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ABSTRACT

This study facilitates the scalability of as-built data from an earlier street level to underground transportation sites from
the life-cycle perspective of urban information maintenance. As-built 3D scans of a 6 km street were made at different
time periods, and of 3 underground Mass Rapid Transit (MRT) stations under construction in Taipei. A scanned point
cloud was used to create a Building Information Modeling (BIM) Level of Development (LOD) 500 as-built point cloud
model, with which topographic utility data were integrated and the model quality was investigated. The complex under-
ground models of the transportation stations are proofed to be in correct relative locations to the street entrances on
ground level. In the future the 3D relationship around the station will facilitate new designs or excavations in the

neighborhood urban environment.
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1. Introduction

Transportation systems are an important indicator of ur-
ban development. The systems are subject to consistent
monitoring from a life-cycle point of view, and a process
being able to reflect actual construction conditions is
needed. To ensure an appropriate construction simulation,
the preconstruction preparation includes programming,
scheduleing, methods, emergency procedures, etc. While
data are created in different stages, 4D simulation is a
powerful tool for the evaluation of construction processes
[1], in which both data and the construction process can
be visualized, allowing the communication of this infor-
mation between different parties. Nevertheless, the simu-
lation has limitations in terms of defining actual occur-
rences at a site when a very complicated collection of
activities and objects is presented. The complexity adds
difficulties and uncertainties in creating corresponding
digital representations of the data.

Point cloud models are as-built data, whose integration
with old environmental data leads to a specific applica-
tion in showing most current status of environment or in
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contrasting the changes. The model can also be presented
in virtual world, in which virtual 3D city models are be-
coming more widely implemented by governments and
city planning services, of which highly detailed 3D mod-
els that reflect the complexity of city objects and the in-
terrelations are required [2,3]. Nowadays, city modeling
has reached a new level of reality in which 3D point
cloud models are created with rich geometric properties
and rich details, which enable the clouds to integrate
other city model types [4].

The concept of rich geometric data should be extended
to new underground construction site by being capable of
integrating with existing models at street level for update
purposes. However, technical, policy, and institutional
barriers are usually faced in integrating data from multi-
ple state-based sources [5]. Same situation can occur to
departments of a local government for spatial-referenced
multiple land information databases. The data from all
platforms need to be exchangeable for the best efficiency
[6]. Based on shared data, system integration can be
achieved to support of planning decision-making and
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facility management after construction. The concept of
cross-sourcing virtual cities [7] should be promoted fur-
ther to as-built data in a city scale, as to reflect the real
content of an environment. In addition, 2D registration
processes should be extended to cover 3D property regis-
tration [8], like the integration of topographic map and
as-built 3D city models.

Monitoring the development of city infrastructure is an
important task. Geospatial technique is used to monitor
city infrastructure networks by, for example, mobile laser
scanning [9]. The issues to be taken care of include the
representation, identification, and segmentation of 3D
urban objects. Although CityGML is a common informa-
tion model for the representation of 3D urban objects,
such as buildings, traffic infrastructure, water bodies [10],
the presence of these subjects needs to be verified by as-
built model prior to evaluation or simulation. Although
high-complexity point clouds have been collected from
airborne terrestrial LIDAR 3D for city modeling [11,12]
with greater efficiency, underground site needs to scan
and to register clouds from inside the basements or tun-
nels by regions.

Technologies for mapping the underworld (MTU)
have been applied to the condition assessment of under-
ground utilities of buried infrastructure [13]. Although
the scans could not be made during the occurrence of
water, natural gas, electricity, telecommunications and
sewerage. The underground scan not only presents the
relationship with outside world, but also comes with spe-
cific scan-related data application, like rock engineering
[14]. With semi-underground openings available, the con-
nection between inside and exterior can be well-es-
tablished with long-term measurements [15].

Increasing need has been shown in generating real
world facilities in virtual environment, involving differ-
ent levels of balance between human and computer effort
[16]. With the balance in mind, after the environmental
data are retrieved, the human effort is still needed espe-
cially in identifying the difference between heterogeneous
representations among objects by initializing planar or
cylinder shapes into walls, floors, ceilings, and pipes.

