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Abstract —

The overall performance of a life-cycle phase
under investigation can be improved if Multi-Design
for X (MDFX) technique’s design guidelines are
applied concurrently. However, the complexity of
selecting MDFX techniques at the conceptual and
detailed design stages during machine development
can increase by uncertain and imprecise knowledge
about the MDFX interdependencies. For many
industrial companies, alleviating the design decision
complexity at these stages can have a positive impact
on the industry’s competitive market. Therefore, it
becomes crucial to have a robust MDFX tool
embedded with conflict resolution in valuing
potential applications to justify their cohesion. Some
limitations on the compatibility between MDFX
remain a challenge. The unresolved challenge is how
the information contained within MDFX can be
organized such that the implications of design

decisions are proactively evaluated and implemented.

To address this challenge, an efficient decision tool
for applying MDFX in the conceptual and detailed
machine design development phases is proposed. In
this paper, the relative importance of DFXs
guidelines and the essence of the interactions that
arise between them are also studied. Also, a matrix
model with multi-layers to simulate the interactions
between MDFX is suggested to resolve the conflict of
experts’ opinion and aggregates the decision criteria
layers into a single output. The proposed decision
tool was applied in a machine design case study and
shows its effectiveness in the decision-making
process by eliminating MDFX negative interactions
and aiding the designer in shaping the optimal
machine design with less development cost and time.

Keywords —

Multi-Design for X (MDFX); life-cycle cost;
conceptual and detailed design stage; conflict
resolution; multi-layers.

1 Introduction

The implementation of MDFX in concurrent
engineering machine design can result in contradictory
and conflicting conclusions and recommendations for
the designer’s design-making process. Several
independent studies have started to investigate and
analyze these contradicting interactions by using various
frameworks developed by Watson that can quantify the
MDFX usefulness by design phase [9]. They concluded
that MDFX, depending on where they are implemented
during the machine development process, have a
varying impact threshold. Whereas Willcox and
Sheldon realized that the implementation of Design for
Assembly methodology is most useful at the conceptual
stage [10]. Because the tool component analysis is the
main part of the methodology, it is preferred during the
machine detailed design stage. The DFA analysis tool is
an unreliable tool to be utilized during the conceptual
machine stage because the design details required to
undergo the analysis are not available at this stage.
Hence, if the analysis tool is not effective at the
conceptual design stage, then the alternative will be the
benefits that the design guidelines of a specific DFX
provide. So, to minimize the machine redesign
possibilities and reduce the cost/time of this activity, the
analysis tool should consider the importance of DFX
guidelines.

Some research was undertaken to investigate how to
tackle the conflicting implementation guidelines of
MDFX. Thurston suggests a methodology to model the
design decision results on the interval of a machine life-
cycle [8]. A framework was developed to facilitate the
decision-making process through ranking the design
alternatives and calculating design trade-offs. In
engineering design, it is a powerful analysis tool for
decision making where multiple criteria and objectives
exist. Unfortunately, for most applications, this method
is very complicated and extensively time-consuming for
designers in small to medium-sized organizations. If this
ranking method is adopted to classify the design
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guidelines, it would be unnecessarily tedious because
the model used by Thurston is to some extent more
complicated to implement than what is required for this
application. A simpler and faster method for trade-off
analysis between MDFX is to implement a matrix
approach. Meerkamm concludes that if MDFX
techniques are to be utilized in a problem context, then
their design guidelines will often contradict and
constrain the design output [4]. Consequently, as
explained by Watson et al., finding an optimal solution
is becoming a difficult task for designers [9]. As the
design guidelines tend to be the DFX toolbox’s most
flexible aspect, they accurately indicate the nature of the
DFEX interactions and links between them and their
concurrent interdependencies in ultimately finding an
optimal design solution.

It is important to evaluate the application of MDFX
in machine design development comprehensively. But
due to the absence of information in the conceptual
machine stage, problems and conflicts can arise when
MDFX techniques are employed. This is because of a
lack of information and vague objectives, which
interfere with the designer’s ability to evaluate design
decision alternatives precisely. Decisions that emerge
from applying one DFX technique seem to be good for
one phase of the machine life cycle but can conflict with
other life cycle phases. The designer should oversee the
concurrent effects of the decision-making process in
machine design. If the previous decisions are based on
inaccurate information, the following design stages will
be affected significantly. The application of MDFX
techniques in machine design development requires
effective decision support systems. In view of this, a
decision support tool that simulates the concurrent
interdependencies between MDFX techniques during
the conceptual machine design stage is proposed in this

paper.

2 Methodology

The methodology presented in this section is based
on Watson et al.’s model that uses a weighted matrix
method to exploit the interactions between MDFX [9].
The matrix method is extended to simulate the
concurrent interdependencies between MDFX. The
model output provides three useful indices. The first one
indicates major areas of potential conflict occurring
between the compared MDFX. The second illustrates
how the value of a specific guideline is modified when
interacting with the competing DFX guidelines. And the
third is measuring the DFX techniques in terms of time
metrics to estimate and reliably verify DFX interactions
and design decisions comprehensively.

2.1 Procedure of the matrix

The methodology for assessing and ranking the
DFX’s competing design guidelines requires six distinct
tasks to be undertaken. These tasks are described in the
flowchart presented in Figure 1.

2.2 Task 1: Determine DFX overall weight
using the analytical hierarchy
process (AHP) method

The first task involves selecting and calculating the
overall relative importance (weight) of the chosen DFX
techniques. This can be achieved by calculating the
weight of each DFX technique separately with respect
to the design criteria, and then by combining them in an
AHP model developed by Saaty to determine their
relative importance in machine conceptual and detailed
design stages [6]. In general, the relative importance of
a DFX technique varies as to where and when it can be
applied during the machine development process [1]. He
concludes that the area where a DFX technique can be
utilized is defined by company and customer
requirements, production capabilities, and industry
orientations, in addition to other considerations.

P igh the Weigh the ™~

([ selected selected 1))
DFX design l/

techniques criteria 2"/

‘alculate
\ vera, /
eight of
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Figure 1. Multi-DFX techniques matrix model
flow chart

The product design specification (PDS) must be
formulated at the beginning of the project based on the
statement of needs prior to any design activity, as shown
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in Figure 2. Thus, it acts as the governor for the total
design activity model, because it revolves around the
boundaries of each design stage for any machine.

Product Design
Specifications
(PDS)

Figure 2. Product design specification (PDS).

The PDS forms a progressive, evolutionary, and
extensive  written document that evolves in
consideration of the final machine characteristics. The
PDS is then translated into design criteria that are
followed by the design team, and as such, each design
criterion will be associated with one or multiple DFX
techniques that can satisfy its requirements. By adapting
the total life-cycle cost/time method developed by
Lukasz and Tomasz, the design team can successfully
estimate each DFX technique’s effect with respect to the
other, and those values will be an indicator as to how
much each DFX can reduce the development life-cycle
overall cost and time [2].

DFX techniques are weighted with respect to each
design criterion to generate an overall general
normalized importance weight Wpexg With a total value
of 1. From that, the time required for each design
activity Tpexg can be derived under a certain DFX. This
weighting factor will then be adopted in the general
model for conceptual and detailed design stages. The
weighting in the AHP model must rely on the designer’s
experience and intuition. Wpexg and Tpexg are
calculated using Equation (1) and (2), respectively, as
follows:

Cost x

Worxe= ——— 1)

CostT

Where,
Cost ,= The cost of life-cycle area x
Cost 1= The combined cost of the life-cycle

Torxe= Wprxg X Tt 2

Where,
Torxe= The allocated time for a specific DFX in
days

T,= The total time for the design activity in days

2.3 Task 2: Generate tree diagram to classify
DFX design guidelines

In this section, the machine development process is
categorized, and the hierarchical level of the DFX
technique design guidelines is established. Watson,
Radcliffe et al. proved that if DFX decision analysis
tools are utilized during conceptual and detailed
machine design stages, they could improve the design
performance significantly [9]. They also concluded that
most DFX techniques fail to give what is expected
because they merely provide the designer with
directions on how and when the design rules can be
implemented.

Pugh’s Total Design Activity Model is used to
describe the machine development process [5]. The
model phases are 1) user need; 2) machine specification;
3) conceptual design; 4) detail design; 5) manufacture;
and 6) and sales. Though design activities might not
always have to occur concurrently in the sequence
outline by Pugh, his machine development model
provides a detailed structured procedure of all the stages
required. Table 1 contains some design guidelines
examples which are the most applicable for machine
design development process extracted from the Design
for Assembly (DFA) methodology [2].

Table 1. DFA guidelines per design stage

Specification « Standardize a machine’s style.

» Establish the machine design specification.

Concept Design » Reduce the number of parts and components.
« Eliminate machine features that do not have
any tangible value to the customer.
+ Standardize a machine’s style.
» Using new materials and technologies.
+ Rational machine design by modules and
product families.

Detailed Design * Design multi-functional parts.
» Developing the machine features that facilitate
the positioning.

» Avoid costly clamping systems.

