verification platform that can simulate the real engineering environment is
formed. The main innovations of this work are summarized as follows:

(1) An AppSimV architecture that integrates cyber—physical ideas is established. In
this hardware-in-loop architecture, Apps run on real hardware controllers (physical
systems) and interact with virtual simulation models of building units (cyber systems),
which provide a platform that is close to the reality scenarios of buildings.

(2) The universal model for real-time simulation of building units and the method of
component encapsulation are proposed, which achieve the mirroring, residence,
execution, and interaction of building elements and operational processes to the
information world.

(38) The AppSimV foundation software system is implemented. It includes a kernel engine,
virtual real interaction middleware, and simulation process visualization monitoring
software, which form a full scene real-time simulation support environment for testing
and verifying the Apps of buildings.

(4) A systematic test and an evaluation experiment for the AppSimV platform are con-
ducted, including software testing and multi-application experiments. The experi-
mental results show the effectiveness and availability of AppSimV.

The rest of this paper is organized as follows. Section 2 introduces background and
related work. In Section 3, the framework of AppSimV is given. Section 4 introduces the
key implementation mechanisms of AppSimV. In Section 5, the availability and reliability
of AppSimV is verified. Finally, Section 6 concludes the paper.

2. Background and Related Work
2.1. App-Based Swarm Intelligent Building System

The swarm intelligent building system is proposed based on the spatial distribution
of buildings. The buildings and their electromechanical systems in the building space
are regarded as a decentralized network composed of building space units and large
electromechanical equipment, which is [9-14,31-33] shown in Figure 1. Each building
space unit and electromechanical equipment corresponds to a computing process node
(CPN) [34-36]. App developers who are permitted or under granted can upload the
developed swarm intelligent building application to the application store. The intelligent
building system downloads an App from the App store to a CPN during construction
debugging, and the CPN manages and controls the building through the running App,
as shown in Figure 2. This process forms a new software-defined architecture. In the
App-based swarm intelligent building systems, Apps play a direct role in the operation,
management, and control of the swarm intelligent building, providing strategies and
control algorithms for the operation of the intelligent building. However, in the open and
multi-source software development model, in the actual engineering application stage,
developers often find it difficult to enter the engineering site in advance, causing the App
to encounter difficulties and challenges during development, testing, validation, and other
aspects. Therefore, conducting rigorous testing and validating swarm intelligent building
applications in near-real engineering scenarios before deploying them to actual engineering
sites is very important.
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Figure 1. Schematic diagram of the swarm intelligent building system architecture.
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Figure 2. Development and deployment process of swarm intelligent building application.

2.2. Related Work

Research on and the construction of simulation platforms for buildings and the cor-
responding facilities and equipment are important for scholars around the world in the
field of intelligent buildings. With the continuous development of building simulation
technology, such technology has been widely used in building environments and other
related fields. Researchers have mainly focused on the following two aspects of building
simulation technology.

(1) Simulation software for the intelligent building design stage

An App in the architectural design stage, such as for the calculation of the building
cooling /heating load, analyzing building energy consumption, and performing an eco-
nomic analysis of the building, enables the designer to have a clear understanding of the
economic cost of the design scheme. At present, the mature software simulation platforms
mainly include TRNSYS [37] and HVACSIM [38] in the United States. The DeST platform
series developed by academician Jiang Yi’s team [39] is the most influential platform in
China. The latest version of DeST3.0 (Yan et al., 2023) provides an efficient tool and com-
prehensive simulation platform for the analysis and optimization of building performance
throughout the building life cycle [40]. Zhao et al. proposed a new three-dimensional
simulation platform for prefabricated buildings based on BIM [41], which effectively solved
the problems of low accuracy and poor analysis ability for traditional prefabricated build-
ing structures. Huang et al. [42] studied a crowd evacuation agent simulation platform
considering the influence of building fire-related factors, identified the effects of fire on the
evacuation decisions and behaviors of individuals, and established a crowd evacuation
simulation platform considering the real-time impact of fire called FREEgress. This plat-
form accurately simulated crowd evacuations during building fire disasters to optimize the
performance-based fire protection design of buildings.
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(2) Semi-physical building simulation platform

