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Abstract
Mechanical, Electrical and Plumbing (MEP) models are generally characterized by information
redundancy and a high density of irregularly shaped components. Consequently, they require
large storage spaces and are not conducive for interchange purposes. Geometric optimization
of MEP models can play a significant role in facilitating model exchange and handover by
increasing storage, transmission and display efficiency. To date, the body of knowledge on such
geometric optimization, unfortunately, is still very narrow.
This paper presents and tests a solution for the optimization of storage, transmission, and
display of MEP models. Storage optimization was achieved through a mapping-based model
description method and a novel Quadric-Error-Metric (QEM) mesh simplification algorithm,
reducing required storage while maintaining the contour of components. For transmission
optimization, a normal vector compression algorithm and a fixed-dictionary specific
compression algorithm were proposed to achieve efficient compression of data thus, fulfilling
the need for cross-platform interchange. Display optimization was obtained through a normal
vector regeneration algorithm for clustering triangle meshes to improve 3D display effects.
The evaluation of the solution, performed for each individual component separately as well as
for an entire solution, proved successful. Volume of storage data was reduced by 40% to 50%
through mesh simplification. Data transmission volume was reduced by more than 80% for
components with complicated geometry without affecting the topology of the components.
Finally, the display process was capable of decreasing the number of triangles and delivering
very good quality of displayed models.
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1. INTRODUCTION
MEP (Mechanical, Electrical, and Plumbing) Engineering refers collectively to the engineering
of water supply, drainage, heating, ventilation, air-conditioning, electricity, intelligence designs,

energy saving, etc. in buildings [1]. As an integral part of buildings, MEP systems can contribute
up to 50% of the total investment in some complex large-scale building projects [2]. MEP
systems have a significant influence on the safety, operational efficiency, energy consumption,
and structural design flexibility of buildings, and are key to the creation of an agreeable indoor
environment.
Traditionally, the time-consuming and labor-intense process of producing MEP information
has been predominantly paper-based and as a result prone to human errors and delays [3][4]. MEP
deliverables, when compared with other architectural and structural deliverables, are
characterized by (i) an extremely large number of components, (ii) high complexity due to their
strong interrelations with other engineering domains, and (iii) spatial constraints in general,
especially when addressing design changes due to restrictions by other systems. To address
these challenges, BIM (Building Information Model/Modelling) technologies have been
increasingly adopted in MEP projects. BIM is a digital representation of physical and functional
characteristics of a facility, a shared knowledge resource for facility information forming a
reliable basis for decisions during its life-cycle [5], and the current expression of digital
innovations within the construction sector [6]. The spatial distribution and logical relationships
between different systems represented in a MEP building information model can be useful for
information management purposes at the operation and maintenance stage [7].
BIM models of MEP systems can reach large sizes due to their complex irregular geometry,
density of components, and redundancy of information. As a result, cross-platform exchange
of such models during the project phases in general and handover to operation in particular is
challenging. On the other hand, the exchanging and transmission of geometric information is
of great importance during the life-cycle of a MEP system, as geometric models serve as an
important auxiliary in the implementation and maintenance of MEP systems. Though in the
MEP industry, semantics data are procured for accurate implementation and maintenance
parameters, geometric models prove more directly perceivable and intuitive for facility
managers, and are thus also often indispensable. Moreover, in typical BIM application
scenarios, semantics data appear attached to individual components, and usually are procured
upon user requests. Consequently, the transmission of semantics data typically features much
smaller data volume and higher frequency compared to geometric data, which can be handled
with relative ease. Geometric data, however, usually need be stored, transmitted and displayed
in whole, lacking separability and divisibility compared to semantics data, thus causing pressure
due to their immense volume and extremely high heterogeneity level. Therefore, effective
measures to optimize the storage, transmission and display of geometric MEP models is of both
great importance and value.
Techniques for geometric optimization of building information models in general and for MEP
models in particular are sparse in literature. This paper presents and tests a solution for the
geometric optimization of MEP building information model. The solution adopts an IFC-Based
Model Description, and comprises of: (i) storage optimization algorithms employing a
similarity mapping algorithm and a mesh simplification algorithm; (ii) transmission
optimization using spherical compression algorithms, fixed-dictionary and GZIP compression,
and (iii) transmission and display optimization through a normal vector regeneration algorithm.
The paper is organized as follows: Section 2 provides a summary of the related studies from

the literature; Section 3 presents the IFC-based model description for efficient 3D-display;
Section 4 describes the proposed solution whereby each subsection is focused on one individual
component of the entire solution; Section 5 presents the results of the solution testing in real
applications and discusses its limitations, and finally the research is concluded in Section 6.

2. LITERATURE REVIEW
BIM and MEP related research has mainly focused on modelling and design coordination, and
facilities management. Khanzode et al. used a case study to analyze the challenges teams face
in implementing BIM tools and processes for MEP coordination [2]. Leite et al. analyzed the
modelling effort required at different Level of Details (LoD) and the impact of LoD on
modelling effort and clash detection [8]. Tabesh and Staub-French used a case study to evaluate
the 3D coordination process, and identify and classify building system coordination knowledge
[9]. More in depth researches are available on the factors [10] and procedures [11] influencing
design coordination, and on the development of coordination platforms [12]. BIM applications
in relation to MEP were also explored in prefabrication during construction and modular
applications [13].
Research into BIM for facilities management have started to attract significant attention.
However, very few studies are solely focused on MEP. Becerik-Gerber et al. presented an
overview of the application areas and value BIM brings to facilities management [14]. Kassem
et al. demonstrated the benefits and challenges of implementing BIM in facilities management
using a large university complex as a case study [15]. Schevers et al. reported on the technical
aspects associated with developing a digital facility model for the Sydney Opera House using
neutral standards (i.e. IFC) [16]. Motawa and Almarshad proposed a knowledge-based BIM
system for assisting in building maintenance [17]. Xie et al. explored the applications of BIM
across the project lifecycle and in particular the role of BIM in developing and managing MEP
models and information [18]. Ko [19] and Motamedi and Hammad [20] explored the use of Radio
Frequency Identification (RFID) technology to enhance building maintenance. Chen et al. have
proposed BIM-based systems for MEP emergency management [21]. Chi et al. discussed the
possibility and prospect of integrating augmented reality technologies with BIM to facilitate
facility management [22]. Kalasapudi et al. reported a method of automated spatial change
analysis for MEP components using 3D point clouds and BIM models [23].
Today, the most prominent standard for data exchange in the building industry is the Industry
Foundation Classes (IFC) [24]. Another notable non-proprietary data format is the Construction
Operations Building Information Exchange (COBie) [25] which serves the operation and
management of existing buildings. Classification systems for the organization, sorting, and
searching of information are also very important. Key classification systems currently include
the OmniClass Construction Classification System (OCCS) [26], which is a full-life-cycle
information classification standard for facilities, and Uniclass, which is a unified classification
for the UK industry covering all construction sectors [27]. For the storage and expression of
models, key BIM servers include IFC Model Server [28], EDM Model Server [29], BIMServer [30]
etc., which support the storage and management of model data and browsing of the model.
The literature demonstrates BIM investigations in relation to MEP are on the rise. However,