Manufacture » Simplicity.
» Adapted tolerances.
 Consideration of process-related design

guidelines.

The second task in constructing the model is to
organize the DFX technique design guidelines into a
decision tree using a hierarchical structure. Each DFX
technique consists of primary and secondary design
guidelines called design rules and design strategies,
respectively. The tree diagram consists of three levels
where the first level is associated with the general DFX
tool under study, the second level is associated with
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DFX design rules, and the third level is associated with
DFX design strategies. Table 2 contains an example of
the hierarchical tree using the DFA guidelines during
the detailed design phase [2].

Table 2. DFA detailed design stage guidelines

inside the matrix model. The severity of any conflicts
can be measured from these interactions. The matrix
model can be utilized to compare multiple numbers of
strategies from MDFX techniques. However, the
process of finding each relationship between strategies
can become tedious and time consuming for MDFX
guidelines. It is assumed that not more than four DFX
tools and a maximum number of ten strategies per phase

DesignRules — Design Strategies should be adopted in the model.

Reduce the Reduce unstandardized fasteners.

number Eliminate parts that function as connectors and conduits. . .

of partsand  Design multi-function parts. Table 3. Strategies comparison values

their types Do not follow piece-part producibility guidelines. —

Eliminate Reduce the number of physical parts between the machine R Values Description

physical input and output functions. +1 Two or more strategies interact positively.

adjustments Relocate critically related part surfaces close together. +0.5 One strategy supports positively the other in a
Implement kinematic design procedures and principles. broader scope.

Ensure Ensure adequate clearance for hands, tools, and subsequent 0 No interaction occurs between the design

adequate process. .

clearance and  Ensure that the vision of the operation is not restricted or strategies. . .

unrestricted  compromised. -0.5 One strategy supports negatively the other in a

vision broader scope.

Minimize re-  Minimize the necessity for reorientations during and after -1 Two or more strategies interact negatively.

orientations parts installation.

2.4  Task 3: Determining the weightings levels
of the guidelines

The third task requires that the DFX technique
design rules and strategies be weighted. Regarding the
weighting levels, they are determined in each phase,
which gives the designer a general design overview of
the machine development process. The design rules
weighting, W+, is determined independently, regardless
of the design strategies number (on a scale of 1 to 10).
While the design strategies weighting, Wops, is
determined in proportion to the design rule it
corresponds to on a scale of 1 to 10, such that the total
weight summation under design rules is equal to 1. The
total weight of each design strategy, Wrs, is calculated
using Equation (3) by multiplying the DFX technique
overall weight, the design rule total weight, and the
design strategy proportional weight. Thus, the total
weight of each design strategy can fluctuate between 0
and 1. While the time required for each design strategy,
T+s, is calculated in days using Equation (4) by
multiplying the strategy calculated weight from
Equation (3) by the allocated time for the selected DFX
divided by the summation of strategies weight for the
selected design phase.

Wrs= Wpexe X Wrr X Wps 3)
Trg= REXGXWTS 419 .n ()
i=oWTs

2.5 Task 4: ldentifying interactions and links
between guidelines

The fourth task involves determining the interactions
and links between the strategies and reporting them

From the matrix model, it is possible to pinpoint any
conflict between two strategies to alert the designer that
special consideration should be in place when dealing
with them. This is done using the conflict index, CI,
which quantifies the severity of the conflict. When a
negative interaction occurs, the equation to calculate the
conflict index is employed. The conflict index constant
is calculated using Equation (5) as follows:

Cl= WTS X WTS’ XR (5)

if Cl < -10 then conflict must be examined.

Where,
Wrs = Total weight of compared strategy
R = The comparison value for the two design

strategies, as shown in Table 3.

2.6 Task 5 & 6: Generating the ranked list of
DFX strategies

The fifth task involves calculating the overall value
(Dts) of a design strategy considering strategies weight
and their interactions with each other. The main process
is based on the assumption that each design strategy has
a total weighted value (Wrs) and interactions with other
strategies adjust this. The prime factor is a function of
the comparison index and the compared guideline
weight. By summing the prime value over all the DFX
interactions, a global scaler is determined. Equations (6)
& (7) calculate the overall value ([I+s) as follows:

Urs=Wrs (1 +6 1) (6)
WrsixRxS
Trs = Was (1 +3 S82D) ) @)
Where,
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S=— if Wrs->W+s and R<0 8)
Wrs
S=1 else
Where,

d [0 =the total prime factor overall strategies and
DFX techniques

S =thescaler

15 = Number of DFX techniques being researched
100 =scaling factor

In Equation (8), the scaler considers the instances
when a low weight design strategy conflicts with a high
weight one. Having determined the total strategy value,
a ranked list can be configured to be implemented in the
machine development. Any design strategies that have a
negative total value should be ignored because if
adopted, then it may lead to a life-cycle performance
reduction due to its conflicting correlations with other
strategies. After generating the ranked list, the
redundant design strategies within the competing DFX
will be removed to save time and to eliminate design
repetition. However, if both design strategies match
each other in the core objective, then the lesser time
duration will be selected.

3 Validation Case Study

In this section, the focus of the case study will
revolve around a part of the multi-function bridge
machine prototype which is the nailing carriage in its
conceptual design stage, as shown in Figures 3 and 4.

Figure 3. 3D model

of multi-function bridge

prototype

As the carriage at this stage is primarily a research
tool, it is assumed that there would be a maximum
amount of flexibility and testability within the
variability of the experimental parameters. It also meant
that a simple and unique machine would be designed.
As the carriage will be operating in a large area with
extreme precision at a controlled speed, it is apparent
that the geometry and versatility of the carriage are
considered as a major design criterion. It is also
apparent that because the vertical force loads are so
small, any part stresses would be negligible.

Figure 4. Nailer carriage detailed view

From the PDS, the carriage to be designed is to
accommodate multiple configurations of
interchangeable tools, such as a nailer, stapler, and
screwdriver. This operational requirement results in the
device being partially disassembled and re-assembled
after each operation and for different sheathing
configurations. Regarding parts service life, it is
expected that no major parts should fail throughout the
device’s life. The final requirement is that the device is
to be designed and manufactured within a very limited
budget. The detailed technical information of the
machine development is excluded from this paper for
patentability and commerciality of the machine. Instead,
some of the case study design related issues are
discussed in broad terms. The timeline to complete the
carriage conceptual design was 60 calendar days. These
days are distributed on all 15 DFX techniques in
accordance with their global weighting results.
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Figure 6. Design for disassembly design rules and strategies for the conceptual stage.

This to allocate time for each DFX technique and to
study the effect of utilizing the proposed methodology
in the time management of design activities.

Table 4. DFX global weighting results with their time
allocations in the conceptual design stage

Global Weighting Associsted with DFX In relation v each design criterion in Concepiual Wiser) " For
Diesign Phase i
Dhesiigt for Cost (DFC) 13 64
Dresiigns for Manufoeruizig (DFM) 748
Design for_Assembly (TIFA)
Deesign for Vanety (DFV)
Diesign for Quality (DF

s

496

oo | 136

Design for Euvavumeat (DFE)

In this case, 15 DFX techniques fall under the scope
of the conceptual design stage with their global
weighting associated with the PDS that was calculated
by adopting the AHP model. Table 4 summarizes the
results where the total summation of all DFX weighting
is equal to 1 and where each DFX has a time allocation
associated with it. In this paper, two DFX techniques
were selected from the list to demonstrate the model
functionality: Design for Assembly (DFA) and Design
for Disassembly (DFDA). The DFA technique selected

was developed by Boothroyd and Dewhurst [2]. The
methodology has been refined and upgraded to provide
a realistic and reliable design analysis tool with set of
guidelines that are presented in a structured format. The
tool follows the same basic procedures to analyze for
manual, automatic and robotic assembly with different
input data tables for the various processes. For this
project, the manual assembly method is adequate. The
designed machine would encounter assembly and re-
assembly process on a regular basis. This process has a
substantial effect on how the design guidelines are
interpreted and rated. A team of researchers developed
the DFDA technique adopted in this case study at the
Manchester Metropolitan University ([7], [11]). The
developed technique purpose is focused on the
disassembling process to facilitate reconfiguration.
Figures 5 and 6 contains the list of design rules and
strategies for conceptual design machine development
phases for both DFA and DFD techniques. Since two
DFX techniques are being investigated, only one
decision matrix for the conceptual machine
development phase is selected for the demonstration of
the comparison and ranking process. Figure 7 shows the
conceptual design comparison matrix for DFA versus
DFDA highlighting the guidelines interactions.