In recent years, the construction of building simulation systems based on semi-physical
simulation has attracted increasing attention, and the control objects in building automation
systems have been effectively simulated. Tao et al. [28] proposed a hardware-in-the-
loop simulation platform based on a building air conditioning systems to optimize loop
hardware, achieve an air balance operation state, optimize equipment operation, and
reduce energy consumption. Guo developed a virtual simulation platform for wind power
generation based on a programmable logic controller (PLC) [29]. The test platform L.
Sadraddin, which is based on a low-delay distributed real-time hybrid simulation [30],
combines physical testing with numerical simulation to evaluate seismic responses based on
actual seismic data, which can meet the needs of modern buildings for complex structural
systems.

In summary, simulations in the building field have focused on the design stage, and
the simulation systems in the construction operation and maintenance stage are mainly
focused on local entities. There has been a lack of simulation research on all the elements
of building operation and maintenance, and there has been no research on semi-physical
simulation technology and support platforms that can provide universal simulation and
testing capabilities for building control and management Apps.

3. Framework of AppSimV

To provide an operation environment close to that in the field for the testing and
verification of intelligent building Apps, cyber-physical technology is integrated to build a
semi-physical simulation test and verification platform. A building simulation model is
built for space units such as building spaces and electromechanical equipment, and it is
run as a software virtual entity. The physical CPN hardware system of the App manages
the building simulation model through special middleware operations, thus providing a
support platform that closely mimics the actual engineering environment for the testing
and verification of the Apps. The overall architecture of the AppSimV platform is shown in
Figure 3.

AppSimV stores the simulation model data from various building spaces and elec-
tromechanical equipment in the simulation model libraries of intelligent building to per-
form managing, scheduling, execution, and monitoring tasks through a multisimulation
scheduling execution engine. The data required in the process of Apps simulation tests
and verification are stored, processed, transmitted, and integrated with a swarm intelligent
simulation operation database, and the progress of specific simulation steps is monitored
by the simulation data monitor. The CPN system running the intelligent building Apps
communicates with the intelligent building simulation software through middleware. The
multithreading scheduling of the simulation platform of the whole cyber-physical system
in the simulation process is realized by the swarm intelligence simulation thread schedul-
ing center module, and visualization and human—computer interactions are realized by
the simulation display module. The specific functions of each component module are as
follows.

(1) Simulation model library of swarm intelligent building

The library stores the relevant parameters, physical quantities, operation modes, and
states of the building space model, and the model is encapsulated by a unified software
component (DLL).

(2) Swarm intelligent building model execution engine

The intelligent building simulation model for management, scheduling, execution,
and monitoring is the core of the simulation platform. This engine is composed of a
model-parsing module and a modeling time module.
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Figure 3. Overall architecture of AppSimV.

The former module is used to manage the execution process, interface, and memory of
the simulation model for swarm intelligent building and is connected to the write parameter
interface and callback interface of the simulation model. At runtime, the definitions of
model parameters, interfaces, memory, permissions, and association relationships are
established through a configuration process to initialize the model. Then, data are written
to the simulation model through the write interface, and the scheduling simulation model is
linked to the callback interface to realize the mutual calling of different model parameters.

The modeling time module is used to store and manage the trigger cycles of different
models and is connected to the parameter reading interface of the swarm intelligent
building simulation model to realize the starting and stopping of different submodels,
record the modeling time, store data, and maintain and update the parameter memory.

(3) Simulation database for swarm intelligent building

The simulation database is used to realize the storage, processing, transmission, and
integration of data in the process of App testing and verification and provides support for
the basic data layers of the simulation platform. This database contains a memory library
and data storage capability.