there is still a dearth of studies addressing geometric compression and storage optimization.
This gap is remarkable given the increasing complexity of construction projects generally and
MEP work packages particularly. MEP are increasingly more complex, larger in size, and
requiring cross platform interchanges. This challenge, according to [31], warrants attention as
the requirements for efficient display and data interaction have exceeded the capabilities of
existing technology. The lack of such methods may compromise the exploitation of valuable
information - which has been already created during design and construction - in facilities
management. It is within this context that this paper sets off to develop and test algorithms for
optimizing storage, transmission and display of MEP models.

3. IFC-BASED MODEL DESCRIPTION FOR EFFICIENT
3D-DISPLAY
A complete MEP model includes information about a significant amount of building systems
and elements; each is characterized by a kernel of identity and geometry data that can be
extended with further datasets throughout the design, construction, and facility management to
serve decision making across the project lifecycle. An efficient information storage is
particularly important in the MEP domain due to the large number of instances found in models
and the complexity and variability of geometric shapes. Spatial data must be organized and
structured to optimize their further visualization and querying. Different strategies exist for the
digital definition of geometric shapes. Data models such as IFC are not optimized for storage
and their highly structured geometry is heavy in terms of computing cost, making it unsuitable
for operations involving a large number of objects in a query [32]. The IFC schema, however,
defines Boundary Representations (BREP), primitive geometry (e.g. profile sweeping), and
Constructive Solid Geometry (CSG) approaches to achieve the task. Since each of these
methods has unique indispensable characteristics, a multi-form storage mode was adopted in
this research: primitive geometry and CSG hold essential abstract information such as lengths,
surface areas and profile shapes that are required for collaboration. BREP, a richer form that
uses restored topological faces that are reverse engineered from the triangulated, is necessary
to obtain the geometries of arbitrary shapes. Since each digitalization strategy provides unique
benefits, the developed system provides a data structure that enables the use of the most
appropriate for each specific purpose. The MEP model’s information storage and management
architecture areis shown in Figure 1.

Figure 1. Architecture of Storage and Management of MEPIM
According to this architecture, model information is stored in two forms, namely IFC files and
BIM databases, the former is intended for information sharing purposes with other relevant
information systems and actors, while the latter is used to structure model information for
storage purpose. When available, solid models based on primitives provide greater accuracy
and precision for element shapes; however, their interpretation requires complex geometric
algorithms that render its usage inappropriate for real-time applications, particularly on slower
devices such as handheld systems. In these occurrences, the MEPIM databases also stores
BREP triangulated models, which more directly suit 3D visualization libraries such as
OpenGL1 and Microsoft DirectX2.
Boolean and meshing operations on solids are necessary for the CSG representation. Yet
Boolean operations, namely union, difference, intersection, etc. involve complex calculations
to yield even more complex results, and are inherently expensive and time-consuming. To
address this challenge, the system is designed to perform these operations in advance and cache
their results for real-time operations. Hence, the designed data structures are capable of
retaining simplified models at different levels of optimization alongside the original geometry.
This requirement however increases the demand on model storage which would become
impracticable without optimization.
For instance, in the case of the Hedong Station of Guangzhou Metro – used as a testbed later
on in the paper – the number of triangles of the original model reached 10 million and occupied
nearly 2 GB of storage space, while Hedong Station is but an ordinary station amongst its many
counterparts in Guangzhou. Due to the multi-layered storage mode and the need to manage
numerous stations, efficiency of information storage is of paramount importance. To deal with
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substantial model geometric data, this research proposes a series of storage, transmission, and
display optimization techniques for the triangle-based BREP storage mode of MEP project
models. The objective is to achieve optimized storage and efficient transmission without
compromising the display effects of such models.

4. STORAGE OPTIMIZATION ALGORITHMS FOR MEP
MODELS
Storage optimization is a critical step in the process of MEP model optimization.
First, a mapping-based model technique for storage optimization based on similarity analyses
is proposed in sub-section 4.1. This technique aims to significantly reduce the number of similar
components stored to a level where the overall data volume is shrunk by 20% to 40% compared
with the original. Second, an improved QEM mesh simplification algorithm for complicated
components is presented in sub-section 4.2 with the objective of reducing the number of
triangles stored while preserving the basic outline of the mesh. Finally, to fulfill the requirement
of efficient 3D model display especially in cross-platform transmissions, a series of model
compression and display algorithms are introduced in sub-section 4.3.

4.1 Model Optimization through Similarity Mapping
Reusing internal libraries of geometric components multiple times is beneficial to the storage
and visualization performance due to the instancing features available in most 3D graphics
libraries [33]. The concept of representation mapping entails the storage of the geometric
description of similar objects in a single copy that is then referenced multiple times through
transformation matrices to determine their placement in the building. The IFC schemas provide
ways to achieve this across multiple elements. However, not all design tools implement and use
this feature sufficiently resulting in unnecessarily large model files.
An element similarity algorithm has been designed to resolve these occurrences and further
increase the mapping-based storage optimizing technique. The algorithms perform similarity
analyses on components using mesh similarity-matching methods, and merge sufficiently
similar components in the representation.
Mapping-based model expression requires as a prerequisite that similarity analyses is
conducted on existing models. There are plentiful of model similarity algorithms currently
available. Based on the exploited shape characteristics of 3D models, they could be categorized
as one of outline-based, topology-based, or vision-based. These algorithms achieve mutable
results under different circumstances and are not flawless, as summarized in Table 1.

Category
OutlineBased

Table 1. Comparison of Model Similarity Algorithms
Algorithm
Description
Drawback
Statistical
Histogram[34]

Performs statistics of feature
information on vertices and
meshes of 3D models to generate
histograms, and then determines

Only the overall distribution
of vertices is reflected. Fails
to account for local outlines,
resulting in relatively low

Extended
Gaussian
Image[35]

Functional
Analysis[36]

Reep Graph
Comparison
TopologyBased[37]
Axes
Comparison

VisionBased

Projection
Matching[38]

similarity based on distances
between histograms. Easy and
fast.
Maps each mesh surface of the
3D model to a vector on the
extended Gaussian sphere, and
then measures similarity based
on the outputted extended
Gaussian image.
First volume pixilates 3D models
to meet the demands for
functional analyses. Commonly
used ones include Fourier
analyses, spherical harmonic
analysis, etc.
Calculates topological structure
of 3D models from connected
domains, and then compares to
determine similarity.
Calculates topological structure
of 3D models from skeletons,
and then compares to determine
similarity.
Calculates visual projection
images on different directions,
and then analyzes their shape
characteristics to determine
similarity.

matching accuracy.