36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

|
¢ |2 |5 | 2| 4
B g |2 £
H c = z z
5 - = 2 " : g
Conceptual Design z g i z g
g el = = @
I il 0: | 3
2| E El
3 1 =
3| & | %
& <
DFA Strategies L .25 0.00 w10 i
024 1 1] o 0.0038 0.24 9
0.24 1 0 [0 00038 | D24 9
016 [} 8] 0.5 1) 1) 11
0.08 Q 0 ] o - 008 15
0.08 0 o 1] 05 0.0005 OF 15
o thatmedules e be scheduled, built and 1esied independently. 0.26 1 s 0 1] 09,0025 0,26 4
and methods to 1 55 the whole system 0.38 1 (1] 0.5 o - 0.38 2
he 1y ean be built, 0,48 ) r -0.5 ] 048 1
and at each workstation for the whole assembly system 0.32 1 [ a 0.5 0.0005 032 3
iy the produet 1o be built up in layers, 0.26 0.5 "] ] 0.5 0.001% 0,26 ]
Components con be added from above and located posinvely 0.26 1 [ 4] 0.5 0.0005 0.26 i
Reduce the tendency 1o move during subsequent motions or sleps. 013 a o Q 0.5 0.0005 .13 13
MMinimize the need for reorientations during assembly. 016 a 0 s o - 016 11
0.0062 | 0.0048 |-0.0005 | 0.0032 aF
02s 025 - 010 ¥T
17| 14 | Ranking

Figure 7. DFA vs DFDA comparison matrix.

4  Results and Discussion

As highlighted in the matrix shown above in Figure
7, two design strategies have conflicted, so special
consideration must be in place to resolve this conflict
before they the ranking procedure starts. However, the
conflict occurs, in this case, is when the designer
simultaneously attempts to minimize the need for
reorientation during assembly while attempting to
standardize the machine during disassembly. It is
assumed that the arising conflict could be ignored,
subject to further investigation, as the conflict index
slightly exceeds the threshold value of ten.

Figure 8 summarizes the ranking of the strategies in
descending order based on their respective total value.
After analyzing the results, the designer can eliminate
from the ranked list the strategies that are repeated or
have the same core objective, while the strategies with
the same ranking order can be implemented
concurrently in the design process to emphasize their
relatively equal importance.

Figure 9 summarizes the modifications after the
designer has conducted the analysis. If both selected
DFX techniques were to be applied in standalone mode,
then after several design iterations they will conflict,
which would lead to a machine redesign. The redesign
process is a costly and time-consuming activity, and by
applying this methodology, the designer can avoid the
pitfall of such activity.

If the designer is to apply DFA with 4.96 days and
DFDA with 2.86 days independently then the total time
required for both will be 7.82 days. However, if they are
applied together, the redundant design strategies
between the two and the conflicted area will be removed

and adjusted before initiating the design activity. Thus,
reducing the total time to 6.63 days with a difference of
1.19 days.

Some observations were concluded after applying
the matrix model in the case study mentioned above
such as if the value of the conflict index constant
exceeds a value of negative ten, then it can be declared
that a conflict of substantial consequences has occurred,
and some considerations are required to resolve it. This
conflict can be resolved and avoided by implementing
some tactics as follows:

1. If the conflict index constant is close to ten, then
the resulted conflict could be ignored and
eliminated on the basis that it will create a down
weight effect on the other design strategies in the
ranked list.

2. Develop and integrate a design methodology after
examining the conflict-specific details to decrease
the negative interaction areas between strategies—
this is very useful in areas where partial conflict
has been spotted (CI < -10).

3. The matrix model ranking function will eliminate
any two design strategies that have a large total
value difference, and it will eliminate negative
values too.

The weighting procedure of any parameter may
sometimes be a subjective process, as two different
designers may weigh the same guideline differently.
This difference comes from the usage circumstances,
the experience, and interpretation of the designers as to
what the guideline means. However, these differences
will not give the user a misleading result because the
guidelines are interpreted according to the designer’s
understanding.
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That said, future work will be required to extend the
applicability of the decision tool in the DFX trade-off

development of this methodology will be required to
cover the other phases of the machine lifecycle (e.g.,

analysis with respect to cost and quality to provide a
better understanding of client needs while controlling

embodiment design, manufacturing, and sales).

the machine lifecycle. Moreover, the future

DFA and DFDA Sirategies in Conceptual Design Stage Ranking List Summary Vs Ranked List Ty
The product must has a snitable base part on which the rest of the assembly can be built. 048 1 0.78

Jardize by components, | and methods to reduce costs across the whole system 0.38 2 0.63
Maxintize process yields berween base and at each workstation for the whole assembly systen. 032 3 0.52
Design products from modular subassemblies so it les can be scheduled, built and tested independently. 0.26 4 0.42
Desig the product to be built up m layers. 0.26 3 0.42
Comp ts can be added from above and located positively. 0.26 4 0.42
Subdivide the product info zeable sul bli 0.25 7 119
Minimize the number of comp and subassembls 0.25 5 0.3%
Minimize the mumber of parts and lavals of assembly. 0.24 9 0.3%
Minimize the mumber of ¢ and subassemblics. 0.24 9 .12
Raduce product complexi 0.16 11 0.26
Mmimize the need for reor during assembly, 0.16 Ll 0.26
Reduee the tendency fo move diring subsequent motions or steps. 0.13 13 0.21
Avoid long disassembly paths. 0.10 14 0.48
Design muli-finction parts. 0.08 15 013
Eliminate ay product feamres that do not add value to the costomer. 0.08 16 0.13
|S1alyda.rdize the products style. 0.00 17 0.00

Figure 8. DFA vs DFDA strategies ranking list in the conceptual design stage (before analyzing).

DFA and DFDA Strategics in Conceptual Design Stage Ranking List Summary Yie Ranked List| T gy
The product must has a suitable base part on which the rest of the assembly can be built, 0.48 1 0,78
Standar .':'e“h};'-ém-m.lmn .cf.\lni.mﬁ&.m;\ .pr-néé:%eﬁ;-alld.{l.;f._‘l]w.\c.i:‘a"rn reduce casts across the whale systen. 0.38 2 063
Maximize process yields between base and at each workstation for the whole assembly systew. 0.32 3 0.52
Design products from modular subassemblies so thatmodules can be scheduled. built and tested independently. 0.26 4 0.42
Design the product to be built up in layers. .26 3 0.42
Components can be added from above and located positively. 0.26 6 0.42
Subdivide the product into geable sub blies. 0.25 7 1.19
Minimize the number of components and subassemblies. 0.25 ) 0.39
Minimize the number of parts and levels of assembly. 0.24 L 0.39
Reduca prnr]lkl CDI‘ll]')]e)i:ih_t' ] ] ] ) 016 10 0.26
Minimize the need for rearientations during assembly. 016 10 0.26
Reduce the tendency to move during subsequent motions or steps. 013 12 0.21
Avoid long disassembly paths. .10 13 0.48
Design mult-function parts. 0.08 14 0.13
Eliminate any produ.c.r feamres that do not add value to the customer. 008 15 0.13

Figure 9. DFA vs DFDA strategies ranking list in the conceptual design stage (after analyzing).

5 CONCLUSION

Engineering design is an iterative process of solution
generation and evaluation. It requires a designer to take
a forward-thinking and a look ahead approach when
finalizing a solution. In a dynamic environment, a
concurrent application of MDFX techniques during the
design process can be organized into multiple stages in
which both evaluation and decision are needed. The
main theme of this paper was to present the need for a
tool that can reliably estimate and verify the
time/benefits of applying MDFX in a harmonized way
in machine design. As a result, a decision support tool
that can aid the designer in the decision-making process
when MDFX are utilized will be required. The main
feature of a design decision simulation tool is to enable

designers to foresee and explore lifecycle consequences
during the machine design. Also, to provide a structured
workflow specifying how and when MDFX techniques
can be applied with the ability to quantify the arising
conflict that may occur between them. The tool’s
fundamental core is based on the information contained
within the DFX guidelines, which may be classified as
either a design strategy or rule so their interactions can
be examined explicitly. Thus, the generation of a ranked
list can be integrated in a time-effective and strategic
manner, thereby shrinking the machine design time by
at least 15%. As demonstrated, the MDFX decision tool
can be implemented to serve as a generative decision
system that proactively aids the designer in the decision-
making process.
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Abstract -

Several researchers have worked in the field of
implementing robotics technology in concrete
building construction, after the first attempt in the
1980s in Japan. Various motivations such as the
shrinking labor population, the aging of skilled
workers, and the construction safety issues have
promoted the development of such technologies.
However, the future visionary on how construction

robots can transform the concrete building
construction sector is still not solid nor well
structured.

What really needs to be changed? What types of
construction activities can be taken by automated
robotic technologies, as opposed to manpower or
skilled worker? To answer these questions, the
systematic review reported in this paper seeks to
evaluate and synthesize empirical findings on the use
of robotic technologies in concrete building
construction.

A systematic search of Scopus, Web of Science,
IEEE, and Engineering Village databases was
conducted, and 48,200 documents were targeted. By
applying the inclusion and exclusion criteria, 48,149
records were excluded, and the remaining 51 records
were assessed for eligibility and included in the
qualitative synthesis. The systematic review shows
that researchers in the USA played a leading role on
robotics in concrete building construction, followed
by Germany and Switzerland. The robotics
application and techniques have been largely used
on-site and targeted low-rise buildings. The robotic
technologies that have been popular in literature
included 3D printers, and swarm robotics. Most of
the papers have proposed a limited novel structural
design, without introducing innovative construction
material. Even though the direct and indirect
construction activities related to formwork, steel
reinforcement, and concreting can be replaced and
thus eliminated, the horizontal RC elements still
cannot be built on-site without supports. Moreover,
rapid prototyping found to be the best robotic design
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for the purpose of building construction through
utilizing manipulator robots.