The memory library provides dynamic data support, dynamically stores the temporary
data from the simulation model and CPN system, and supports the reading and writing
of data. The database provides static data support, stores user data and simulation data,
realizes the integrated management of simulation data, and provides support for the
simulation display module.
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(4) 1/0 timing and scheduling management for swarm intelligent building simulation

Swarm intelligent building simulation I/O timing scheduling management mainly in-
volves monitoring the specific operation of the algorithm in the CPN system and providing
support for the normal operation of the CPN system. This approach includes a parameter
change monitor and an event task queue manager. The parameter change monitor records
the simulation model parameters maintained by the modeling time module. When the
monitor detects a certain difference, it will transfer this parameter to the CPN system,
which performs a data reading operation. The event task queue manager monitors the CPN
system, manages the change events output by the CPN system as event task queues, trans-
fers these events individually to the simulation model, and completes the write operation
for the simulation model driven by the change events.

(5) CPN system interface middleware

Interface middleware is used to realize data communication between the physical CPN
hardware system and the swarm intelligent building simulation software and to establish
data exchange between the CPN system and the swarm intelligent building simulation
model.

(6) CPN system

The CPN system of the physical hardware controller running the intelligent building
application is equivalent to the system deployed at an actual project site. The CPN system
reflects the physical architecture of building space units and electromechanical equipment
in a swarm intelligent building, and the operating environment of the swarm intelligent
building App encompasses each node in the CPN system. The hardware system mainly
includes the CPN control network system, the simulation and data storage server, and four
App development and simulation workstations (the CPN network management station,
App development management station, simulation configuration management station, and
simulation process monitoring station).

The CPN network system is responsible for running the App, and its configuration is
exactly the same as that at a project site. The simulation model and data storage server run
the simulation model database management software to store, manage, and share dynamic
simulation data. Among the four App development and simulation workstations, the CPN
network management station is used for the debugging, configuration, and management of
the CPN network. The App development management station supports the development
and management of the App for swarm intelligent building. The simulation configuration
management station realizes the operation and configuration of simulation engine software
tools. The simulation process monitoring station runs the simulation process monitoring
software, transparently monitors the dynamic changes in simulation model parameters
in the form of real-time and historical trends, and modifies the simulation parameters to
simulate on-site equipment start-up, shutdown, failure, etc.

(7)  Clustering module for the intelligent building simulation thread scheduling center

This module provides multithread scheduling support for simulation platform soft-
ware to ensure the stable and efficient operation of the platform.

(8) Simulation monitoring and display module for swarm intelligent building

The visual presentation of the simulation operation process is achieved, and the
human—computer interaction interface is provided to support the intuitive and user-friendly
monitoring of the simulation operation process and analyses of results, thus providing
a direct tool for assessing the effectiveness of the App. During the simulation operation
process, the changes in building parameters and events are recorded and maintained in real
time by the simulation display module for the swarm intelligent building, and the more
recent data are input into a real-time simulation data module. The real-time simulation
data module only maintains one piece of data. As the changes in parameters and events
are continuously written, the real-time simulation data module performs immediate data
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updates. Then, the data are displayed through a human-machine interface, and values
are updated dynamically in real time with the data updating scheme. This approach can
be used to manage all the historical simulation data generated previously and display
the curves of relevant parameters over time and the operation status of the simulation
equipment.

4. Implementation

According to the overall architecture introduced in Section 3, this section focuses on
the key implementation technologies of AppSimV, including the packaging method of
the physical building simulation model, the AppSimV multisimulation task scheduling
execution engine, the physical virtual reality interaction middleware and corresponding
data, the simulation process visualization monitoring software, etc., to realize the dynamic
management and scheduling of the simulation model, the definition of App simulation
tasks, visualization monitoring, and the two-way interactions between the App and CPN
hardware system. The specific implementation mechanism is as follows.