Dependent
on
the
coordinate system of the 3D
model. Low robustness to
model noises, tessellation,
and mesh simplification.
Relatively
legion
restrictions on models.
Results largely dependent
on
volume
pixilation
methods and analyzing
functions used.
Relatively strict demands
on models, resulting in low
computability.
High
computational complexity,
unable
to
efficiently
compare outlines of 3D
models.
Projection on a large
number of directions have
to be compared, resulting in
relatively low efficiency.

These algorithms can deliver expected results under certain circumstances but rather they have
weaknesses in terms of computability, operability or efficiency. Besides, they are not designed
to be adapted to specific problems in the domain of construction industry. Construction projects,
especially MEP projects, are usually characterized by: (i) Designed in orthogonal coordinate
systems, with relatively rare rotations at random angles; (ii) The number of components to be
matched is enormous, placing a significant emphasis on algorithm efficiency, and (iii) Scaling,
rotation or affine projections usually cause rendering efficiency to decrease. Based on these
considerations, only coincidences after translation are considered in the proposed process of
similarity analysis, excluding coincidences after rotations, scaling or affine projections. The
mesh similarity-matching algorithm proposed by this research is illustrated in Figure 2.

Figure 2. Mesh Similarity Matching Algorithm of Different Components
The inputs to the algorithm are two the components to be compared, denoted A and B
respectively. The polygon meshes that constitute the two components are denoted accordingly
as Mesh A and Mesh B. The algorithm’s stages include:
•

•

•

Coordinates Initialization: this stage finds the center point of the components, and then
translates the center points to the origin, so that the two components are equally calibrated.
Here the center point of a mesh refers to the center of its axis-aligned bounding box. All
vertices coordinates would be expressed relative to their center point in this algorithm,
excluding any scaling.
Discovery judgement: This stage has a number of steps. The first step (i.e. component type
comparison) compares two components. If they are of different types, the algorithm
terminates and components are determined dissimilar. The second step (i.e. AABB
comparison) compares the size difference between the axisAxis-Aaligned Bbounding
Bboxes of the components with the threshold. If the threshold is exceeded, the algorithm
terminates and the components are determined dissimilar. The third and last step (i.e.
centroid position comparison) compares the difference between the relative positions of the
centroids in the bounding boxes and the threshold. If the difference exceeds the threshold,
the algorithm terminates and the components are determined dissimilar.
Core calculation: For each vertex in mesh A, the algorithm identifies its nearest neighbor
in mesh B that minimizes the weighted error of distance and normal vectors, and thus
generates a list of nearest neighbors. This operation is also repeated the other way around
between mesh B and mesh A generating another list of nearest neighbors. Then, the
algorithm estimates the similarity between the two lists of nearest neighbors.

Assume there are two meshes, A and B, with P: {P1, P2 … Pm} and Q: {Q1, Q2 … Qn} as their
respective list of vertices. For each vertex in mesh A, Pi, find its nearest neighbor in mesh B,
Qj that minimizes D(Pi, Qj) to draw a list of nearest neighbors − ListA: {(Pi, Qj), i=1, 2, …, m}.
D(Pi, Qj) is the weighted error sum of the distance and the angle difference between the normal
vectors of the two vertices and can be calculated using Equation 1.


     

  

    

(1)

The first term in Equation 1 is the Euclidean distance between the two vertices, and the second
item measures the difference between the normal vectors at the two vertices, where laverage refers

to the average size of the mesh, and could be calculated as the average of the length, width, and
height of the bounding box of the component. ω1 and ω2 are the weights, which could be
assigned 0.8 and 0.2 respectively. The selection of the weights affects the contribution of the
Euclidean distance and the normal vector difference in the total difference measurement. There
is no apparent logic for a reasonable contribution distribution between these 2 terms, and the
choice of the actual value of the weights are subject to heuristics. The experiments carried out
in this research show that the values 0.8 and 0.2 are an acceptable solution, but these weights
can be tweaked according to actual performance and demand as an algorithmic parameter in
implementation. The normal vector at a vertex is taken as the weighted average of the normal
vectors of triangles containing the vertex. This calculation is repeated for each vertex in mesh
B, Qk, to find its nearest neighbor in mesh A, Ps, and produce the list of nearest neighbors −
ListB: {(Qk, Ps), k=1, 2, …, n}.
Next, the weighted average squared distance between vertices of the two meshes (i.e. SD) is
calculated. Vertices in the mesh vary in importance. For example, a vertex that describes a local
detail has smaller neighboring triangles, and is of less importance. To better measure the
similarity of the two components, it is prudent to use the sum of the areas of neighboring
triangles, Ai and Ak, as weights when calculating SD, as defined in Equation 2.




!       #


"

!   #

"

!#  #  

"

!#

(2)

When calculating the similarity, SD is compared with the average squared distance between the
vertices to account for the sizes of the meshes. The similarity between two triangle meshes is
defined as in Equation 3.
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If the similarity between two triangle meshes exceeds a preset threshold, (, then it is
determined the two components are similar, and the model data will therefore be mapped. The
value of the preset threshold ( could be tweaked according to actual conditions, where a larger
value stands for a lower tolerance for matching errors, and vice versa. The experiments assigned
the value 0.95 as the threshold, which yielded quality results within the context of these specific
experiments, and appeared acceptable to most practical usage. Still, the value should be
adjusted according to actual demand and performance.
Mapping-based algorithms are designed to reduce the redundant storage of coinciding or similar
geometric data in the same model. However, in MEP projects, due to the large numbers of
components with irregular shapes and complex geometry, storage optimization could be
challenging if it is based solely on similarity mapping. To address this challenge, in the next
sub-section a set of algorithms and schemes are proposed for the geometric simplification of
such components.

4.2 Mesh Simplification of Triangle-Based BREP Model

Mesh simplification refers to deleting or modifying geometric elements in a model that have
relatively small influence on the overall shape, and aims to reduce the model size while keeping
the perceived change from the original shape minimal [39]. A variety of mesh simplification
algorithms exist in literature, with some of the influential ones categorized and described in
Table 2.
Table 2. Main Mesh Simplification Algorithms
Category
Description
Geometric
Element
Deletion

Vertex Collapsing[40]
Edge Collapsing[41]
Triangle Collapsing[42]

Vertices

Clustering[43]

Area Merging[44]

Wavelet Decomposition[45]

Delete geometric elements from the mesh, by
collapsing vertices, edges or triangles, to
simplify the mesh.
Subdivide the mesh into cells. Replace all
vertices in the same cell with one new vertex,
and update edges and triangles accordingly.
Take one triangle as a seed, and continually
merge it with triangles around under a certain
merging condition.
Decompose the mesh into a low-resolution
approximation part using low-pass filtering, and
a detailed part using high-pass filtering.
Simplify the mesh by dropping the detailed part.