1.1. Research Scope

This study combines two types of as-built records, exist-
ing street facades and new underground construction, to
extend the scope of present data and to set up a check-
point for future data comparison. As-built records, which
are used to monitor the quality of transportation systems,
are usually difficult to create seamlessly between differ-
ent phases, such as programming, design, simulation,
construction, maintenance, and afterward. In order to de-
termine the differences via comparison, new scanned data
are registered with existing ones to define their inter-
relationships.
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This independent scan project retrieved new Level of
Development (LOD) 500 as-built models of underground
MRT stations without LOD 100-400 data provided. The
underground data are integrated into the as-built building
point cloud models above ground level to extend existing
LOD 500 data for future designs and excavations nearby.
In order to facilitate greater integration with other disci-
plines [17], this is also considered as data collaboration
from heterogeneous departments toward a finalized
Building Information Modeling (BIM) model.

An LOD 500 at urban scale should be conducted prior
to construction in order to facilitate any new design-re-
lated activity occurring in a neighborhood area with a
broader evaluation perspective. Most urban scans are
visualization-oriented, despite the result actually being a
collection of single buildings at LOD 500 level. Since
design and nearby environment are mutually influenced,
the LOD 500 of nearby buildings should be required for
an overall evaluation [18]. The related data are the con-
figuration which contributes to the proportion, skyline, or
orientation of the entire region. The most straightforward
way to collect data is to scan and to examine the con-
figuration based on as-built shape.

1.2. Methodology

This study recursively creates as-built representation for
future reference. The as-built representation comes with
different approaches, such as from modification from
former design models based on field measurements.
However, the complexity of building environment usu-
ally excludes the possibility of thorough data retrieval.
Additionally, the accuracy check can be difficult for
cross-referenced urban environment. In contrast to cor-
recting building data from different departments, it’s
more important to verify individual data set and to create
cross-reference among the sets.

2. MRT Stations and Scans

The East-West MRT line of Taipei, Taiwan, is separated
into 7 sectors with different construction contractors and
progress (Figure 1). Most of the excavation has been
made underground, with connections to ground level
through openings for the access of machinery, materials,
or workers. The openings are usually located in the mid-
dle of streets carrying heavy traffic, and are fenced off
with different arrangements of materials on the ground
level.

Two scan sessions, one above ground level and one
underground, were conducted at two different time peri-
ods. The former has registration points set up, and can be
seen without visual interference. The latter has very lim-
ited area for registration. The combination shows the
scalability of as-built data from an earlier and smaller
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Figure 1. The newest East-West MRT line of Taipei and the
point cloud model of the street.

amount of data to a broader life-cycle perspective of data.

The scans were made by a Leica HDS 3000™ long-
range laser scanner, which applies time-of-flight tech-
nology to calculate distance.

In total, scans were made at 59 locations (ScanWorld)
with 1344 individual scans of different sizes. The entire
scans took 21 days (not including preliminary visits, site
meetings, planning), in which 37 ScanWorlds were de-
ployed above ground and 22 ScanWorlds were made un-
derground. A ScanWorld is the internal data representa-
tion of the scan database for locations: a ScanWorld may
consist of many scans. The 1344 detail scans were made
for registrations. In this study, a ScanWorld is usually
made of a large area scan (up to 360 x 270 degrees) and a
number of high resolution scans of features points as
detail scans. With the point spacing of 10 - 20 cm at 100
m, it usually took about one hour for each ScanWorld
and another half an hour for detail scans. The detail scans
are important to the precision of final scan model and the
following scan jobs, because it can create a correct of 3D
spatial frame for future reference. The registration toler-
ance is about 8 - 12 mm/100 m.