4.1. Virtual Encapsulation of Building Simulation Objects
4.1.1. Packaging Mechanism

To enhance the scalability of AppSimV, realize the efficient management of intelligent
building simulation models (including building space units, electromechanical equipment
units, etc.), and reduce the impacts of model modification, addition and deletion on the
simulation platform, a component-based packaging and management method for building
a simulation model, is established.

The component-based packaging concept used in this building simulation model is
shown in Figure 4.
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Figure 4. Component-based packaging method for the building simulation model.

Based on typical physical processes and equipment operation mechanisms in a build-
ing, a transfer function mathematical model is constructed, and an object simulation model
for building space units and typical electromechanical equipment (fans, pumps, refriger-
ation units, cooling towers, fan coil units, etc.) is established. The model and interface,
which includes the read interface, write interface, and callback interface, are constructed
and encapsulated in the form of a dynamic link library (DLL; .dll format) so that the com-
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ponents of the swarm intelligent building model are relatively independent, replaceable,
and deployable, thereby reducing the effects of model modification, addition, and deletion
on the simulation platform.

The specific implementation structure of the building simulation model components
based on the DLL in the packaging process is shown in Figure 5.

DLL internal implementation S i?’nlﬁ%filon
Thread
Parameters
Provided by Other
> Simulafion [
Models
. <L
Memory Library Mathematt!cal
(Other Applicaﬁons Callback Callback Callback Law 0
and Model Data) E:> Argument [:i> Interface : Arguments <::I Eﬁgﬁgre
<
Continue to
Execute Formula [~
Read
Read Parameter
Other Parameters (| Interface < | Memory Data of
Applications And <:::> Write =1
. Each Parameter
Models Write C:> Parameter { :>
Parameters Interface

Figure 5. Implementation structure of the building simulation model components.

The mathematical laws of the building simulation model are encapsulated in the
DLL and executed through a separate thread. The building simulation model needs to
use relevant input and output parameters in the implementation process. Therefore, the
simulation model component DLL is associated with three interfaces, namely, the App
read parameter interface, App write parameter interface, and callback function interface, to
consider the data interactions between the simulation model and App, as well as with other
simulation models. The intelligent building App reads model data through the App read
parameter interface and writes model data through the App write parameter interface, and
the interactions among simulation model components are considered through the callback
function interface.

At runtime, the interface is dynamically loaded into the process space where AppSimV
runs and is driven by the multisimulation task scheduling execution engine of AppSimV.
The simulation model is called and executed by the model analysis operator through time
slice polling and interacts with the App in the CPN network through the defined interface.
The call cycle of each simulation model is defined by the user.

4.1.2. General Development Template for Simulation Model Components

To provide unified support for the development of building simulation model com-
ponents at the software implementation level, a general development template for the
simulation model components of swarm intelligent building is developed; this template
provides a standard and consistent development framework for simulation model devel-
opers to ensure the standardization of simulation model components while reducing the
development difficulty and improving the development efficiency.

This paper provides a simulation model component development template based
on the C++ language and defines four header files, namely, macro.h, fundeclaredef.h,
uservar.h, and usersim.h. Users use the four files to achieve unified development and
design. The functions of the four header files are as follows.
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Database

Macro.h defines the document with a memory database table, and all the macro
definitions and user macro definitions involved in all tables are written into the current
macro.h files. Fundeclaredef.h is used to write all function declarations in the user algorithm.
Uservar.h is used to write the variables used in the user algorithm. Usersim.h is used to
write the user algorithm, which mainly includes system functions and user functions.
System functions are mainly used for user variable initialization, interface read parameter
initialization, interface write parameter initialization, and periodic function calls. The
user function stores the functions used by the user algorithm and writes the function
declaration into fundeclaredef.h. The functions in the two files need to correspond. Notably,
declarations need to be mapped individually.

The relationship among the four header files is presented in Figure A1 of Appendix A.