To complement the mapping-based storage optimization method of the whole model explained
in the previous section, and further optimize the storage of complicated components, an
improved Quadric Error Metrics (QEM)-based edge-collapsing algorithm was proposed. The
original QEM-based algorithm by Garland and Heckbert [41] sorts the edges by sorting errors in
an ascending order and collapsing the edge associated with the minimum error. However,
feature vertices could possibly be deleted in this process, which would drastically change the
topology of the model or even result in holes or overhangs. To preserve as much geometric
features of MEP components as possible and prevent overly large simplification error, the
proposed improved algorithm introduces: (i) Surface division and associated points recognition;
(ii) Model feature point recognition and preprocessing, and (iii) Accumulated error
measurement. The shortcoming of the original algorithm and the proposed features are
explained and demonstrated in the following paragraphs.

4.2.1 Surface Division and Associated Points Recognition
Points with the same coordinates but different normal vectors would be treated as two separate
points in triangulation by this algorithm. Examples are ‘5’ and ‘12’, and points ‘6’ and ‘13’,
etc. in Figure 3. With the original algorithm, the associated edge of a collapsed edge may not
collapse along, resulting in holes or overhangs, as shown in the lower-left corner of Figure 3.
To prevent large errors like holes or overhangs and to have a better control on the topology of
the simplified model, a per-surface edge-collapsing algorithm based on the original QEM-based
algorithm was proposed. First, the proposed new algorithms preform surface division on the
model through triangle indexing matching to determine whether triangles belong to the same
surface by their vertices’ indices. For example, triangle (1, 2, 3) and triangle (1, 3, 4) share

common indices ‘1’ and ‘3’ and therefore, they belong to the same surface. However, they have
no mutual indices with triangles (8, 9, 16) or (9, 10, 16) and hence, they are not in the same
surface. According to this rule, the model in Figure 3 would be divided into three surfaces,
namely Surface 1 (1, 2, 3, 4, 5, 6, 7), Surface 2 (8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21) and Surface 3 (22, 23, 24, 25, 26, 27, 28). Indexing association would be established
between vertices such as ‘1’ and ‘8’, etc., as shown in the right of Figure 3. Then,
simplifications would be performed per-surface. Whenever an edge in one surface is collapsed,
its associated edges would be searched for in other surfaces to be simultaneously collapsed. For
example, if edge 8-9 in Surface 2 were to be collapsed, its associated edge 1-2 in Surface 1
would be collapsed too. The benefits of this algorithm are twofold: i) the levels of simplification
of surfaces can be controlled to prevent some surfaces from being over-simplified; and ii) holes
and overhangs can be prevented, preserving the topology of the original model and improving
the simplification quality.

Figure 3. Preprocessing of Surface Division

4.2.2 Model Feature Point Recognition and Preprocessing
Model feature point recognition and preprocessing refers to the classification of model vertices
into simple enclosed vertices and complexopen vertices according to their geometric and
topologic properties, and further into reducible vertices, lagging reducible vertices, and
irreducible vertices (Figure 4).
If the opposite edges of a vertex in all the triangles containing it form a closed 3D polyline, and
all the edges linked to the vertex are shared by exactly two triangles, then the vertex is classified
as an enclosed a simple vertex. Simple Enclosed vertices are further classified into ordinary
vertices, inner edge vertices, and poignant angular vertices according to the geometric
properties of the mesh in their neighborhood. The common edge between two triangles is
classified as a feature edge of the model (See bold lines in Figure 4) if the dihedral angle
exceeds a designated threshold. If no feature edge is identified in the set of edges containing an
simple enclosed vertex, then the vertex is classified as an ordinary vertex. If exactly two feature
edges are found, the vertex is classified as an inner edge vertex. Finally, if only one or more

than two feature edges are identified, the vertex is classified as a poignantn angular vertex
(Figure 4). A non-simple enclosed vertex is labelled an open complex vertex, which either
belongs to an edge that is not a common edge of exactly two triangles, in which case labelled a
complex vertex, or its opposite edges cannot form a closed polyline, categorized as a boundary
vertex.
Vertices dictate the choice of the edge to collapse in the process of edge collapsing. TheseTo
fulfill such role, the types of vertices are further categorized into reducible vertices, lagging
reducible vertices, and irreducible vertices (Figure 4). This geometric and topologic
classification of vertices will guide the edge collapsing process in deciding the order and the
direction of collapsing, ensuring correct treatment of feature points and preventing large
distortion of model topology.

Figure 4. Sketch Map of Vertex Classification

4.2.3 Accumulated Error Measurement
It is generally sufficient to perform mesh simplification with a combination of the original
QEM-based algorithm and the two optimization methods explained earlier. However, to better
control the level of simplification and avoid severe distortion of the original model, this research
proposes to consider the overall accumulated error.
Edge Collapsing Error Measurement
The original QEM-based algorithm measures the error as the sum of squared distances between
the vertices and planes, which is a heuristic that characterized the cost of collapsing a selected
edge. While geometrically intuitive, this measurement does not reflect the loss of local detail
properly, as the distances between a certain vertex and all planes in the mesh are accounted.
This research, contrarily, measures the collapsing error using the sum of squared volume error,
which is more representative of local geometry changes, to better reflect the topology change
of the simplified mesh. An edge collapse operation is shown in the right of Figure 4, as edge

v1v2 collapses to vertex v. The collapsing error is defined as the sum of squared volumes of all
triangular pyramids with v as apex and a triangle face in T(v1) or T(v2) as base, where T(v)
stands for a set of triangles in the mesh that contains vertex v.
If a triangle belongs to the plane ax + by + cz + d = 0 and the normalized coefficients satisfy
a2+b2+c2=1, then the triangle is represented with p = (a, b, c, d)T. The collapsing error, which
is the sum of squared volumes of triangular pyramids with v as the apex and a triangle in T(v1),
can be calculated using Equation 4.
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Where Sp is the area of the triangle represented by p, and v is a 4-dimensional vector composed
by appending a ‘1’ to the geometric coordinates of the vertex v, so that pTv is the height of the
triangular pyramid. Q1 is a symmetrical matrix.
Similarly, the sum of squared volumes of triangular pyramids with v as the apex and a triangle
*.0*. At this stage, the collapsing process works
in T(v2) could be calculated as )**
according to the following conditions:
a) If both vertices of an edge are irreducible, then the edge should not be collapsed;
b) If one of the vertices of the edge to be collapsed is irreducible, then collapse the edge to
this vertex. For example, if vertex v1 of edge v1v2 is irreducible, then collapse the edge v1v2
to vertex v1, and the collapsing error will be shown in Equation 5.
) 

)
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c) If none of the vertices of the edge to be collapsed is irreducible, then the error of collapsing
the edge v1v2 to vertex v is calculated using Equation 6.
)
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Where, k is ‘1’ if its corresponding vertex is ordinary, and 2 if its corresponding vertex is
lagging reducible. The position of the vertex v in this case should be carefully selected to ensure
the topology remains as closed to the original mesh as possible. The position of v that optimizes
the simplification is identified using Equation 7, when the third-order leading principal
submatrix of the symmetric matrix Q is invertible.