In order to avoid any obstruction to a scan, the ground
level was scanned from the roofs of nearby offices and
apartments. The scan locations must be chosen in such a
way as to avoid, or to cover, the blind spots near the bot-
tom of the scanner. With a scan range of 250 meters,
raising height actually broadens the covered ground area.
The project chose scan locations at about every 100 - 150
meters. The scan process (Figure 2) is made of existing
scans, new ground level scans, and the addition of un-
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derground MRT scans, by referring to ground level
scans.

The scan job is also divided into two parts: field scan
and laboratory modeling. The former would need 3 - 4
persons for machine transportation, setup, and operation,
the latter need only 2 - 3 persons for registration, data
abstraction, modeling (point model, polygon model,
rapid prototyping or RP model), and urban analysis (i.e.
fagade proportion, regional landscape).

After the excavation was completed, temporary covers
were installed above the original street at the same loca-
tion to store construction materials and fence panels. The
locations and related point cloud can be seen in Figure 3.
Each orange thin line represents the width of the point

N

. Add underground MRT-I scan by
referring to ground level scans

Leica HDS3000, = < [ - = s = v

5. New ground level scans

Figure 2. The scan sequence and references.

Figure 3. General construction scenes on ground level and
the point cloud section at specific location G.
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cloud that the section is made of, and the arrows indicate
the viewing direction. The steel supports have not been
completed, and the excavation, construction materials,
and small machinery were placed on the ground level.
Part of the construction under ground level was uncov-
sered during this scan period.

Shin-I street is part of the main circulation system
running East-West in Taipei. The MRT construction on
street level and below has a significant impact on public
transportation. The reduction of the original street width
for excavation and temporary working decks intensifies
traffic problems. To quantify the influence, the section at
each interval is extracted to illustrate the percentage of
construction over the entire street width for about 10% -
40%. Street profiles can vary according to buildings on
both sides, and by construction-related activities. Large
construction machinery, about two-stories high, is usu-
ally installed next to ground openings close to the middle
of the street, dividing the space in half. The section pro-
files, which can also be seen in the point cloud (Figure
3), illustrate the narrow clearance between the machines
and the facades.

2.1. Underground Construction of MRT Stations

The MRT stations and rails are constructed beneath one
of the main streets in Taipei. Although this concealed
infrastructure is connected to the daily activity above, the
relative locations of the two are very important, as the
complexity may affect future construction or renovations.
Considering the types of complexity three-dimensionally,
three MRT stations were studied as 1) Type A: a joint
design and development with a park at ground level; 2)
Type B: shared structure with the existing MRT station;
and 3) Type C: a typical underground station. Types A
and B are exemplified in the following sections.

Scans (Type A) were made at different locations, such
as entrances, the ticket lobby and the platform (Figure 4).
The scanned components included: structures, rails, tun-
nels, materials, and HVAC systems. Additional scans
were made to combine the cloud models above ground
level.

Retrieving sections at different locations of a cloud
model helps in the comprehension of the construction
process and the inter-relationships among components.
The co-related component arrangement is more likely to
uncover any missing interface between systems. The
sections are directly made from the as-built cloud models;
they are more likely to precisely react to construction
errors. The cloud-derived plan (Figure 5) illustrates the
locations of walls, columns, staircases and temporary
storage areas. The platform can also be identified on the
B2 level. The cross-section of the entire station shows
the relative location of the steel structures of two floor
levels and the temporary working platforms.
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Figure 4. Point clouds of entrance, platform, rails and steel
structure.
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Figure 5. The point cloud of the urban environment at
ground level and MRT underground (Type A).

2.2. A Top-Down Hierarchy of Cloud Models

A construction schedule consists of multiple concurrent
or sequential activities. To record the entire perspective
of the as-built 4D progress, the activities in terms of
components have to be defined from, for example, tem-
porary structures, excavation, foundation, steel bars, con-
crete, rails, and steel structure, to interior finishing. The
complexity in terms of details is traditionally defined in a
bottom-up structure in which each type has to relate its
presence in regard to the entire perspective. To simulate
the structure in this way would require tremendous effort.
In contrast, a top-down viewpoint in defining complex
construction activities uses the cloud model as the central
database and subdivides each construction as needed at
each schedule checkpoint for inspection. From the design
point of view, a building is the product of a top-down
process. Thus, a building cloud model is defined from a
construction record point of view, which is useful be-
cause of its similar top-down nature. Most importantly,
the cloud model is a feasible means of recovering the
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geometric construction conditions at a certain level,
compared to the limited perspective of photographs,
videos, 2D drawings, or 3D design models, in which the
data segmentation characteristics can hardly be related to
each other; the as-built database possibly would not even
exist unless scans are made.