Keywords —
Concrete buildings; Robotics in construction;
Freeform construction; Future of construction.

1 Introduction

The fundamental principles in building construction
have not yet substantially changed, since the Romans
invented concrete about 100 BC [1]. Later, concrete is
still considered globally as the primary material for
construction. According to a recent report by the
Cement Sustainability Initiative (CSI) [26], concrete is
the second most consumed substance after water, with
around 10 billion tonnes of concrete are manufactured
globally in every year. Consequently, concrete has been
the focus in several investigations into robotically
fabricated, geometrically complex, non-standard
loadbearing constructions [2].

The building construction industry has not been a
favourable field for the application of robotic
technologies, however, various motivations such as the
shrinking labour population, the aging of skilled
workers, and the construction safety issues have
promoted the development of robotic construction
systems [3]. The United Nations world population
prospects in 2015 indicated that global population is
expected to grow by 34% by 2050 compared to 2014,
which will reach 6.5 billion people in 2050 or about
two-thirds of the global population [4]. In accordance,
the rising in population is expected to growth the
necessity for new buildings.

Meanwhile, the building construction process has
been characterized as simple and systematic; depending
on formwork systems and skilled labour to build any
type of concrete structural element [5]. The current
construction methodologies used in structural concrete
buildings are completely dependent on manual
techniques that are slow, expensive, and non-
coordinated [27]. Moreover, the main obstacles for the


mailto:mgha253@aucklanduni.ac.nz
mailto:yan.chang@auckland.ac.nz

36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

introduction of robotics within the building construction
industry are the variability of the construction processes
and the complex conditions of the construction
environment [6].

Many building construction activities have the
potential to be executed by implementing the robotic
technologies techniques [7]. However, adapting new
technologies necessitates several special properties of
high payload, reliability, and wide workspace to be
achieved [8]. In addition, many robots will work in the
same task, in which path planning on site would be
complicated [9]. As explained by Scott et al. (2011),
human construction differs from construction by robots
as it involves some sort of pre-defined high-level plan
and in some regard is independent from the environment
[10].

Several researchers have worked in the field of
implementing  robotic  technologies in  building
construction, after the first attempt in the 1980s in Japan
[2]. While some autonomous construction robots have
been developed, they can only be applied to simple
tasks to support human workers [9]. An example of such
approaches is the Big-Canopy, which is the world’s first
automated construction system for building a precisely
defined concrete structure in Japan [11]. Nevertheless,
the degree of intelligence exhibited by commercially-
available robots is still deemed very limited, as robots
are currently deployed only in a small subset of possible
applications with low level of localization accuracy [12,
31].

If robotic technologies could truly be implemented
in construction, they would certainly have the potential
to improve measures like its speed and efficiency, as
well as enabling construction in settings where it is
difficult or dangerous for humans to work such as
working at heights, in extra-terrestrial environments and
disaster areas [13, 32, 33]. In this context, this paper
aims to review existing studies in this field, to
investigate how the robotic technology can be
implemented in the concrete building construction. To
overcome the existing constraints and limitations, the
ongoing research will examine construction activities
with a potential to be executed by robotic technologies,
functionality of the robots, and the interaction between
humans and robots.

The remainder of the paper is structured as follows.
Section 2 introduces the background of the research,
followed by the methodology of using a systematic
review. Section 4 and 5 detail the results and discussion.
Finally, the paper concludes with the guidelines for
future research.
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2 Background of the study

2.1 Early attempts

Despite the recent advances in adoption of robotic
technologies in the construction industry, the
architectural processes which demand a high degree of
geometric freedom remain largely labour intensive and
manual [19]. This is due to the inherent difficulties in
robotizing the current implementation of such processes
coupled with the lack of alternate technologies [2].

In the last three decades some Japanese construction
companies have attempted to remedy the shortage of
skilled labour in building construction by resorting to
automation [20]. Khoshnevis et al. (2006) categorized
the current robotic technologies in concrete building
construction in accordance to the Japanese companies.
The first one uses single task robots that can replace
simple labour activities at the construction sites. The
second category consists of fully automated systems
that can construct steel reinforced concrete buildings
using prefabricated components [11].

So far, the application of robots is feasible only if it
generates a value-adding effect. According to Hack et al.
2014, the centralised fully automated Japanese
construction systems failed to do so, as they merely
tried to automate the existing construction processes.
They only focused on the elimination of human labour
from the building site, without considering the
complexity of the building process. Hence, Hack
suggested that some innovated construction processes
need to be developed first, to specifically address the
strengths of robots to be applied where they actually
outperformed humans and conventional construction
[14].

2.2 Present attempts

The Chinese Huashang Tengda company in Beijing
has recently claimed to 3D print an entire 400 m2 two
story villa ‘on-site’ in 45 days uses a unique process
allowing to print an ‘entire house’ in ‘one go’. This is
by erecting the frame of the house including steel
reinforcements and plumbing pipes conventionally, and
then ready-mix concrete extruded over the frame and
around the rebars using a novel nozzle design and 3D
printer [15].

The WinSun decoration design engineering
company worked jointly with architectural and
structural design companies such as Gensler, Thornton
Tomasetti, and others to build an office building for the
Dubai Future Foundation with a technique similar to
contour crafting, in which wall elements are
manufactured from extruded prismatic bodies [30]. One
more technology known as WASP (World’s Advanced
Saving Project) has focused on wusing Additive
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Manufacturing technologies to build “zero-mile homes”
that utilize on-site materials to build houses in places
where it is hard to find access to construction materials
[16].

In despite of presently attempted, the current
construction is in need for large scale 3D printers to
build complex geometric shapes on projects where
construction time, cost, and quality are the predominant
and determining success criteria [17]. In accordance, a
novel approach for 3DCP technology for on-site
construction, named CONPrint3D, is currently being
developed at the TU Dresden, Germany, which intends
to bring 3DCP directly into the building sites [15]. In
addition, Skanska is a construction company that
recently has utilized advancements in the area of
additive manufacturing by printing unique cladding for
the Bevis Marks building in London [16].

2.3 Future visionary

A comparison by Helm et al. (2012) between the
usages of robotic technologies in building site with
other industries, revealed that the construction sector
has been rather slow to adopt such innovative
technologies with most tasks on a building site still
carried out using manual methods [18]. As stated by
Hwang, et al. (2005), the present state of automation
and robotic technologies are not sufficient to
economically replace skilled labour, thus suggested that
the construction industry needs to think “out of the box”
and seek alternatives to existing fabrication and
assembly processes [19].

Howe at el. (2000) had a different view, when
proposed to study the possible applications of robotic
technologies to traditional methods because they are the
most familiar to us, while the feasibility of automating
the entire construction site would be dependent on need
and would occur gradually. At the same time, Howe
confirmed that there are many problems need to be
overcome first in order to develop usable robotics in the
building construction [20].

It has been furtherly explained by Choi et al. (2005)
that in a field of construction work, the content of work
and working material are frequently changeable, thus
construction robot needs several special properties of
high payload, safety, reliability, and a wide workspace
[21]. Thus, a collaboration between conventional tools,
humans and robots, and standard concrete pumps is
required to transfer the actual structural mass, while the
robot could unlock the inherent potential of concrete to
take any desired shape by building complex formwork
in high resolution [14].

The new paradigm brings a host of new topics into
the forefront of robotics in construction research. These
topics have been neglected in the past by researchers
inspired by the old paradigm, and therefore there is a
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backlog of research problems to be solved. This
systematic review has been performed to respond to this
research gap, and by using its results to develop a
comprehensive  framework. The  methodological
approach of the systematic review is outlined in the next
section.

3 Research methodology

To provide a robust investigation on the applications
of robotic technologies in the concrete building
construction, a systematic review approach was adopted.
In comparison with a conventional literature review, a
systematic review applies an explicit, rigorous,
reproducible, and auditable methodology for evaluating
and interpreting all available research relating to a
particular research question, topic area, or phenomenon
of interest [22].

A systematic review originates from the need to
overcome the shortcomings of a single facet approach
which is often adopted in a literature review, by
representing the bigger picture by combining discrete
pieces and synthetizing results in an organized way [23].
Additional benefits also include that researchers can
summarize existing evidence about a phenomenon,
identify gaps in current research, and provide grounds to
position or support new ideas and hypotheses [24].

The review has been undertaken in distinct stages as
shown in Figure 1, including the development of review
protocol, the identification of inclusion and exclusion
criteria, searching for relevant studies, critical appraisal,
data extraction, and synthesis. In the rest of this section,
we describe the detail of these stages and the methods
used.

3.1  Protocol development

The protocol for the systematic review has been
developed in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [28]. This protocol specified the
research questions, search strategy, inclusion, exclusion
and quality criteria, data extraction, and methods of
synthesis.

