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Abstract— In recent years, Building Information Modelling (BIM)
has become the standard for managing the lifecycle of a building.
The metadata embedded to BIM models can be used onsite to
enhance field worker’s view with relevant information about the
task. Augmented Reality (AR) is a natural candidate for enabling
onsite interactions with BIM models and data, due to its ability for
overlaying digital information on top of real-world objects
through a digital display. However, the complexity of BIM models
and the limited hardware capabilities of AR-ready devices (e.g.
head mounted and mobile devices), makes it difficult to provide
reliable visualizations, decreasing considerably application’s
performance. This paper presents a type-1 Fuzzy Logic System
(T1FLS) that helps optimizing loading of BIM 3D models in an AR
application. Experiments results show that the proposed T1FLS
has an average frame per second (FPS) rate of 16.33 in the selected
AR headset (Microsoft HoloLens). The FPS rate when using the
proposed T1FLS is in average 2.33 times better than using a fixed
batch size when loading BIM 3D objects.

Keywords— Augmented Reality, Fuzzy Logic System, Building
Information Modelling (BIM).

L INTRODUCTION

The increasing complexity of maintenance and monitoring
related tasks in utility companies has been triggered by diverse
factors, such as the mix of legacy and new systems and
infrastructure. In many situations, field workers still rely on the
use of paper footprints to identify infrastructure components and
perform their assigned tasks [1]. By adopting the use of digital
representations of facilities and assets, utility companies could
move towards a digital documentation. A paperless
documentation could bring benefits like reduction of time spent
looking for information and efficient administrative processes

[2].

The visualization of complex data using digital
representations of structures, such as Building Information
Modelling (BIM) objects, could help field workers identify
patterns and improve decision making when doing provisioning
or maintenance tasks [3]. Augmented Reality (AR) could be a
key technology for supporting field workers as it can provide
enhanced experiences of real-world situations by overlaying
key
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information and three-dimensional (3-D) visualizations when
needed. This can reduce operational costs and improve
productivity by leveraging and augmenting key work flows and
procedures [4], [5]. However, one of the challenges of
combining BIM models with an AR system is to identify a
hardware platform capable of executing and displaying large
amounts of complex information [1]. A BIM model can contain
thousands of 3D objects and related metadata, and mobile or AR
devices might be limited in performance or memory capabilities.

In this paper we present a process for managing and
optimizing the rendering of large amounts of 3D objects into the
user’s field of view without a reduction in performance;
adjusting it to different device capabilities. The main component
in the process is a Type-1 Fuzzy Logic System (T1FLS) that
determines the maximum amount of 3D objects that can be
loaded into scene during each frame. The input parameters that
feed the TIFLS are the distance between each 3D object and
user’s spatial location, the current memory usage level, the
current average frames per second (FPS) and the downloading
speed.

The paper is organized as follows: section II presents a brief
overview on BIM and AR. Section III describes the architecture
of the proposed system and the T1FLS implementation. Section
IV describes the experiments and results. Finally, in section V
we present our conclusions and future work.

II. BRIEF OVERVIEW ON BIM AND AR

BIM is a cooperative process for creating and managing
information on a construction project across the building
lifecycle [6]. One of the key outputs of this process is the BIM
object or model, the digital description of every aspect of the
built asset.

A BIM object is a data-rich, object-oriented, intelligent and
parametric digital representation of a facility or building, which
can be used to make decisions and improve the process of
delivering the facility and its maintenance management [7]. BIM
models contain large amount of data that can be exploited for
tasks related to building and facility management. The elements



in the model have properties and relationships, hence they are
considered data-rich [8]. All this information can be used to
model other dimensions such as time and cost of a project [9].

For example, the work in [5] showed how BIM data could
improve decision making in maintenance planning tasks by
providing the project stakeholders with a detailed visualization
of large amounts of data in a BIM model. Moreover, given its
data-rich characteristics, BIM models could be combined with
geographic information systems (GIS) data to perform
navigation route planning [10]. However, visualization of this
complex models has been limited to complex software or 2D
visualizations, which adds a layer of complexity for users, as
they need to have the right knowledge and expertise to transform
this 2D data into real 3D physical environments. Augmented
reality (AR) offers a possibility for improving onsite workers’
tasks by enabling visualization of these models; giving an
overall clarity of the project [11].