4.2. Multisimulation Task Scheduling Execution Engine

The multisimulation task scheduling execution engine aims to realize the real-time
management and monitoring of the building simulation model. It is composed of basic
model management, initial model management, timer management, and event monitoring,
as shown in Figure 6. The basic model management component is responsible for the static
and dynamic management of the DLL interface and the dynamic management of model
memory to support the corresponding arrays of various data types and the reading of
vector memory. The initial model management component initializes and personalizes the
model through data. The timer management component is responsible for model timing
and storage cycle management. The definition of a simulation task is realized through
basic model management, initial model management, and timer management. The event
monitor calls the interface to complete the reading and writing of events. Afterward, the
corresponding operation is initiated in the CPN through the CPN system middleware, and
necessary information is outputted.

Multi-Simulation Task
Scheduling Execution Engine

Timer Management

Simulation Simulation Simulation Model
Model Run Lo Scheduling
Execution g (Multiple Models)

Instantiation Model Management
Simulation Simulation Simulation
- Process Model Model Event
Basic Model Configuration Loading Unloading .
Management Monitor
Database || Ab CP}I{\I d Information And
Read aa Rea Physical Virtual
Simulation Mathematical Model Real Interaction
| [ Database CPN Middleware
Write | Data Write

Figure 6. Internal structure of the multisimulation task scheduling execution engine.

The task execution process of the multisimulation task scheduling execution engine is

presented in Figure A2 of Appendix A.
The specific algorithm implementation steps are presented in Algorithm 1.
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Algorithm 1 Multisimulation Task Scheduling Execution Engine Implementation

1: Collect all current simulation tasks to be executed, obtain the task run-list from the event
monitor and initialize it, label the task serial number, and prioritize the tasks.

2: Merge the tasks according to each task priority to build a mdl group, and build n
model-type queues for the same-priority mdl list for each priority with an active trigger
cycle.

3: If md]l list Size() < 1, the queue is empty, and the execution ends.

4: If md]l list Size() > 1, obtain the highest-priority model-type queue pdl list from the mdl
group get index for execution.

5: Create new threads for multiple tasks in the model-type queue pdl list and add them to
the thread pool.

6: Execute tasks concurrently, adjust relevant parameters, and return corresponding data

through the interface. The completed tasks are deleted from the mdl group, and the list
size is adjusted.
7: Return to Step 1 and continue to execute the process until all tasks are completed.

4.3. Cyber—Physical Virtual Real Interaction Middleware

In the operation of AppSimV, the data associations among the simulation model,
equipment, and physical field are particularly important. Information-based and physical—-
virtual interaction middleware can be used to support data interactions between the
simulation model and physical entities. This middleware receives the real-time data
and simulation configuration information generated by the multitask scheduling execution
engine through the simulation model communication interface, configures the updated data
in the simulation model through the data set management and data exchange execution
components, and transmits the updated simulation model to the CPN hardware system
through the CPN data exchange interface. The internal structure of this middleware is

shown in Figure 7.
Dataset Management
Database

Multi-Simulation
Task Scheduling
Execution
Engine

Information and Physical Virtual
Real Interaction Middleware
Dataset Management 4
Simulation Model Simulation Dynamic General
Communication || | Model Dataset| | Unloading Of || Building Object | | [ cpN Data CPN Hardware System
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A J
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Figure 7. Internal structure of the middleware for cyber—physical-virtual interaction.

Data Exchange
Process Control

The specific operation flow chart of the middleware is presented in Figure A3 of
Appendix A.
The specific algorithm implementation steps are presented in Algorithm 2.
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Algorithm 2 Cyber-Physical Virtual Real Interaction Middleware Implementation

1: Load and call the basic interface, initialize the top interface, and set the data callback and
status callback.

2: Execute the data callback. The data callback operation builds the varadd list and
synchronizes the memory library to trigger data change events.

3: Add the change event to the cpnaddr list.

4: Set the offline status of the device, update the data according to the list, reconnect, and

end the execution.