3.2 Research question

The aim of the systematic review is to locate
relevant existing studies based on the research question
of ‘What type of robotic technologies have been in use
in the concrete building construction industry?’, to
report the evidence in a way that clear conclusions with
regard to further research to be drawn [29]. For the
purposes of this paper, the systematic review shall
provide a theoretical basis for understanding to what
extent the topic of robotic technologies is being
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addressed in concrete buildings construction.

3.3 Inclusion and exclusion criteria

Studies were excluded if their focus, or main focus,
was not related to robotics in construction or if they did
not present empirical data. Furthermore, the research
question is concerned with concrete building, therefore,
studies that focused on other building construction were
excluded. Studies were eligible for inclusion in the
review if they presented empirical data on robotics in
concrete building construction and passed the minimum
quality threshold (see Section 3.5). The systematic
review included research studies published up to and
including 2018. Only studies written in English, clearly
describe its methodology, completed and concluded
were included.

3.4 Data sources and search strategy

The search strategy included electronic databases.
Of Scopus, Web of Science, IEEE, and Engineering
Village. Figure 1 shows the systematic review process
and the number of papers identified at each stage.

Records identified
through databases

poster sessions. This search strategy resulted in a total
of 48,200 documents. Of total number of documents (n
= 47,719), 1,020 were book sourced, 15,646 journals,
and 31,053 were resulted from a conference proceeding
source.

At screening stage, duplicates were removed as well
as papers from undefined or trade publications resources.
At this stage, 481 articles were excluded after removing
duplicates as well as papers from undefined or trade
publications resources. However, it was not always
obvious whether a study was, indeed, an empirical one.
Therefore, all studies that indicated some form of
experience with robotics in construction were included.
At eligibility stage, studies were excluded if their main
focus was not robotics in on-site building construction.
As a result, 51 primary studies were included for the
detailed quality assessment.

3.5  Quality assessment

The methodological quality of the eligible selected
studies was critically appraised using a set of screening
questions adopted from the Critical Appraisal Skills
Programme (CASP) [25]. A summary of the questions
used to assess the quality of these studies is presented in
Table 1. The tool provides a guide for appraising

Identification . . X
(48,200) qualitative research to consider if the results of the study
are valid, what the results are, the benefits of the results,
and the tool has been used in a range of reviews. Taken
together, these questions provided a measure of the
_ Records Screened extent to which we could be confident that a particular
Screening (47.719) study’s findings could make a valuable contribution to
the review. Each of the 9 questions was graded on scale
of (YES = 1, NO = 0), and only question 1 was used as
the basis for including or excluding a study.
Eligibility gty () e Table 1. Quality appraisal questions
Screening Questions
Q1 Research: Is the paper based on research
__ Q2  Aim: Was the aim of the research clear?
M- S oot Q3  Method: Was the research methodology used
Synthesis (51) appropriate?
Q4  Design: Did the study design address the aims of
Figure 1. Flowchart of systematic review process. the research? ) .
(PRISMA flow diagram [28]) Q5 D_ata ana’)ly5|s: Was the data analysis sufficiently
In the identification stage, the titles, abstracts, and Q6 E?n%rﬁ]gss': Are the findings clearly stated?
keywords of the articles in the included electronic Q7 | Gaps: Have gaps in the literature been clearly
databases and were searched using search term of identified?
(rgbot* AND construc_tlon)”. .These keywords_ are Q8  Acceptance: Can | accept these findings as true?
widely-known for their use in research articles. Q9 Value: Can I apply these findings to my own

Excluded from the search were editorials, prefaces,

work?

article  summaries, interviews, news, reviews,
correspondence, discussions, comments, reader’s letters
and summaries of tutorials, workshops, panels, and
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The results of the quality assessment are shown in
Figure 2. Because only research papers were included in
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this review, all included studies were rated as yes on the
first screening question, in addition, they all had a clear
statement of the aims of the research as well as
appropriate research methodology. While the number of
negative answers was three for each criterion of
research methodology, study design and findings
acceptance. Furthermore, the data analysis did not seem
sufficiently rigorous for four of the studies. The highest
numbers of negative answers were 17, and 19 as it has
been noticed that the findings were not well described,
and gaps in the literature were often not identified.

0Q1: Resrach BQ2: Aim @ Q3: Method
0Q4: Design 0 Q5: Data analysis 0 Q6: Findings
0Q7: Gaps 0Q8: Acceptance @ Q9: Value

51 51 50

34
32—

Figure 2. Quality appraisal summary results (out
of total number of articles: 51)

3.6 Data extraction

During this stage, data was extracted from each of
the 51 primary studies included in this systematic
review according to a predefined extraction form (see
Figure 3). This form enabled to record full details of the
articles under review and to be specific about how each
of them addressed the research question. All data from
all primary studies were extracted by the authors in
consensus meetings. The aims, settings, research
methods descriptions, findings, and conclusions, as
reported by the authors of the primary studies, were
tabulated in Microsoft Excel.
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Figure 3. Data extraction

3.7 Peer assessment

The first two authors sat together and went through
the titles of all studies that resulted from identification
stage, to determine their relevance to the systematic
review. At the eligibility stage, the abstracts were
divided among the first two authors and the third author
in such a way that each abstract was reviewed by two
researchers independently of each other. All
disagreements were resolved by discussion that included
all three researchers, before proceeding to the final stage.
Each of the 51 studies that remained was assessed
independently by the authors, according to quality
assessment procedure.

4  Results

4.1  Publishing framework

The chronological distribution of articles in Figure 4
indicated for a growing interest in performing research
related to the subject. 6 papers have been published
from 2000 to 2005 and 9 papers from 2006 to 2011.
While the period from 2012 to 2018 accounted for the
most published papers of 36 number. The analysis
results demonstrate that there is a substantial increase in
the number of literature during the last 6 years. This
would indicate for a promising established research area
in concrete building construction.
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Figure 4. Chronological Distribution of
publications (total number of articles: 51)

Furthermore, Figure 5 shows the number of
publications according to the different country for each
of the authors. When comparing the geographical
distribution of the total number of 51 papers, USA and
Germany are ahead of all others. However, by filtering
out only the 23 articles of highly related studies to the
review topic, research on the subject has been
dominated by authors from USA, and France. While,
focusing on the 4 extremely related studies revealed that
authors from Switzerland are leading the topic.

20 o Partially Related

18 O Related

OHighly Related
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o Extremely Related
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Figure 5. Geographical distribution of

publications (total number of articles: 51)

4.2 Implementation on a construction site

The construction applications and techniques for the
outcome are mainly on-site and related to the robotic
technologies of 3D printers, automated building
construction system, and swarm robotics construction
system (see Figure 6). In context, 57% from the
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proposed technologies have targeted low rise building
projects and 35% focused on low to medium rise
buildings, while only 8% could target the medium to
high rise building category. This could indicate that
adapting most of the studies for the 3D printing
technology, has resulted in a major limitation to target
high rise building construction.

Spraying Robotics ﬂ

conera 1

Robotics for Insulated Walls ]
Robotic Construction Crew ﬂ

Wire robots for automated construction 3

Wire robots for automated construction 3
Automated Building Construction System
swarm robotics construction system 8
3D Printers 6 l 3 ‘ 16
0 5 10 15 20 25 30
Bfor both on-site and off-site applications 0 Off-Site OOn-site
H H s
Figure 6. Construction robots’ types &

application (total number of articles: 51)

In parallel, Figure 7 shows that most of the
researched robotic technologies were found to be either
under development or conceptual. At the same time,
their implementation in concrete building construction
is challenging. Only 10% from the proposed topics were
classified as developed technologies, and merely 8%
could be implemented in a construction site.

Developed Acheivable but Implemented
10% Challenging 6%
6%

Acheivable
8%

Conceptual
27%

$

Level of Development

Challengi
ng
80%

Implementationin Construction

Figure 7. Robotics technologies level of
development and implementation in construction

Concerning the reasons behind proposing such
technologies, nearly 70% of the papers shared the same
goal of enhancing the concrete building construction
efficiency. While construction in space, besides
proposing new construction technologies have attracted
almost 20% from the authors. The remaining papers
were interested in the construction in disaster or
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hazardous areas, as well as reducing the accident rate.
(See Table 2).

Table 2. Purpose of the robotic technologies (total
number of articles: 51)

Purpose of the robotic technology Number
of paper
Construction in disaster areas 1
Reducing high accident rate 2
Construction in a constrained/ hazardous 2
environment
New construction technology 5
Construction in space 5
Greater efficiency 36

Innovation in construction material and
structural design

4.3

As illustrated in Figure 8, 53 % of the papers
proposed a limited novel structural design and 29%
projected a complete novel design proposal, while the
remaining 18% adopted the conventional structural
design for the construction of concrete structures.
Concerning the innovation in construction material, the
researchers could not introduce novel material to the
construction, however they have focused on finding
alternatives to replace the conventional ready-mix
concrete and steel reinforcement.