The point cloud can be navigated by users trained to
read this specific type of data representation, and a pro-
ject leader can also request the cloud be rotated, panned,
or scaled, as needed, to look for a specific point as a ver-
tex or a set of linear points as an edge for measurements.

3. Inspection of the Relationship between the
MRT Station and the Urban Environment

The as-built facades and cross-sections of a street are
very difficult to create. Government infrastructure sur-
veys refer to traditional field data. With private property
buildings, the data of an entire street or block are not
only difficult to integrate as a whole, but access to the
data of each private building is usually restricted. Current
2D drawings have limited block-wise information in both
vertical and horizontal dimensions, especially when deal-
ing with all street-facing buildings. Due to a lack of up-
dated information on new and old buildings, as-built data
become the only source of information for any new con-
struction project.

3D scans of an entire block and street enable the crea-
tion of as-built data, which integrate not only various
private buildings, but also the co-relationship between
government and private sources of data. The integrated
and co-related data enable the generation of various types
of drawings [19], which eliminates the needs to visit a
large number of parties, to handle the integration of
sources, and to verify the tolerance of measurements.
The integrated data are presented with colors that create a
more effective visualization of a larger area with a scan
precision of up to 4 mm/50 m (Leica HDS 3000™). An
end user not only has a larger perspective of a certain
region, but also the ability to use the data by simply re-
questing a part of the point cloud at a specific location,
and the traditional sections or elevations can be created
with consistency.

The Type B MRT station is located in a transportation
building shared by two lines: one above ground, which
was built earlier, and another underground, which was
under construction. The grey part of the point cloud
model was created before 2010.7.15 above ground level,
and the color part of the underground model was created
before 2011.3.24 (Figure 6). With a comparison of the
section with/out the new construction (Figure 7), the
station and its entrances can be correlated to the existing
urban environment outside the station. The vertical lay-
out of the basement levels, corridors and exits can also be
seen, with their alignment to the building entrances on

Open Access

the ground level.

Streets, buildings, and landscape above ground level
can be seen and retrieved from 2D drawings and photo-
graphs. However, the relationship between the urban en-
vironment on the ground level and the underground MRT
station is not easily discernible. In order to address this
problem, a cloud model, which combines data from the
ground level and above, can be oriented to fulfill inspec-
tion needs. For example, the relative location between
the projection of the station and the North section of the
street is shown in Figure 6; it can be seen that the station
is located right below the street, and the distance between
the station and the street buildings can be determined.
The cloud-derived section is used to precisely measure
the building heights and the depth of the station. The 3D
relationships around the station will be used to accom-
modate new designs and nearby excavation.

4. Point Cloud for BIM

BIM consists of 3D models, and is used for qualitative
and quantitative estimation. Each building object is de-
fined as an element, and is subject to a LOD [20]. Both
the BIM and point cloud models (PCM) inherit the

Figure 6. The point cloud of an MRT underground station
(Type B) with the connections to ground level, the existing
urban environment on the ground level are shown in gray
color.

Figure 7. MRT with/out the new construction.
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chronological nature of time, in which the former pre-
sents a forward design process, while the latter presents a
reversed construction checking procedure, i.e. as the real
physical objects are constructed, the scanned shape
which presents as-built data is used to modify or check
the LOD 300/400 for the final LOD 500 model.

BIM with object attributes can record detailed infor-
mation for each building component. Although a pro-
gramming language (like AutoLisp) can set definitions
for vector drawing data, a user would need programming
experience, skills possessed by a small number of de-
signers or draftspersons. As with the component-based
BIM, this study emphasizes an urban environment which
is made of individual buildings as components.