1

2
*  2
2


3

41 4

2  2 3
2 23
23 233



2 5
25
235

(7)

If the third-order leading principal submatrix of Q is not invertible, then v could be searched
along edge v1v2, or (v1+ v2)/2 is selected as the collapsed vertex.
Whenever an edge is collapsed, the mesh stored is updated, and the geometric parameters
including normal vectors of the newly formed triangles are calculated.
Edge Collapsing Cost Considering Historical Errors and Overall Accumulated Error

The edge collapsing error described above, ) , represents changes in the local mesh
neighborhood after one collapsing operation only and does not consider the simplification
history. Therefore, the mesh is vulnerable to successive collapses in certain areas where it could
be subjected to rapid loss of details. To address this challenge, historical errors are considered
by defining the collapsing cost of an edge as in Equation 8.
6 
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Where 7
and 7
stand for the historical collapsing errors at vertices v1 and v2. The
historical collapsing error at a vertex v formed as a result of the collapse of edge vivj is defined
as in Equation 9.
7

6

(9)

In the process of simplification, the edge with the least collapsing cost is collapsed first. The
initial historical collapsing error at every vertex is 0. As the simplification process advances,
the historical collapsing error accumulates at the collapsed vertex, and the collapsing costs of
edges containing collapsed vertices rise. Consequently, their positions in the collapsing priority
list drop back, ensuring local details do not vanish too quickly. Before each collapsing operation,
the similarity between the simplified model and the original model is calculated, and if it is
below the threshold, the simplification process is triggered to terminate ensuring the accuracy
of the simplified outcome.

4.2.4 The Mesh Simplification Algorithm Procedure
The full procedure of the mesh simplification algorithm is illustrated in Figure 5.

Figure 5. Workflow of Mesh Simplification
The algorithm unfolds according to these steps:
a) Perform surface division using triangle indexing matching, and generate the list of surfaces
to be simplified (i.e. SurfaceList);

b) Establish the association between vertices in different surfaces;
c) Classify vertices in the surfaces according to geometric and topologic properties, and
exclude irreducible edges;
8 at all vertices;
d) Initialize the historical simplification error 7
e) Calculate the collapsing errors ) of all reducible edges in each surface, positions of
the collapsed vertices , and the collapsing costs C. Sort all the reducible edges by surface
using C as the key in ascending order;
f) Find the edge with the minimal collapsing cost (i.e.  ) from the SurfaceList and the
surface it belongs to (i.e. 9);
g) Update the accumulated historical error of the surface, :  ) . If E exceeds the
threshold of surface 9, then delete it from SurfaceList and return to step f), otherwise
proceed to step h);
6
h) Collapse edge  , and update the historical error at the collapsed vertex , 7
 , and delete the vanishing edge;
i) Calculate the collapsing errors, positions of collapsed vertices, and collapsing costs of
adjacent edges of vertex , and organize them within the list in an ascending order
according to their collapsing costs;
j) Search for associated edges of  in other surfaces, and repeat steps g) to i) for each
associated edge found. Then, proceed to step k), and
k) If the model has met the simplification requirements, then terminate; otherwise jump to
step f) to keep simplifying.
This set of simplification algorithms and rules, combined with the mapping-based optimization
scheme explained earlier, geometric data storage can be significantly reduced. However, there
remains the challenge of optimizing model transmission and display which is a necessity in
practical projects. An approach to address this challenge is proposed in the next section.

4.3 TRANSMISSION AND DISPLAY OPTIMIZATION
To complement the storage optimization capabilities and address the complete process of MEP
model geometric optimization and display, this section presents algorithms and workflows for
both model compression and model display optimization.

4.3.1 Compression Algorithms of MEP Models
The design, construction and operation of MEP systems require collaboration between multiple
project’s actors, and results in large-sized models that involve interchanges across different
platforms. The efficient storage and transmission of these large models is a key element to
enable this process. Reducing the size of the data to decrease the storage space and transmission
time is essential in information and communication systems. The process of storage
optimization explained in the previous section partly contributes towards this objective by
addressing the storage aspect. To facilitate the efficient transmission, compression algorithms
applicable to triangulation data and model properties, which are the most important data in the
transmission process, are proposed in this section.

JSON (JavaScript Object Notation) is a lightweight, text-based, language-independent data
interchange format [46]. It is suitable for the front-end development of the proposed system and
is used as the format of data interface to transform all necessary information from server to
client side. Nowadays, there are many data compression algorithms including human coding,
arithmetic coding, LZ series algorithms and so on [47]. GZIP (GNU Zip) is a compression utility
designed to be a replacement for compress, which is a primitive Unix utility. GZIP was selected
as the compression utility due to its advantages over compress such as improved compression
and freedom from patented algorithms. To further improve the efficiency of the transmission
process, two algorithms are proposed to be executed prior to the GZIP compression: a normal
vector compression algorithm for triangulation data, and a fixed-dictionary compression
algorithm for model properties.
First, a data storage format (i.e. Mesh) has been defined for triangulation data (see left side of
Figure 6). It defines the storage format for data of relevant vertices, faces, triangles, and normal
vectors, and employs a normal vector compression algorithm to optimize the transmission. A
normal vector would usually be stored as three floating-point numbers. However, transmitting
normal vectors in the raw floating-precision format is often unnecessary and can adversely
affect the transmission speed.
Numerous algorithms have been proposed for the compression of vectors. Among these,
spherical compression was identified as providing optimal balance between compression rate
and error [48] and therefore, was employed in the transmission optimization architecture.
This algorithm is capable of compressing the storage of normal vectors into two bytes (see right
side Figure 6). The three coordinates of a unit normal vector are first transformed into two
spherical angles (i.e., " ;<=>;? @A&, and $ =BC %) which are then normalized. Then,
PackSize is set to 255, and the normalized angles are mapped to integers D and  in the range
0-255. In doing so, normal vectors data are compressed and the model will later be compressed
by GZIP. When the data is decompressed at the client side, it is first decompressed using GZIP,
then D and  are reversely mapped into angles, then into coordinates, and finally normalized.
This normal vector algorithm is not lossless, but the loss is limited to minor angle errors.
However, consecutive model optimization algorithms will ensure that the overall geometric
expression of models is not affected as evidenced later in the paper.