8%

OLimited Novel design
o Novel design

53% O Conventional design

O Conventional design

Figure 8. Innovation in structural design

As presented in Figure 9, 45% of the papers
considered mesh wire as an alternative to reinforcement
rebar, and around 79% from the total literature proposed
polymer based material and cementitious material to
replace the ordinary cement. While mortar mix,
intelligent concrete blocks, and ultra-high-performance
concrete found to be the new alternatives to
conventional concrete mix.
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Figure 9. Alternative construction material

4.4  Impact on building construction activities

Formwork fixing and striking, steel rebar fixing, and
concrete pouring and curing are the main direct
construction activities could be replaced by the
proposed robotic technologies. The major indirect
construction activities that could be eliminated comprise
ready-mix concrete delivery to site, formwork
fabrication, steel rebar fabrication, and material
handling by cranes and manually (see Figure 10). This
would have a huge impact not only on the overall
productivity of the construction activities, but also on
the entire efficiency of the concrete building
construction. The proposed construction technologies
will not depend on plywood, formwork systems and
scaffolding to build any concrete structural element.

Steel Rebar Fabrication (cut and bend) [1 1%
fabrication of moulds for precast concrete and GRC. [11%
Erecting of Scaffolding beams []1%
construct a large variety of structural elements | 4%
%

30%
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Concrete pouring/ curing
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] 34%

Indirect Construction Activities to bel

Formwork Fixing and Striking

[12%

—
3 L)
- 23%
T
|

Most of the indirect construction activities by assembly

Scaffolding

replaced

Ready Mix Concrete Delivery to Site
Steel Reinforcement Rebar Fabrication

Material Handling (by Cranes and Manually)

Direct Construction activities to be

Formwork Fabrication

Figure 10. Impact on construction activities

Regarding the applicability of the construction
robotics to build all the structural concrete elements, 93%
of the literature claimed that their proposed technologies
can build vertical RC elements on-site, while 4%
suggested pre-casting and assembly, and only 3%
proposed a full solution to construct all RC elements on-
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site for one story building. The same studies claimed to
build vertical RC elements have shown incapability of
their proposed technologies regarding the construction
of horizontal RC elements on-site, unless they were
temporary supported during the construction or pre-
casted and assembled by cranes.

45 Construction robotic features

Different types of robotic systems have been
adopted through the literature, however, rapid
prototyping and self-assembly found to be the most
appropriate systems for the purpose of concrete building
construction (see Table 3). This outcome is in line with
the results in 4.2 construction applications and
techniques.

Table 3. Robotic system

Robotic system design/ programme % of
literature
VR-assisted virtual prototyping 2%
Multi-robot construction and assembly 2%
Automated assembly systems 2%
Generic, versatile mobile robotics system 4%
Cartesian motions 6%
Self-organized construction 8%
Controlled assembly 8%
Self-assembly 12%
Rapid prototyping 56%

In terms of the construction robotic category, 63%
from the studies considered manipulator robots for their
proposed technologies, and around 15% adopted the
collective construction robot category (see Figure 11).
This is in consonance with rapid prototyping and self-
assembly systems, in addition to the results in 4.2.
Furthermore, nozzle, manipulator arm, and multiple
mobile robots were the most critical hardware
components for such robotic categories.
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5 Discussion

Most of the present attempts to implement robotic
technologies in concrete building construction were
focusing on freeform construction for vertical RC
elements, in the aim of improving the building
construction efficiency and reducing the dependency on
formwork.

The concrete building industry is currently in need
for numerous researches to alter the conventional
building process, by thinking out of the box in terms of
innovating structural design and construction material.
Moreover, lessons should be learned from the past
attempts in the last three decades to robotize the
building construction sector. Consequently, the future
visionary is necessary for a systematic approach to
increase efficiency in this type of research. An example
for such visionary can be found in few innovative
researches adapted the swarm intelligence for building
construction by self-assembly.

Despite that the aim of this research is solely for
concrete building construction, some other industries
have attracted the researchers. Around 40% from the
explored papers have been interested in building
construction in extra-terrestrial environment. Their
researches are mainly funded by the National
Aeronautics and Space Administration (NASA), in
addition to Kennedy Space Center Swamp Works and
the Office of Naval Research in the USA, as well as the
European Space Agency (ESA).

In this context, new research questions should
concentrate on what could be altered within the
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construction process or the robotic technologies, to
construct a complete building structure on-site. What
type of concrete building structures should be targeted
in the future researches, to overcome the present
obstructions?

6 Conclusion

The review demonstrates that the research on robotic
technologies in concrete building construction is still in
its infancy, and thus is characterized to be under
development and mostly challenging to be implemented.
The literature all points that conventional methods for
building construction proved to be inefficient, and the
construction industry can innovate towards improved
health and safety and time and cost savings.

The systematic review shows that the researchers in
the USA played a lead role in researching robotics in
concrete building construction, followed by Germany
and Switzerland. The robotics application and
techniques have been largely used on-site and targeted
low-rise buildings. The robotic technologies that have
been popular in literature included 3D printers, and
swarm robotics. Most of the papers have proposed a
limited novel structural design, without introducing
novel construction material. Even though the direct and
indirect construction activities related to formwork,
steel reinforcement, and concreting can be replaced and
thus eliminated, the horizontal RC elements still cannot
be built on-site unless they were supported. Moreover,
rapid prototyping found to be the best robotic design for
the purpose of building construction through utilizing
manipulator robots.

While the application of robotics in construction has
limitations that need to be acknowledged, research for
innovative robotic technologies to be adapted in the
construction appears as an emergent approach.
Collaboration in research across all the segmented
disciplines such as architecture, engineering, building,
computer science, would be an essential element for
developing a related research area and also for
deepening and widening research area dimensions and
domain. Future research should also focus on the
different types of barriers behind implementing the
robotic technologies in the construction field.
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Abstract -

The improvement of safety performance of
construction workers heavily lies in safety training
and great improvement has been achieved in
training technology, training materials and training
organisation. Currently, the form of training and
induction based on traditional lectures and
workshop studies has been innovated and enriched
by digital and e-learning technologies and
applications, such as immersive visualization
techniques like Virtual Reality (VR), Augmented
Reality (AR) and game engines. The visualization
techniques allowed workers to enhance their safety
capabilities by playing the safety training game in
virtual scenarios. However, the validation of its
effectiveness was measured with either self-reported
questionnaire or the improvement in safety
performance and productivity. This research
proposed a framework to directly validate the
effectiveness of virtual reality in safety training by
measuring the degree of emotional arousal with
electromyography (EMG). Specifically, the degree of
inducement of fear was measured during safety
trainings with pictures, videos and VR. The higher
degree of fear was induced, the more effective the
safety training was. In this way, this research
provided a novel approach to prove the effectiveness
of the immersive visualization techniques and a
possible framework to further identify important
personal and environmental factors of safety
training process.

Keywords —
Virtual Reality; Safety Training; Emotional
Arousal; Electromyography

1 Introduction

Safety training and education is an important issue
in construction safety management. Because of the
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massive amount of new construction, large groups of
new workers come into the construction industry
without proper skills or enough experience. Migrant
workers are common worldwide. In China, most
Chinese on-site workers used to do agricultural jobs,
and the number of migrant workers in the construction
industry has increased by more than 1 million per year.
Less than 7% of them attended vocational training
programs. Senior technicians accounted for less than 0.3%
of all workers, compared to 20%~40% in developed
countries. The US construction sector provided 7% of
all employment in the workforce but accounted for 20%
of worksite fatalities [1]. According to statistics, there
were more than two million Hispanic workers in the
construction industry in the U.S., and those Hispanic
workers also had the highest injury and fatality rates [2].
Human errors and unsafe behaviours contribute greatly
to accidents [3], Garrett and Teizer [4] pointed that
previous research showed human factors accounted for
90% of all accidents in complex industries with high
risks. Furthermore, inexperienced workers are more
likely to perform unsafe behaviour and cause accidents.

Currently, the form of training and induction based
on traditional lectures and workshop studies has been
innovated and enriched by digital and e-learning
technologies and applications, such as accident
simulations in Building Information Modelling (BIM)
systems, and other immersive visualisation techniques,
such as Virtual Reality (VR), Augmented Reality (AR)
and game engines [5-7]. The variety of training schemes
does not only transfer essential knowledge to workers, it
also guarantees the attainment of certain task
proficiency that is required to prepare workers for real-
work task settings [8], as well as to instil a positive
danger/risk-sensitive attitude and safety climate in the
workplace [9, 10].

It is well recognised that VR technologies are
effective in enhancing construction safety training
programs, however, the amount and mechanisms of the
improvement brought by VR to safety training have not
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been fully explored and measured with objective index
other than self-reported questionnaire  surveys.
Therefore, this research proposed a possible explanation
of the enhancement of VR safety training, and an
approach to measure the effectiveness of VR safety
training.