The definition of 500 data should specify its nature in
terms of execution process and the final result, and ad-
dress the 4D characteristics [21] in an as-built manner.
Although design and construction have been successfully
defined or conducted a virtual environment, the design
model has to be confirmed with as-built model. The LOD
500 usually comes after the final construction stages
when most of the components are sealed or covered by
finishes, and the confirmation of dimensions or shapes is
usually prevented. In order to carry out 500 data, the 3D
scans should be performed on as-built parts throughout
the construction process [22] and monitor as-built data in
terms of dimensions, configuration and adjacency [23].

This study creates a point-cloud-based data by the fol-
lowing steps:

e Separate cloud by parts

e Import to Autodesk Revit™
e Create 3D models

e Export images and models

The cloud data were sliced into plans, elevations and
sections to be exported for modeling collaboration. Using
Leica CloudWorx™, the cloud data were imported to
Revit'™ (Figure 8). In order to increase modeling speed,
the cloud data were separated by plans, elevations and
sections as appropriate parts to be distributed for concur-
rent model making by multiple persons. The 3D cloud
data were in full scale, which could be measured directly.
The 3D data were also presented with 2D images as
backgrounds to trace model boundaries.

Figure 8. The type A MRT station cloud model is imported
into Autodesk Revit™.

Open Access

4.1. Creating 3D Models

Traditional modeling result confirms the design-oriented
definition better than with construction-oriented as-built
data. Complicated situations usually occur to a well-de-
fined BIM, because quality control problems may arise in
any phase of construction. A 3D as-built model can be
used to verify the BIM data during construction, and to
create a final 3D model after construction is completed.
Cloud data clearly specify the dimensions of interiors
and exteriors. Building components, such as beams,
columns, walls, floors, staircases, etc., can also be identi-
fied. Scans can be applied before entities installed to in-
spect clearance around.

Overlaying construction (or fabrication) models and
cloud models constitutes the most straightforward me-
thod of quality control in terms of checking boundaries,
locations, clearances, or offsets by distances or regions.
The related inspection can be viewed from all angles, and
the model data can be sliced as sections at preferred in-
tervals to avoid viewing obstructions. Most importantly,
the level of construction accuracy can be justified.

The BIM for an HVAC system includes the ducts,
joints, pipes and supporting accessories with specified
clearances to ceiling or decks. Since the installation is
based on an approved design, no intersection between
components is expected in the as-built cloud models.
However, the confirmation of the diameters and slopes of
pipes that cross large spans, or have areas obscured by
other components or partitions, are difficult to measure.
If the sag of these components along linear paths is a few
millimeters or inches, the deviation is usually trivial and
does not show up in a BIM fabrication model. As a result,
the final locations can never be determined when the
tolerances differ from the designed specifications. The
missing verification of the final dimensions of a compo-
nent’s size and location will transfer the tolerance to the
following stage in facility management. Thus, the actual
state of a component cannot be determined, especially
when a component is sealed inside a piece of concrete
wall or behind a fixed partition.

Scans were made of the MRT station before interior
finishing was completed. These scans were able to record
the HVAC system before it was covered by ceiling tiles
(Figure 9). Cloud models can be used to create final
drawings in the traditional way, or they can be used for
confirmation with BIM. The point clouds are also used to
estimate diameters. As shown in Figure 10 (top), the
cloud slice is imported into AutoCAD™. The locations
and diameters of pipes are retrieved after the pipe-related
points are initialized as 3D tubes. The scanned point
clouds were used to create as-built polygon model at
MRT lobby level (Figure 11).
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Figure 9. Section showing ducts, pipes, accessories, and par-
tially finished ceiling.

Figure 10. The floor and the retrieval of pipes (top); the ar-
rangement and the overlapping with the cloud model (bot-
tom).

Figure 11. The polygon model for a type A MRT station
based on as-built scans.