Figure 6. Definition of Mesh Data and Optimized Storage of Normal Vector Data
Large quantities of model properties data are also transmitted during project development and
asset handover. To achieve efficient data transmission, a JSON data transmission interface [49]
and a dictionary versioning metadata are proposed. As all of the texts to be compressed are selfdefined, the adoption of a fixed-dictionary compression is possible. A fixed-dictionary can be
established at the early design stages in a way that both the system server and the client side
could load it in advance. It is possible to establish the MEP property names as the dictionary
contents and address the issue of recurrence and duplication that would consume storage space.
This challenge can be addressed by retrieving the list of all property names in the interface file
and removing duplicate items and relative short names to form a fixed-dictionary that can be
embedded into front-end script files. Consequently, the content of the dictionary would be
transmitted only once instead of multiple times, and together with the suppression of redundant
data, will result in an efficient transmission. The fixed-dictionary compression is the step before
GZIP compression and aim to improve the level of relevance of the compression. In the process
of transmission, the server first encodes the texts using the fixed-dictionary. This is followed
by GZIP compression, transmission and GZIP decompression at the client side, which are
configured and controlled by the server. Finally, the front-end script files use the preloaded
dictionary - according to the dictionary versioning metadata - to decode the data into original
texts, concluding the compression process.
The data transmission process is illustrated in Figure 7. MEP data (i.e. mesh data and property
data) for information transmission is first retrieved from the database and stored in their
respective self-defined data formats. Mesh data are then preprocessed using the normal vector
compression algorithm, while the property data are preprocessed with the fixed-dictionary
compression algorithm. Then, they are both compressed with GZIP in preparation for the
subsequent transmission. The client side, upon receiving the transmitted data, would first unzip
the data packets with GZIP to retrieve the compressed geometric and semantics data, which are
then decompressed by reversely mapping spherical angles to coordinates, and by using a
preloaded fixed dictionary, respectively. The decompression algorithms require minimal
calculation, and does not burden the performance to the extent as to be worthy consideration.

Figure 7. Workflow of Data Compression for Information Transmission

4.3.2 Display Optimization: Normal Vector Regeneration

To provide a holistic solution for the exchange of large MEP models, the optimization of model
storage and transmission - through the optimization algorithms explained in the previous
subsection - needs to be accompanied with improvement to the frontend display.
To this
end, this research presents a clustering-based normal vector regeneration algorithm for triangle
meshes.
Vertices in a 3D mesh are categorized according to the directions of the normal vectors of their
adjacent triangle faces. Relatively concentrated directions suggest a vertex in a smooth curved
surface whose normal vector can be obtained as the weighted average of those of neighboring
triangles. Otherwise, the vertex can be considered as the intersection of a few surfaces. In this
case, neighboring triangles are divided into groups with concentrated normal vector directions,
and the normal vector of each group is separately estimated. In the process of generating normal
vectors for vertices, k-means clustering algorithm is adopted to divide the neighboring triangles
into clusters, so that a normal vector for the vertex can be calculated from each cluster [50]. The
algorithm divides " data items into # clusters in such a way the sum of squared distances
between clusters is minimized. The accuracy of normal vector generation using different
indicators as weights were compared for various types of curved surfaces, and angular weights
were identified as having the highest accuracy in most cases [51]. Hence, this research adopts
angular weights in the normal vector regeneration algorithms for triangle meshes.
Unlike ordinary k-means algorithms, the number of clusters, #could not be predetermined.
The optimal value for # depends on whether the vertex is inside one smooth surface or is on
the intersection of multiple planes of curved surfaces. If the vertex is inside a smooth surface,
then its normal vector can be decided by all its neighboring triangles, and clustering in this case
is not necessary. A threshold, E, was inserted into the algorithm. When clustering, a value for
# within the interval 1 "4 is selected starting from 1, the maximum angle,F &, between
any two normal vectors in one cluster is identified. If F & G E, then the clustering results are
satisfactory, and the algorithm terminates; otherwise, # is incremented and a new round of
clustering calculation is performed. The complete process is shown in Figure 8.

Figure 8. Workflow of K-Means Clustering of Adjacent Triangles with Common Vertex
The complete process of normal vector regeneration is as follows:
a) Checks whether the mesh description of the component is already accurate enough
according to the component type and number of triangles (i.e. if the component comprises
of predominantly plain surfaces, or has enough triangles to represent curved surfaces, the
algorithms adopts face normal vectors and terminates);
b) Computes the normal vectors of triangle faces, and generates the list of vertices of the mesh;
c) For each vertex in the list of vertices, the algorithm identifies all triangles in the mesh that
contain it;
d) Performs k-means clustering on the triangles as shown in Figure 9 to yield # groups of
triangles, and
e) For each triangle mesh, 6 , the algorithm calculates the weighted average normal vector,
H  as the eventual normal vector, and set it as the normal vector of the vertex
corresponding to the cluster.

Figure 9. Workflow of K-Means-Based Normal Vector Calculation

5. CASE STUDIES AND DISCUSSIONS
This study proposed algorithms and techniques for the optimization of storage, transmission
and display of MEP models. This section implements and tests such algorithms and techniques
using real-world case studies. The demonstration is first performed for individual components
separately using relatively small-scale models, and then holistically with the application the
proposed solution to a large-scale MEP project, the Hedong Subway Station project in
Guangzhou Metro. In such a way, the demonstration methodology merges together unit
evaluation (i.e. testing individual methods and functions of the solution’s modules implemented
as part of the solution) with summative or end-to-end evaluation (i.e. evaluating the utility of
the software for its intended purpose).
To reduce the redundant storage of geometric information, a similarity-matching algorithm was
devised and describe in Section 3.1. The algorithm considers coincidences and similarities
between meshes after translation, but not after any other geometric transformations such as
rotation or scaling. Similarity between two meshes is measured based on the weighted mean
squared distance between vertices of the two meshes. Meshes whose similarity exceeds a preset
threshold will be identified as similar and their geometric data will be mapped to reduce
redundant storage.
In Figure 10(a), a similarity matching was performed between models of the same elbow
component with different numbers of vertices resulting from different levels of geometric
simplification. The original model has 456 vertices and its similarity with itself is obviously
1.0. The moderately simplified mesh in the middle has 142 vertices (reduction by 3169%) with
a calculated similarity of 0.984. The substantially simplified mesh on the right remained with
47 vertices only, and preserved a similarity of 0.905 compared with the original model. In
Figure 10(b), similar-sized fine models of an equal tee, a concentric reducer, and a tube segment
are matched with the model of the elbow, and the highest similarity was 0.833 and was obtained

with the equal tee. The successful identification of higher similarity between meshes of the
same component even after significant simplification, than between meshes of different types
of components, is a successful demonstration of similarity- matching capabilities of the
proposed algorithms.
In Figure 10(c), the proposed similarity-matching algorithm was integrated into the mappingbased optimization schemes, and was tested with a model of an airport check-in island. The
original model consists of 1,367 components and 211,000 triangles, while the optimized model,
using a similarity threshold of 0.99, contains only 374 components and 50,600 triangles. The
data volume has been reduced by 76% the original size, saving storage and graphics memory
consumption, and enhancing rendering efficiency.