2 Literature Review

2.1 VR Applications in Construction Safety

Training

The literature review identifies a variety of training
approaches and techniques for construction safety.
There is a long history of using classroom-based studies
to upskill the construction workforce. The improvement
of knowledge, attitude and self-reported practice
followed by a one-hour classroom study, was evidenced
by Sokas [11]. Tailored classroom training programs
were also applied to 2700 training construction workers
working on a railway project, which revealed positive
effects, such as that workers were more likely to handle
materials safely [12]. The conventional safety training
takes the form of classroom teaching, and is tedious,
difficult to wunderstand and memorize, and has
unsatisfying influence on performance improvement. In
recent years, the form of classroom training programs
has been enriched. A series of studies have made their
efforts to improve safety training, for example, the peer-
led training programs, which believed the interventions
of co-workers could improve the learning outcomes [13];
the encouragement of verbal communications on safety
between supervisors and workers [14]; the localisation
of safety training materials for Hispanic workers [15]
and narrative simulations, and improved toolbox
training programs that are delivered by workmates or
trained foremen [16]. Foremen, peers and unions help
with safety performance through safety leadership and
communication [17], and they improve the safety
climate, which has a social influence on construction
workers. It has to be noted, however, that classroom-
based training was stereotyped, as its form may not be
effectively conducive to motivating learners, and the
uniform teaching manner may not take the learner
disparity into account.

With the emergence of innovative Information
Communication and Technology (ICT) applications,
construction practitioners and researchers have started
to shed light on technology-assisted training paradigms.
To gain hands-on skills and practical experience with a
shorter training turnaround, it is preferable that
traineeships should be more task-oriented and available
for both on and off-the-job options. Because it makes
more sense to justify workers performance, potential
hazards and causation factors in real-time working
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contexts. To facilitate a more task-oriented, context-
aware and customisable training environment,
innovative visualisation manners such as Virtual Reality
(VR), Augmented Reality (AR), Mixed Reality (MR)
and Building Information Modelling (BIM) have been
formulated and researched [18]. The rationale of VR,
AR, MR and BIM is that these technologies make use of
computer graphic representations (e.g., agent-based
avatars, virtual/ augmented task instructions and clues,
etc.) to create a virtual but immersive space where real-
life scenarios can be replicated for trainees to
experience and make sense of risks. Traditional safety
training with texts and few graphical elements were
difficult to be understood, especially by low literacy
novice workers. On-the-job training engaging hands-on
experience could be more efficient [19] but time-
intensive, expensive, and potentially hazardous [20]. To
help low-literacy construction workers who may have
linguistic and understanding problems at work [14, 21],
Lin et al. [19] developed a game-engine based VR
serious game which can offer visual representations that
remind unsafe conducts; Le et al. [5] proposed an online
VR training framework for multiple students to perform
role-playing  construction  safety training  with
communications within groups and social interactions;
Behzadan and Kamat [22] presented an innovative
pedagogical tool that adopting remote videotaping, AR,
and ultra-wideband (UWB) to better link virtual objects
to the real world. One of the advocating evidences is the
expedited process of developing complex procedural
skills required to operate construction heavy equipment
on modern, large scale complex infrastructure projects
[7]. Overall, the motivation of safety training can also
be intervened by ICT paradigms. For this purpose, one
of the proffered research directions is that ICT
applications should interface with real-life task
scenarios that are often dynamic, complicated and
varied.
2.2 Possible Explanations of Effective VR
Training

The advantages of using VR in education and
training are related to its ability to enable students to
interact with each other within virtual three-dimensional
(3D) environments. Intuitive sense about the learning
subjects can also be developed by interacting with the
objects, related messages and signals in the virtual
environment. Different from the conventional education
and training approaches, such as the utilizations of static
pictures or two dimensional (2D) drawings, VR’s visual
representation allows more degrees of freedom (DoFs)
to be integrated. Compared to conventional training
methods, ICT innovations for training was reported to
be more conducive to development of short-term
memory, emotional arousal, attention maintenance,
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confidence enhancement [23, 24], information retention,
and various essential cognitive mechanisms that
underpin workers’ kinesthetic and psychomotor abilities
[25]. Therefore, it was suggested that the future of
construction safety education should incorporate
VR/AR technologies into the pedagogy.

Psychologically, a possible explanation of the
advantages of VR/AR technologies in safety training
might be related to the emotional memory enhancement
effect. It was used for the phenomenon that events or
materials loaded with emotional information are more
likely to be retained in individual memory and have a
higher recall accuracy compared with neutral events or
materials [26]. This effect can be found no matter
whether emotional words, emotional pictures or
emotional films are used, or whether they are used in
recognition tests, free recall or clue recall [27, 28].
Previous studies have found that the enhancement effect
of emotional memory is mainly affected by the arousal
level of emotional stimulation, and highly aroused
emotional stimulation can get priority attention and thus
be processed preferentially [29]. Therefore, no matter
emotional pictures or emotional words, highly aroused
emotional stimulation has better memory effect.
Individuals® fear stimulation is a rapid automatic
processing, so as to quickly deal with threats.

In construction safety research, the effects of
emotional arousal have been recognised [30, 31]. The
assessment of emotions of accidents was included in
workers’ judgement of construction accidents’
likelihood and severity [32], and negative emotions
from previous experience could lead to the decision of
avoid risky behaviour [33]. Furthermore, while positive
emotions in learning could lead to higher levels
curiosity, interest, and desire to improve performance,
research also showed that negative emotions could arise
extrinsic motivation to avoid failure [34], lead to better
engagement in learning [35]. Lang [36] proposed
limited capacity model of motivated mediated message
processing (LC4MP) to explain the relationship between
emotion and learning motivation.

Fear is an emotion closely related to evolution. It
can stimulate workers’ defense mechanism and help
human survival and adapt to the environment. The
formation and expression of fear is activated by the
brain regions including the amygdala, anterior cingulate
gyrus and the frontal cortex [37, 38]. The use of event-
related potential methods can help the study find the
neural basis of emotional infection. It is a research
method with high time precision, which can help
researchers discover a cognitive processing process and
reflect the time course of emotional infection. It can
record multiple brain components induced by emotions.
The occurrence time, amplitude intensity and brain area
of these components will be important indicators
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reflecting the processing of cognitive emotions.
Different components represent different psychological
cognitive processes, including P200 and P300. P200 is
an early positive component, the peak is located after
the stimulus is presented to the left and right, and the
scalp is in the forehead or the occipital region [39-41].
P200 peak can be used to reflect the emotional valence
(or, pleasure) and arousal of the information (or
strength). P300 is related to attention, identification,
decision, memory, etc. [42, 43].

However, existing measurement of fear are by
means of electroencephalography (EEG), electro-cardio
(ECG) and galvanic skin response (GSR), and it was
difficult for the portable devices of the measurement of
these indicators to be adequately accurate (medical level)
and instantaneous enough to capture the spontaneous
reaction of fear. On the other hand, electromyography
(EMG) signals are perfect to measure real time
responses if the responses include muscle motions.
Portable devices on the open market to accurately
measure EMG are also easily accessible. Therefore, this
research used EMG which could be measured
accurately with a wristband and be recorded
instantaneously.

3  Pilot Study

3.1
311

In the pilot study, university students were recruited
as participants, including 9 graduate students in
Construction Management major, out of which there
were five female students and four male students.

3.1.2

An episode of VR safety training material for
construction workers on Fall-from-Height was mounted
with HTC Vive and displayed to each participant.

Electromyography signals were measured with
DTing Gesture Control Wristband, which is in the
world's first easy-start gesture-controlled robot series.
The wristband is able to detect users’ gesture behaviour,
including forearm movement, hand gesture and finger
force. In this research, put around the wrist, it is able to
capture the signals with pollicis. The surface
electromyography (SEMG) signal, gyoroscope signal,
accelerometer signal and more related signals are fused
to recognize gestures in high precision.

Heart rates were measured with Polar H10 heart rate
sensor because it monitors heart rate more accurate and
adaptable and connect heart rates to cellphones by
Bluetooth simultaneously. Pictures of the wristband and
heart rate sensor were shown in Figure 1.

Experiment Design

Participants

Measuring Devices
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Figure 1. DTing Gesture Control Wristband (left)
and Polar H10 heart rate sensor (right)

3.1.3

Measurement approach

The purpose of the pilot study was to determine if
the EMG devices could reveal the instantaneous muscle
tensions caused by fear during VR trainings on the
prevention of fall-from-heights and to adjust the
experiment design for a larger scale of experiments on
diverse students to determine the effect of personal
factors on training effects.

The participants wore the HTC VIVE headset and
watch a small episode of safety training material on fall
from height. Meanwhile, they also wore DTing
wristband on their left or right wrist (according to their
free will) and Polar H10 heart rate sensor around their
chest. The wristband recorded the changes in
electromyography on their pollicis instantaneously and
the signals were uploaded to an application to process
them with an Android device. Then it could be exported
to Matlab and be further processed and mapped
graphically. Polar H10 heart rate sensor recorded their
heart rate changes and could also be exported to
Microsoft Excel for further analysis.

Follow up questions for reviewing and sharing
feelings during VR training were asked and discussed
with every participant. However, those questions and
discussion topics were not pre-determined in the pilot
study, but along a broad spectrum of their after-test
feelings and possible suggestions.