4.2. Export Images and Models

Once Autodesk Revit™ has used to create the BIM data,
the information can be exported as 3D models, drawings,
or images, and can be used in other applications or
browsing software. This study imports 3D models into
Geomagic Studio Qualify™ to compare the deviation
between the point cloud model and polygon model (Fig-
ure 12). Construction companies can confirm quality
control by first scanning, and then overlapping the scans
with the LOD 300/400 model for possible misalignment.
Any occurrence during the construction process in which
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the as-built data do not align, indicates a possible prob-
lem as an offset from the original BIM representation.

The hardware burden in this project was reduced by
avoiding the addition of too much information in a single
file. Although BIM comes with 3D information, the
model can still combine bitmap images or vector maps
for the purpose of integrating building and urban data
The AutoCAD™-exported MRT model (.dxf) is 19,478
KB, in contrast to the size of vector drawings of 2745
KB, with a larger area covered in a smaller size. It only
requires 54.9 MB (12.3%) of RAM.

The 3D cloud model is also used to cross-reference
values and to integrate information (Figure 13). For ex-
isting facilities, underground pipes, street lamps and fire
hydrants, the construction process can be delayed unex-
pectedly. BIM model can integrate various maps as GIS
to facilitate M&E execution.

Scan data can also meet traditional needs in architec-
tural practice. For example, working drawings are usu-
ally created before the construction stage. The drawings
specify quality control by measurements. Nevertheless,
reference to after-construction structures can be difficult
if barriers are obstructing the area to be measured. This
problem is solved by referring to the cloud model, and by
either directly measuring or using editing tools to remove
the interference. The sections are similar to plans, except
different projection angles can be selected immediately
by slicing corresponding parts.

4.3. BIM Problem of the Building under
Construction

The problems involved in directly applying point cloud

data for BIM checking include the following:

o The surface model file created from the point cloud is
too large to be easily manipulated. To manipulate
large data set inside scan software is efficient because
better imbed algorithm is provided for fast browsing
and editing. An easy and straightforward way to ac-
celerate the manipulation is to increase computer
power and reduce cloud model size by boxing the
needed part only for domain specific data application.

e Scan data may be insufficient or incomplete due to
the viewing angles being blocked by objects. Addi-
tional scans have to be made. Scan from different an-
gles have to be planned to recover the missing part of
geometries.

e Scans only record surface details, and the internal
composition of some components cannot be known.
One way to know the internal composition is to scan
ahead of the construction schedule, before the com-
ponents being sealed.

¢ Finishing is incomplete during this project period,
which leads to the final surface smoothness and the
construction quality level being unknown. Building
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Figure 12. The combination of the cloud model (top left) and the polygon model (bottom left) into the alignment check of the

main platform (bottom right).
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Figure 13. Overlapping BIM model with the maps of street
lamps, utility boxes, pipes, and topographic information.
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life cycle consists of different phases. Scans should
be made accordingly for thorough records. In the fu-
ture, scans need to be made again after building is
occupied for a while when budget is available.

e Scans cannot be applied to transparent or reflective
materials which would need other auxiliary field
measurement device (total station or tape measure)
for data retrieval.

5. Conclusions

This project was restricted by resources, and it was un-
able to produce a thorough life-cycle record of all stages.
Although this MRT line was in the final stages of con-
struction and is running just before the end of 2013, a
future study could include issues based on the data cre-
ated in this project and data integration pattern for new
constructions. Chronological scans should be conducted
after interior finishing and at least one year after the start
of operation for post-occupation response. As stated in
the methodology, the recursively defined as-built repre-
sentation and related framework will contribute to future
nearby construction works, and lead to a better start in
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BIM since this project.

In order to combine the cloud model and original BIM
in the design stage, this project was conducted as a local
pioneer study, without any access to the internal MRT
data, which was withheld for security reasons. Although
no evaluation with the existing model was made, the
project did create drawings and share the cloud model
with the MRT administration. As a result, the project was
conducted as an independent source, which is feasible for
quality and schedule control.
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