4.4. Visual Monitoring Module of the Simulation Process

To effectively realize the real-time management and scheduling of the simulation
model, the corresponding data should be visually monitored during the simulation pro-
cess. The visual monitoring module of the simulation process includes two parts: data
monitoring and simulation display. Data monitoring is the monitoring of model input,
output, and stored data. The simulation display is achieved with a Ul The swarm intelli-
gent building simulation data monitoring component forms an event queue by monitor-
ing the changes in model inputs and outputs and data storage parameters, as shown in
Figure 8. The simulation display visually illustrates the parameter and event changes and
shows historical simulation data and the real-time simulation data generated by calling
the changes in parameters and events with the human-machine interface. The simulation
display aids in monitoring the simulation process from a holistic perspective. The structure
of the simulation display is shown in Figure 9.

Swarm Intelligent Building
Simulation Data Monitor
Parameter
Difference > Paran;;ter. Change Read >
Change onitor
Event Task Queue | _ Change
Manager - Event
ye ™~
Write | Maintain Task ‘
s Queue
\_ /

Figure 8. Internal structure block diagram of the simulation data monitor for the swarm intelligent

building.
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Parameters :
Real-Time Rga : Tl.me/
ol . Historical
P Simulation — . .
Simulation
Data 5 .
=l Display
[¢]
Change =
Event Y &
Historical @ User
Simulation > < Operation
Data p

Figure 9. Internal structure block diagram of the swarm intelligent building simulation display.

The specific implementation flowchart of the simulation process visualization moni-
toring module is presented in Figures A4 and A5 of Appendix A.
The specific algorithm implementation steps are presented in Algorithm 3.
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Algorithm 3 Visual Monitoring Module Implementation

1: Initialize the memory library (interface write operation list, interface read operation list,
callback write operation list, and callback read operation list) and relevant databases (I/O
port read operation list and I/O port write operation list).

2: View the current task list, analyze the task execution process and modify the
corresponding interface write operation list, interface read operation list, callback write
operation list, callback read operation list, I/O port read operation list, and I/O port write
operation list.

3: Read the updated memory database and the database content for visualization. If data
acquisition fails, proceed to Step 8.
4. If the interface write operation list or callback read operation list > 1, the model input is

valid. In this case, modify the corresponding memory database according to the priority
operation list, share it with other modules, delete the executed operation from the
corresponding list, and return to Step 2 to continue execution.

5: If the interface read operation list or callback write operation list > 1, the model output is
valid. In this case, modify the corresponding memory database according to the priority
operation list, share it with other modules, delete the executed operation from the
corresponding list, and return to Step 2 to continue execution.

6: If the I/O port read operation list or I/O port write operation list > 1, the database has
available storage capacity. In this case, modify the corresponding memory database
according to the priority operation list, share it with other modules, delete the executed
operation from the corresponding list, and return to Step 2 to continue execution.

7: If (all lists == empty), execute Step 8.

8: End execution.

5. Experiment
5.1. Experimental Setting

AppSimV simulates the physical architecture of spatial units and electromechanical
equipment within swarm intelligent buildings using collected local data and establishes
connections with simulation models to simulate the operation of the App and achieve
intelligent building control experiments. Additionally, AppSimV facilitates the testing,
analysis, and validation of Apps. The test hardware platform uses 1200 CPN nodes, which
are physically connected by CPNs through data lines, forming a grid topology. Each CPN
has an independent processor, storage unit, six ports that can conduct bidirectional data
communication with other adjacent nodes, and several I/O ports that can communicate
with peripheral devices. The 1200 CPNs consist of 12 shelves, and 100 CPNs on each shelf
form a grid-topology CPN network, as shown in Figures 10 and 11.

Figure 10. The physical site of AppSimV.
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Figure 11. Large-scale CPN network.