Augmented Reality (AR) forms part of Milgram’s reality-
virtuality continuum [10], which works as a classification that
defines different degrees between the real and the virtual world.
In this continuum, AR is placed closer towards the real
environment end. It allows the user to see the real world, with
virtual data superimposed upon or composited with the real
world [11]. In other words, AR is a view of the real world with
additional information or objects that supplement this reality,
rather than completely replacing it. This additional information
comes from digital files that can be stored either locally or
remotely.

AR has been used before to support field engineering
decision-making, for example by allowing visualizations of
immersive 3D georeferenced data [12], [13]. According to [14],
the ability for displaying digital information on top of users’
field of view is what makes AR a perfect partner for BIM. In
[15], the authors present different use cases of how BIM + AR
can be applied to different building lifecycle activities.
However, combining AR with BIM models for onsite tasks is
not simple. The challenge involves the need of having portable
hardware, which in most of the current implementations cannot
be moved to the facility’s location [16].

BIM models are complex and size heavy data objects, which
can be composed of millions of entities and reach sizes over 3
GB [17]. This problem often limits choices of hardware that can
be used for visualizing and interacting with them. This
constraint usually leads to the use of high-end laptops to solve
any performance issues [18]. However, this solution is not
portable due to the hardware being big, heavy, fragile and
expensive, which makes it not ideal for outdoor conditions. A
solution proposed in [17], was to pre-process BIM models to
create lightweight versions able to have a faster rendering. This
solution was tested in a web environment with successful
results. In this paper, we introduce a different approach for
loading complex BIM models for onsite activities in AR enabled
devices. The proposed solution and its results are presented in
the next sections.

I11. THE PROPOSED T1FLS FOR CLOUD-BASED BIM
RENDERING OPTIMIZATION IN AUGMENTED REALITY

A. An Overview of the proposed system

The AR application created for visualizing BIM models for
field engineering task support is a cloud-based solution that
downloads and displays BIM models as 3D objects at runtime
based on user’s spatial location. The challenge when loading
multiple objects every frame is that usually the application
overloads and it becomes unusable. To avoid this kind of
overload the number of objects loaded per frame should be
adjusted according to the capabilities of the device.

Defining and dynamically adjusting the number of objects to
be loaded is a complex task, since not all experts will agree on
the limits and the batch size should not suffer big changes for
barely exceeding these limits. By using Fuzzy Logic, the
proposed system will take expert knowledge and define flexible
boundaries to be used in the batch optimization process. Fuzzy
logic excels in dealing with the imprecise knowledge associated
to a problem [19]-[24]. In fuzzy logic, an input value can belong
to different fuzzy sets and its degree of membership is a crisp
number in the interval [0,1] [25]-[27]. The association of a crisp
value to a fuzzy set makes the system capable of reasoning based
on rules with linguistic labels [28]. This removes the need for
hard limits and mimics the human expert decision-making
process, therefore, a Fuzzy Logic System (FLS) is proposed as
a solution for determining the optimum batch size of 3D objects
to be loaded each frame. To find the optimum number, the
proposed T1FLS implementation uses an initial batch size as the
starting point and based on the input evaluation it determines
how much the batch should be reduced to achieve an optimal
performance in the client application (e.g. an output of 83 from
the system will reduce the initial batch size by 83%).

The complete process for loading 3D objects consists of two
phases: start and online (Fig. 1). Fig. la describes the start
phase, where the application sends user’s spatial location to the
remote server and receives the list of objects relevant to user’s
position. The list is sorted based on the object’s priority to be
rendered, objects that are closer to the user and have a less
complex geometry get a higher priority. Once the start phase is
completed the application switches to the online phase.

Fig. 1b shows the flowchart diagram for the optimized
loading process. This process is part of the online phase and it is
executed at each frame of the application. The process starts by
using the T1FLS to determine the batch size that will allow the
client application to run at an optimal performance level, this is
done by using 4 inputs which are: a) distance between the next
object and the user, b) the current memory level usage, c) the
average frames per second (FPS) rate and d) the download
speed.
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Figure 1. a) Process diagram for getting the list of relevant objects to be loaded.
b) Flow diagram of the loading process that happens during the Online Phase
at each frame.

Based on these inputs the TIFLS decides the optimum size
of 3D objects batch to avoid an FPS rate drop of the application.
After this has been calculated, the application requests the
object(s) to the cloud server, downloads them in the local device,
and renders them in user’s field of view (Fig. 1b). An important
consideration is that multiple requests in a single frame will
overload the application; therefore, finding the optimum batch
size is important for avoiding overload and provide a better user
experience.