Figure 10. Similarity Calculation and Mapping-Based Storage Optimization
Despite the successful testing of the algorithm, there are still opportunities for further
improvement. For example, in the current algorithm, meshes are aligned only for translation
before matching which excludes coincidences after any other geometric transformations

including rotation. This approach assumed that MEP systems are mostly designed based on
orthogonal coordinate systems, making coincidences after random rotations very rare. However,
this assumption is not valid at all times as the case with the airport check-in island model. The
level of data volume reduction would be negatively influenced in such cases, since components
that would have coincided after rotation are considered as dissimilar by the algorithm.
Moreover, the algorithm depends on properties information for branch-pruning in order to
compare the type of meshes before similarity calculation. In the absence of adequate properties
data, the efficiency of the algorithm would decrease and concurrently the result would be more
susceptible to mismatching of different types of components.
In Section 3.2, a set of approaches and algorithms for simplifying geometrically complicated
components were presented. First, a surface division and associated vertex recognition
approach was proposed as a preprocessing procedure to prevent holes and overhangs during
simplification. Second, a classification scheme for model vertices according to their topological
context was devised to determine the collapsing priorities and guide the collapsing process.
Finally, a mesh simplification algorithm employing an improved QEM metric, supplemented
with an accumulated historical error metric, was developed to perform mesh simplification.
Figure 11 shows the result of mesh simplification for four different MEP components using the
proposed algorithm. The simplification rate for relatively complicated components, such as the
camera, the elbow tube fitting, and the tuyère, have reached as high as 70% - 80%. For
geometrically simpler components, such as the pipeline segment, the simplification rate is
around 40% - 50%. The results suggest the proposed algorithm could effectively reduce the
number of triangles in complicated meshes, while preserving their topologies. The automatic
termination of the algorithm according to accumulated historical errors, combined with the
surface-wise simplification strategy, prevented local oversimplification in the result outputs.
When combined with the mapping-based optimization technique, the overall rate of reduction
in size for complicated components can exceed the achieved 80% and can possibly reach as
high as 90%. The proposed algorithm is most suitable for simplifying complicated components
as its performance generally improve with mesh complexity. Hence, a tradeoff problem
between the storage saving targets and the extra processing power required should be
considered when selecting meshes for simplification.
To enhance the display effect, a normal vector regeneration algorithm. The core of the
algorithm is the clustering of the normal vectors at a vertex into suitable groups. Since the
number of surfaces the vertex borders is not known in advance, the algorithm clusters normal
vectors using k-means algorithm with an iteratively increasing value of #, and terminates once
an acceptable result is obtained within a preset threshold.

Figure 11. Demonstration of Mesh Simplification Results
Figure 12 shows the result of applying the normal vector regeneration algorithm to the
simplified model of a camera component. The original model is shown on the left, and the
simplified model in the middle. It can be observed that before applying the normal vector
regeneration, the edges of the triangle faces are visible, making each of them appear as a
separate surface. The model after normal vector regeneration is shown on the right of Figure
12. The output is satisfactory, as the curved exterior surfaces appear smooth without edges, and
with visually realistic specular highlights.

Figure 12. Model Display Optimization
However, this algorithm has some issues. Firstly, the selection of clustering algorithms could
be disputed. The K-means clustering algorithm requires as input the number of clusters to
produce which cannot be known in advance. For the proposed algorithm, an iteration of possible
values of # has to be made which may decrease the efficiency. Secondly, closely aligned
normal vectors, especially those with an angle that is smaller than the threshold, are very likely
to be assigned to the same cluster. This produces desirable results in most cases but there are
some exceptions. Finally, distinguishing closely aligned planes from smooth curved surfaces
from pure geometric information is very challenging, and support of additional information
would be required.
The solution proposed in this study was also applied to a large-scale MEP project, the Hedong

Station of Guangzhou Metro in Liwan District, Guangzhou, China, as shown in Figure 13. The
station is located at a saddle-shaped terrain, and is a two-story underground island-platform
station. The flat section measures around 300 meters in length, and the total area is 9,034.45
m2, which includes 7,384.00 m2 for the main body, and 1,650.45 m2 for subsidiary bodies. The
components in the MEP systems are in large numbers and complex shapes, with the number of
triangles reaching up to about 10 million and occupying a storage space of around 2 GB of
space. As a result, this model poses significant demand on the storage, cross-platform
transmission and efficient display.

Figure 13. Application to Hedong Station of Guangzhou Metro

Figure 14 shows that with the proposed simplification algorithm, the topology of a complicated
fire pump remained largely intact visually, even with a simplification rate of 80%. This
demonstrates the simplification quality attainable with the proposed algorithm.
Cross-platform data transmission and model displaying are also essential in large construction
and engineering with major MEP systems. The transmission of large amounts of data can create
capacity issues as it is resource demanding and time consuming. The proposed approach
enables significant reduction in the volume of the data to be transmitted. Figure 15 shows that
the proposed techniques reduced the transmission volume of a subsystem by more than 80%
which is considered a significant contribution in terms of time and costs associated with

transmission and display of models.
To enhance the 3D display effect and compensate for the side effect caused by the storage and
transmission optimization, this solution proposes a clustering-based normal vector generation
algorithm for triangle meshes. The results from testing these components of the solution are
shown in Figure 14 (refer to upper right part). The displayed 3D model exhibits smoothness
and clarity hence, it can be concluded that quality and efficient display can be achieved in
addition to optimized and efficient storage.

Figure 14. Different Levels of Mesh Simplification for a Fire Pump

Figure 15. Results of Storage Optimization and Compression of MEP Model
Overall, this research proposed a solution consisting of set of algorithms and technique for the
geometric optimization of MEP models. The solution addresses all phases involved in this
process from compression, through storage, to transmission and display. The testing results
were generally found to be positive and proved that the proposed solution has capabilities that
are commensurate with the complexity and difficulty for management of MEP projects.