The fundamental function simulation of AppSimV is accomplished by computing the
quantity of individuals and altering the room temperature in predetermined real-world
scenarios (such as during morning work hours in an office building). The test involves two
types of four Apps, namely the room temperature summation App, the room temperature
maximum value App, the room temperature minimum value App, and the App that keeps
track of the total number of people in the room. These four Apps utilize parallel distributed
algorithms and are centered on swarm intelligence technology, all providing a flat and
centralized platform.

The specific testing process is as follows:

First, each App is encrypted and downloaded to the CPN network in the form of
assigned frames. Check the basic information of the CPN network and confirm that all four
Apps have been successfully downloaded.

Second, initialize the simulation platform model with the correct values, establish the
initial number of individuals in each room to two, and assign an initial temperature of
24 to each room. Next, configure the initial values for the CPN network nodes and deter-
mine the physical variables for room temperature, room temperature summation, number
of individuals in the room, and total number of individuals in the room, in accordance with
the intelligent building object data standard set. By assigning physical variables to spatial
nodes, it is possible to determine the initial number of people and temperature in the room
for CPN network nodes. The initial values set by the CPN network and simulation platform
models must be consistent. Confirm that the initial value of the variable was successfully
set by querying the CPN network variable information. Simultaneously, assign a value of
1 to the App variable 0x1001 to the output nodes of the four App calculation results. Initiate
and complete the simulation platform initialization.

Finally, we verify whether the App is running. While the simulation platform was
successfully operating, the temperature value and number of people in the room were
randomly assigned for the CPN network. During the simulation process, a program for
generating random numbers was written to send the set values to six rooms every 10 s. The
simulation platform will operate for an hour continuously to simulate the variations in the
total number of individuals in the office building during morning work hours, as well as
the temperature of the room.

5.2. Testing Room-Temperature Measurement App

To calculate the minimum, maximum, and average values of the room model tempera-
ture of the simulation platform, the room temperature is measured for the preset actual
scene (such as the office building’s morning working time) using the 1200 CPN node net-
work. The anticipated experimental outcomes are as follows: initially, the output node App
variable 0x1001 in the CPN network information should indicate a value of 1. Second, after
the simulation platform is initialized, the log content of a successful connection to the CPN
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network should be displayed. Afterward, the temperature App associated with the room
model should accurately calculate the average, maximum, and minimum temperatures
after operation. Finally, the results of the App data analysis must align with the changes in
room temperature under actual scenario conditions. The experimental results are expected
to be accurate, and the alterations in the temperature data of the room model during
the simulation for an hour align with the predetermined actual scenario. The particular
simulation operation data are depicted in Figures 12-14.
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Figure 12. Trend of average room temperature over time.
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Figure 13. Trend of maximum room temperature over time.

In the predetermined actual scenario, it is scheduled to arrive at the work room
at 7:47. As the working hours approach, the average temperature and the maximum
room temperature both increase. The indoor air conditioning unit model available on the
AppSimV platform detects the alteration in temperature by monitoring various sensors,
subsequently adjusting the opening of the air valve to maintain a comfortable temperature
range in the room. As illustrated in Figure 12, the average temperature of the room
remains within a reasonable range of 24-24.2 degrees, with no notable increase. The
maximum room temperature (Figure 13) remained consistently below 26.1 degrees, and the
minimum room temperature (Figure 14) experienced a significant drop after the indoor air
conditioner was switched on. During the App verification process, the AppSimV platform
accurately simulates the actual engineering operation environment, thus realizing the
rational utilization of resources. The App’s data are consistent with the actual situation,
and the platform’s simulated data are accurate and trustworthy.
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Figure 14. Trend of minimum room temperature over time.