B.  The Fuzzy Logic System Design

The proposed T1FLS consists of 4 inputs and 1 output, with
different linguistic labels. All the functions were created using
expert knowledge and optimized using a heuristic approach.
Fig. 2 illustrates membership functions for each input as
follows:

a) Average frames per second (FPS) rate, used to
understand the application’s performance at runtime.

b) Distance between the next object and the user, used to
determine the importance of loading the next object(s), objects
close to user should be loaded in the least amount of time
possible.

¢) Current memory level usage, used to understand when to
stop loading objects.

d) Download speed, used to determine how fast can objects
be downloaded.

The output of the TIFLS determines the optimal batch size
for 3D object rendering (Fig. 2¢). Using expert knowledge, we
generated a 72 rule set covering all the linguistic variables
defined. After that, the rule base was optimized by identifying
sets of rules that could be replaced with a rule of one or two
antecedents. The simplifications made were as follows: (1) a
single antecedent rule with memory level “very high and output
“no batch” was used to replace all rules that had the same
antecedent, (2) a rule with “/ow” FPS as antecedent and “no
batch” as output was used to replace all rules that contained the
same antecedents, (3) a rule with “far” distance and “bad”
download speed antecedents and “no batch” as output replaced
all the rules that had both of the antecedents, (4) a rule with
“high” memory level and “high” FPS as antecedents and “small”
batch as output was used to replace all rules that had both of this
antecedents. The resulting 29 rule base is shown in Table 1.

The values for distance, memory level and FPS were read
every frame. The download speed input value is computed when
the client application starts, and then every 200 frames to reduce
the overhead of doing it every frame. The 200 frames translate
to 10 — 12 seconds since the application is expected to run at an
average performance rate between 18 and 20 frames per second.
This interval time was decided based on heuristic methods. The
T1FLS uses a singleton fuzzifier, the minimum t-norm to
represent the AND logical connector and the center of sets
defuzzification [25].
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Figure 2. Membership functions. Input: a) FPS rate level, b) Distance, c)
Memory usage, d) Download speed. Output: e) 3D objects’ loading batch size.

I. EXPERIMENTS AND RESULTS

The client application was developed using Unity 3D
(version 2018.4.0f1). Unity 3D 1is a cross-platform game
engine for creating interactive 3D content. The BIM data used
belongs to two residential buildings comprising 379 apartments,
on 1.58 acres located in Birmingham, UK.

A pre-processing pipeline was developed to separate the
whole BIM model into single files for each object. This pipeline
was developed using Python and the IfcOpenShell library. After
processing the original BIM model, 126,252 single 3D object
files in Wavefront (.obj) format were obtained. These files were
stored in a cloud repository.

The client application was tested in two different devices: a
laptop computer and a head-mounted display. The laptop used
was a Lenovo ThinkPad P52 with an Intel Core 17-8850H
processor and 24GB of RAM. The head-mounted display used
was a Microsoft HoloLens 1 device (shown in Fig. 3). This
device has a 32-bit intel architecture processor plus a custom-
built Microsoft Holographic processing unit and 2GB RAM,

from which only 900MB are available to be used by
applications.

TABLE L OPTIMAL BATCH SIZE FOR 3D OBJECT RENDERING RULE BASE
Antecedents Consequents
Rule Distance | Memory FPS anS;;lZ:‘;ﬁng Batch Size
RI - Eig - - no batch
R2 - high high - small
R3 - - low - no batch
R4 far - - bad no batch
R5 close low acceptable good medium
R6 close low acceptable bad small
R7 close low high good big
RS close low high bad medium
RY close medium | acceptable good small
R10 close medium | acceptable bad small
R11 close medium high good big
RI2 close medium high bad medium
RI3 close high acceptable good small
R14 close high acceptable bad no batch
RIS medium low acceptable good medium
RI6 medium low acceptable bad small
R17 medium low high good big
RIS medium low high bad medium
RI19 medium | medium | acceptable good small
R20 medium | medium | acceptable bad no batch
R21 medium | medium high good big
R22 medium | medium high bad medium
R23 medium high acceptable good small
R24 medium high acceptable bad no batch
R25 far low acceptable good small
R26 far low high good medium
R27 far medium | acceptable good small
R28 far medium high good medium
R29 far high acceptable good no batch

For AR applications, a quality criteria includes the frames
per second (FPS) rate [29]. The average FPS rate describes how
many updates are completed per second and is used as a
performance measure. If the rate drops to 1 FPS, the application
becomes a set of static images. As part of the evaluation for the
system proposed, we compared the performance of the T1FLS




in the different devices with the use of different fixed batch

sizes.