Some limitations to specific algorithms (i.e. the similarity-matching algorithm considers
coincidences and similarities between meshes after translation, but not after any other
geometric transformations such as rotation or scaling) were identified and some issues
regarding the selection of certain algorithms (i.e. K-means clustering algorithm requiring as
input the number of clusters which is not known in advance) are still open for debate. Moreover,
the algorithms proposed are also not easily parallelized. The similarity- matching algorithm
involves iterating through all the meshes in the model and test the similarity between each pair,
and the mesh simplification algorithm needs to find the vertex with the least collapsing error
globally, thus both are denied the potential of being greatly boosted by parallelization. However,
such limitations are inherent to the problems themselves, instead of the proposed
implementations. The rendering of the models, obviously, are parallelized and calculated on
the GPU, which is implicitly implemented by the graphics facility.
On the one hand, the storage optimization algorithms assume memory to be one of the main
limiting factors of MEP applications due to the large size of MEP models [49], and the selected
algorithms require more processing power to produce lightweight models for enhanced
transmission and rendering speed. Although this assumption is generally valid, there exist
exceptions where some graphical workstations are specially configured to be equipped with
extraordinarily large RAM sizes. These workstations can manipulate even entire MEP models
of large construction and engineering projects. In such circumstances, the additional processing
time required by the proposed algorithms to reduce memory usage may become
counterproductive. However, with the exemption of large and capital intensivecapital-intensive
projects, most engineering consultants responsible for MEP systems are either small or micro
enterprises and cannot generally afford expensive workstations. The proposed solution can be
very beneficial with this cluster.
Moreover, geometric optimization may be consisted only a small and specialized contribution
within the holistic challenge of improving productivity performance of MEP projects. However,
they are other important process management and technology challenges affecting MEP
systems. Key challenges include: the limited cooperation between actors and the high number
of collisions affecting MEP systems; and the challenges of handing over MEP data to facilities
managers [52]. The proposed solutions, by adopting open standards (i.e. IFC) and lightening
heaving MEP models, contribute to the two challenges and democratize the use of BIM models
across both the supply chain and the project phases including the facilities management phase.

6. LIMITATION AND FUTURE WORKS
Certainly, this work is not without limitations, and there exists room for further improvements.
We’ve identified some major limitations of this research work and discussed the possibility of
future works for further improvements.
Firstly, as has previously been discussed, the proposed algorithms had limitations which can be
resolved in the future. The similarity-matching algorithm considers coincidences and
similarities between meshes after translation, but not after any other geometric transformations
based on the postulation that MEP systems are mostly designed in orthogonal coordinate
systems. However, coincidences after a combination of translation and other geometric

transformations also occasionally occur, and support for such similarities should be
implemented in the future. The k-means clustering algorithm used to cluster adjacent triangles
into surfaces requires as input the number of surfaces to be clustered into, which cannot be
determined in advance, forcing the algorithm to iterate over all possible values, resulting in a
multiplication of time consumption. In the future, hierarchical or density-based clustering
algorithms could be used and tested to avoid the aforementioned overhead.
Secondly, there lacks means to fully quantitatively evaluate and benchmark the proposed
algorithms. Although some meshes are conventionally used by algorithm developers to test and
benchmark the results, e.g. the Stanford Bunny[53], the applicability to the results of this research
is poor, as the proposed algorithms seek to exploit characteristics specific to MEP systems.
Currently, an open access, publicly accepted, and conventionally used benchmarking model is
yet to be established, which is an agenda requiring contributions and efforts from the entire
community. Consequently, the test-case used in this research is the MEP system from Hedong
Station. There stands a chance to reassess and benchmark the proposed algorithms against the
mentioned standard model in the future.
Finally, the value and necessity of geometric optimization techniques in the industry is also
open to debate. The research assumed memory-saving as the major objective, which in real-life
projects are not short of exceptions. Specialized graphical workstations are able to consume
and manipulate entire MEP projects of even large-scale projects, in which case the proposed
methods are futile. Geometric optimizations are also but a specialized aspect in the performance
of MEP projects, the value of the research is limited within the extent to which geometric
models could benefit MEP projects. Many other key challenges await to be countered to
revolutionarily change the MEP industry in the future.

7. CONCLUSION
This research addressed challenges affecting the storage, transmission, and display of geometric
data in the application of BIM to large-scale MEP projects. The foundation of the solution for
optimizing model storage and display consisted of a novel information storage and management
architecture. This architecture included a mapping-based model description method for storage
optimization based on similarity analysis; and a novel Quadric-Error-Metric (QEM) mesh
simplification algorithm for complicated components. The testing of these methods with real
industry data from major infrastructure projects in China were successful, and showed that the
volume of storage data can be reduced by 40% to 50%, without affecting the display visual
quality. The key contribution to achieve this level of performance was the improvement
introduced to the original QEM-based mesh simplification algorithm with: the introduction of
surface division, model feature point recognition, and accumulated error measurement. These
improvements helped to substantially reduce the number of triangles in a mesh while
maintaining topology.
Novel algorithms were proposed for the optimization of transmission and display of MEP
models. These included: the self-defined Mesh data format using the JSON data exchange

interface; a normal vector compression algorithm, and a fixed-dictionary compression
algorithm to compress key geometric and properties data. These algorithms improve the
transmission efficiency by addressing the challenges in the coordination between the front-end
and back-end, and in cross-platform interactions. The testing of these algorithms with real case
studies showed that the volume of transmitted data can be reduced by over 80% without
affecting the topology of the components.
Finally, to improve the efficiency of the display of MEP models without affecting its quality,
this research proposed: a clustering-based normal vector generation algorithm for triangle
meshes, and a dynamic lighting calculation technique to compensate for the potential side
effects of storage and transmission optimization on the quality of displayed model. Both the
algorithms and the techniques were successfully tested and respectively showed a significant
reduction in the number of triangles, and a very good quality of displayed models.
An additional testing of the entire solution was performed within the Guangzhou Metro project
and the positive results obtained from the individual testing of each algorithm and technique
were confirmed. Assumptions and key limitations in the selection and mode of operation of
certain algorithms were identified and discussed. In additional to the theoretical contribution
identified at both the entire solution and its individual algorithms, this research provides
practical implications. Its practical uses lie in all applications within the architectural,
engineering and construction sector requiring the storage, transmission and display of large
volume of model data, or in the operation stage where the adoption of 3D models is still
embryonic.

APPENDIX
Flowcharts in this paper adhere to ISO-5807:1985 for standardized representation of symbols.
The symbolisms of the shapes appeared in this paper are as suggested by Figure 16.

Figure 16. Representations of Shapes in Flowcharts
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