5.3. Testing the App for Counting People in the Room

The simulation platform room’s population is evaluated through testing against 1200
CPN node networks, which primarily involves counting the number of individuals in the
simulation platform room model to ensure its ability to facilitate data interaction with the
large-scale CPN network. The anticipated experimental outcomes are as follows: initially,
the output node App variable 0x1001 in the CPN network information should indicate a
value of 1. Second, after the simulation platform is initialized, the log content of a successful
connection to the CPN network should be displayed. Afterward, the App should be able to
accurately calculate the total number of individuals in all rooms. Finally, the results of the
App data analysis must align with the changes in the total number of individuals in the
room that occurred under the predetermined actual scenario. The experimental results are
expected to be accurate, and the variation in the total number of individuals over an hour
of simulation aligns with the predetermined real-world scenario. The particular simulation
operation data are depicted in Figure 15.
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Figure 15. Trend of the total number of people in the room model over time.

As the working time approaches, the curve of the total number of people in the room
approaches its peak, and the variation in the number of individuals is consistent with
the current situation. As the number of individuals varies, the room temperature data
correspondingly undergo changes. The platform possesses the data interaction capabil-
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ity inherent in information physical equipment and the ability to simulate fundamental
functions.

5.4. Discussion

Through the verification process from the APPSimV platform, the faults in Apps can
be effectively found in advance before they are employed in the actual engineering site,
which means the debugging time in the actual engineering site will be shortened. The
results from many actual projects such as the Water Cube and China Resources Wujiang
Vientiane show that the actual debugging time in the sites can be on average shortened
from 4-5 months to 2-3 weeks.

6. Conclusions

To provide a comprehensive test environment for the operation of swarm intelligent
Apps that closely reflects actual engineering scenarios, AppSimV, which is a cyber-physical
simulation test and verification platform for swarm intelligent building Apps, is proposed.
For the first time, the architecture of the semi-physical simulation of swarm intelligence
building with cyber—physical fusion, dynamic expansion, and openness is established.
Based on the idea of hardware-in-the-loop, the cyber—physical simulation architecture is
formed. Apps run on the real CPN hardware, and basic building units run in the form of
a simulation model within the simulation software. The App realizes the direct access to
the building simulation unit through the middleware by transgressing the CPN physical
system. A standardized and componentized encapsulation method of building simulation
model based on software components is proposed, which enables the simulation model
to be dynamically added, deleted, and modified in the simulation platform, and realizes
the residence, execution, and interaction of the basic unit of building simulations in the
information space, which ensures the strong dynamic scalability of the AppSimV platform.
Based on this platform, experimental tests and applications of a typical engineering App are
explored to verify the availability and reliability of the semi-physical simulation platform.

However, in general, the research work in this paper is preliminary, and there are still
limitations in the interactive performance of the human—-computer interface and the richness
of the types of simulation models constructed. The author will carry out further research in
these two aspects. First, the visual three-dimensional interactive human—computer interface
of the platform will be enhanced, a three-dimensional display of engineering scenes will be
built, and a better interactive experience will be provided for users. Second, we will further
expand and enrich the internal simulation model, develop and build a simulation model
for underground space units and facilities and equipment for underground engineering,
expand the application scenarios of the platform, improve the reliability and stability of the
platform, and accelerate its application process in multiscenario building engineering.

Author Contributions: All authors (H.J., Q.Y., Z.]., W.C. and Q.Z.) contributed to the study conception
and design. Material preparation, data collection and analysis were performed by H.J. and Q.Y. The
first draft of the manuscript was written by H.J. and all authors (H.J., Q.Y., Z.J., W.C. and Q.Z.)
commented on previous versions of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was mainly funded by the National Natural Science Foundation of China, grant
number 52178307, the Natural Science Foundation of Jiangsu Province, grant number BK20201335,
the National Key Research and Development Project of China, grant number 2017YFC0704100, and
was partially funded by the Natural Science of Jiangsu Province, grant number BK20210439, the
Frontier Innovation Fund of PLA Army Engineering University, grant number KYFYJQZL2205, and
the Natural Science Basic Research Plan in Shaanxi Province of China, grant number 2021JQ-374.

Data Availability Statement: The authors declare data is unavailable due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.



Buildings 2023, 13, 2404

17 of 20

Appendix A
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