Figure 3. Microsoft HoloLens version 1.
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Figure 4. A comparison of the average frames per second of the different
loading methods over the lapse of 120 seconds. a) Microsoft HoloLens 1 and
b) Laptop Lenovo ThinkPad P52.

In Figures 4a and 4b, the scatter chart shows how the average
FPS rate of the application changes over a lapse of 120 seconds
using the different loading methods. As illustrated in both charts,
the use of batch sizes of 5 and 10 overloads the application,
dropping the FPS rate below 2 (grey and orange lines in Fig. 4a
and 4b). At this point, the client application becomes unusable,
therefore, we focused on the use of TIFLS with a batch size of
1 in the following comparisons.

In a high performance device, such as a laptop, the
application using T1FLS runs at an average FPS rate of 17.75
(blue line in Figure 4b), while using a consistent batch size of 1,
the average FPS rate is of 14.5 (yellow line in Figure 4b). In a
low performance device, such as the Microsoft HoloLens 1, the
application with T1FLS has an average FPS rate of 16.33 (blue
line Figure 4a) and using a batch size of 1, the average FPS rate
drops to 7 (yellow line Figure 4a). The T1FLS proves to be
significantly better in low performance devices by running the
application at an FPS rate 2.33 times better than the best static
batch. Furthermore, the T1FLS proves to be adaptable between
low performance and high performance devices. The average
FPS rate of the TIFLS dropped 8% when switching from a high
performance to a low performance device. In this same scenario
the small batch method dropped 51.7%.
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Figure 5. a) First-person view of BIM objects in the client app. b) Third-
person view of the BIM model. ¢) Person using Microsoft HoloLens to
visualize the BIM model outdoors

Figure 5 illustrates the client application. Here, Fig. Sa
shows the user’s view after some 3D BIM objects were loaded
using the proposed T1FLS. The complete view of the BIM
model used is shown in Fig. 5b and a user interacting with the
model through the AR glasses is shown in Fig. 5c. The TIFLS
does not force the download of any object if the application is
not capable of handling it at that point. The disadvantage of not
forcing the load process is that less objects are displayed in the
same amount of time. After 120 seconds of the application
running, the small batch method loaded 1145 objects in the high
performance device and 657 in a low performance device. The
application using FLS loaded 17.2% less objects in the laptop
and 51.5% less objects in the Microsoft HoloLens 1. This
disadvantage is worth considering when using a high
performance device to visualize the virtual environment and
information. However, in low performance devices like the
Microsoft HoloLens 1, the low FPS rate (7 FPS) when using a
batch of 1 limited user’s interaction with the BIM model and the
user could not take advantage of having more objects in display.
As a result of the use of fuzzy logic in this problem, we
empirically developed a set of rules of human linguistic terms
that characterizes the context where the application is running
[30]. The knowledge can then be transferred to other AR devices
by using the same set of rules.

II. CONCLUSIONS AND FUTURE WORK

In this paper, we presented a solution for finding the
optimum number of 3D data objects (i.e. BIM models) to be
loaded at each frame, improving user experience by avoiding a
drop in the FPS rate of the AR application when running in low
performance devices (e.g. Microsoft HoloLens 1). Most of the
related work in this area seek to reduce quality of the BIM
model and preload it to the application. The proposed system
seeks to adapt and reduce the number of loading requests at
runtime based on the capabilities of the device. This is done by
using a T1FLS to calculate the optimum batch size of 3D
objects to be loaded at each frame of the AR application. Based
on distance between the object and the user, the memory usage
level, the FPS rate and the downloading speed, the T1FLS
reduced the batch size to an optimum number. This allowed the
AR application to run, in low performance devices like the



Microsoft HoloLens 1, at an average FPS rate of 16.33. This is
2.33 times faster than the better rate when using static batch
size.

This empirically developed solution showed an
improvement in average FPS of the TIFLS compared to fixed
batch size method, which makes it a better solution for
implementing it in AR applications when using devices with
limited resources, such as the Microsoft HoloLens 1.

For our future work, we will continue working towards
building a distributed architecture for visualizing and interacting
with multiple 3D objects during onsite tasks through AR
applications. In this paper we focused on the loading process of
the 3D objects. Next steps will look on how to handle the
unloading of objects that become irrelevant for the scene when
the user changes spatial location while using advanced learning
systems to learn and optimise the FLS parameters from data.
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