3.2 Results and discussions

The pilot study revealed that the EMG devices had
successfully captured muscle tensions in the pollicis, as
shown in Fig. 2. A group of peaks could be observed at
almost the same time at the moment of falling in the VR
training.

Figure 2. Examples of sudden muscle tensions in
pollicis captured by DTing Wristband

However, some participants could be used to the VR
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trainings after repetitive experiments. Fig. 3 (left)
showed that after three trials, the same participants as
Fig. 2 (left) showed little tension during the training.

Females and males reacted very different. All female
students showed muscle tension to a certain degree at
their first trials and reported that VR trainings had
raised their fear in the after-test discussions. However,
two out of four male students showed little muscle
tension and reported “not very scary” in the after-test
discussions. Fig. 3 (right) showed a male participant
barely tensioned throughout the training, except for the
adjustment of his handset at the beginning.

Figure 2. Examples of participants showed little
tension during the training after three repetitive
trials (left) and from the beginning (right)

The pilot study revealed that several improvements
need to be addressed in the experiment design. First of
all, the tension of fear could be in different muscles with
different participants. Some participants reported
tension in the wrist, feeling they “need to grasp
something”, and others reported tension in their thighs,
feeling that they “could hardly stand straight” and “got
cold feet”. Approaches to fix this problem may be
providing gesture control bands around the thighs as
well as the wrist.

Secondly, the unrelated muscular tensions should be
identified and filtered out from tensions caused by fear.
Participants could use their pollicis to adjust their HTC
VIVE headset and handset, or tensions caused by taking
the test, or any other reasons. Fig. 3 shows the signals of
a participant feeling tension throughout the training. It
would be necessary to filter the actual signals caused by
fear of the falling in VR training. Approaches to fix this
problem may include developing a filtering algorithm to
process the signals, excluding the handset in
experiencing the falling to avoid unnecessary muscle
tensions and using time stamps to determine the
beginning of the signals possibly caused by the falling
animation, and so on.

Thirdly, a structured survey should follow up right
after the VR training to better review the EMG signals
and determine participants’ training effectiveness. As in
the pilot study, the follow-up discussion helped the
researchers to better understand participants’ reactions
to the training materials.
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Figure 3. Signals of a participant feeling tension

throughout the training.

4

Conclusions

This research tried to validate the effect of VR in
construction safety trainings and provide a possible
explanation for the advantage of VR training. This
research measured the EMG showing muscle tensions
of participants watching a piece of VR-based fall-from-
height training material with a gesture control wristband.
The pilot study confirmed that some participants
showed muscle tensions on their pollicis when they
experienced falling in the VR training, which indicated
that VVR-based trainings could raise fear in participants
and the fear could improve the effectiveness of training
because of the emotional arousal. However, the pilot
study also showed that a lot of improvements should be
made to the experiment design to provide trustworthy
and insightful results.
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Abstract -

Construction workers’ behaviour is important for
safety, health and productivity management.
Workers’ 3D postures are the data foundation of
their behaviours. This paper established a
preliminary 3D posture dataset of construction tasks
and provided a 3D posture estimation method based
on 2D joint locations. The results showed that the
method could estimate 3D postures accurately and
timely. The mean joint error and estimation time of
each frame were 1.10 cm and 0.12 ms respectively.
This method makes it possible to estimate
construction  workers’ 3D  postures  from
construction site images and contributes to a data-
based construction workers’ behaviour management.

Keywords —
Posture  estimation;
Behavior management

Construction  worker;

1 Introduction

Construction workers’ behavior is an important
factor in construction management. Construction
workers’ behavior is closely related to safety, health and
productivities. More than 80% of construction accidents
are related to workers’ unsafety behaviors [1]. In
addition, working behaviors, especially working
postures, durations and work-rest schedules, are closely
related to musculoskeletal disorders, which are very
common in construction workers and have caused
extremely negative effects on construction workers’
health [2,3]. Finally, construction workers’ motions,
such as the number of production cycles, can also effect
the labor productivity [4]. Therefore, it is important to
understand construction workers’ behaviors for better
performance.

Construction workers’ posture data provides a

foundation for working behavior analysis. For safety
management, working postures could help to identify
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unsafe behaviors and prevent safety accidents [5,6]. For
health and sustainability of construction workers,
posture data could help to assess the workloads of
different working tasks and mitigate the risk of fatigue
and injuries [7,8]. For labor productivity, posture data
has been used for working/rest status identification for
evaluating work efficiency [9]. The studies have
demonstrated the importance of workers’ posture data in
construction management. However, considering the
complexity of construction site environments and the
dynamics of construction motions, the posture data
collection methods used in previous methodologies
cannot support effective behavior-based management
due to the inaccurate data, uncomfortableness or
limitations on indoor working environments.

This study aims to provide a 3D posture data
collection method for construction workers, which (1)
could provide 3D joint locations, (2) has no limitation
on working environments and (3) doesn’t require any
wearable sensors and thus will not lead to
uncomfortableness of workers. The method could
provide the data foundation of posture-based behavior
analysis and management for individualized unsafe
behavior identification, ergonomic assessments and
productivity evaluation.

2 Related work

2.1 Previous posture data collection method

in construction industry

There are mainly four categories of objects on
construction sites, namely human, materials, machines
and environment. For materials and machines, tracking
technologies such as radio frequency identification and
global positioning system have been widely used
[10,11]. For environments, laser scanning techniques
were used to collect 3D point data for building
construction site model [11]. This section mainly
focuses on the approaches for collecting the motion data
of construction workers.
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Manual observation was commonly-used to collect
construction workers’ joint angle data for ergonomic
assessments [12,13]. Manual observation method
usually classifies joint angles in to different categories,
such as 0-30 degree, 30-60 degree and 60-90 degree.
The results of manual observation depend heavily on the
observers’ experiences and subjective judgement, thus
is not accurate enough. In addition, the manual
observation cannot collect data continuously from the
whole construction site, thus cannot support timely
management [14].

Inertial measurement units (IMUs) have been widely
used to collect construction workers’ posture data. If
attached to the key joints, IMU sensors could provide
the three-axis rotation angle of each body segments,
which could be used to calculate the 3D joint location if
given the length of each body segment [15]. Based on
the 3D posture data collected with IMU, previous
studies have tried to detect construction workers’ unsafe
behaviour [16], identify awkward postures [15] and
estimate productivity [17]. The main disadvantage of
IMU, however, is the requirement of attaching IMU
sensors to the human body, which may interfere
workers’ performance. In addition, such sensors may
not be suitable for prolonged usage because they may
lead to discomfort [14,18].

Motion capture systems (e.g., the VICON system,
OptiTrack and Optotrak) are commonly used in
laboratories for 3D motion capture and analysis. To
capture motion data, an examiner needs to set up
multiple cameras in a laboratory and then put reflective
markers on the designated locations of an individual’s
body. The system estimates the 3D position and
movement trajectory of each marker based on the
signals of the reflective markers captured by the
cameras. The reported accuracy of the VICON system is
as high as 2 mm [19]. In construction industry, motion
capture systems have been applied to collect 3D joint
locations for the detailed biomechanical analysis of
working postures. However, since these motion capture
systems require the installation of at least 4 cameras
within 10 m from the attached reflective markers on the
body of target workers in order to capture the whole-
body posture, it is impractical to use on construction
sites [20].

Depth cameras provides a non-invasive method for
3D posture data collection. Depth camera can provide
more information than ordinary 2D cameras [21]. There
are mainly two kinds of depth cameras, stereo camera
and infrared camera. A stereo camera infers the 3D
structure of a scene from tow images from different
viewpoints. If applied on construction workers, the
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method could be used to construction the 3D skeletons
with 2D images [22]. Infrared cameras could infer the
depth of each RGB pixels and provide 3D skeleton
based on machine learning networks [5]. However, as
for the application on real construction sites, a search of
the relevant products (e.g. ZED, Realsense D435 and
Kinect) yielded that depth cameras cannot provide
accurate 3D joint locations over a long distance. In
addition, the infrared cameras cannot provide accurate
depth information in outdoor environments due to the
interference of sunlight on infrared signals.

RGB cameras are the most common-seen cameras in
daily life. Considering the widely use and low cost of
RGB cameras, pervious research has tried to identify
construction workers posture motions or cameras based
on RGB camera [6,23,24]. The methods successfully
recognized construction workers from site pictures and
classified postures into squatting, standing or walking.
However, these methods could only get 2D joint
information from the images, which cannot support 3D
posture analysis for accurate behaviour recognition or
ergonomic analysis.

In summary, above posture data collection methods
have the following limitations if applied on construction
sites: (1) intrusiveness: sensor-based methods may make
the workers feel uncomfortable and even interfere
working performance; (2) possible poor performance on
construction sites: depth cameras may not provide
accurate 3D pose estimation results over long distances
in outdoor environments; (3) the lack of 3D results: 3D
poses could provide better support for behaviour-based
management. Recent progresses in computer vision
provide possible solutions for the above limitations. The
following is a review on related computer vision
algorithms.

2.2 Pose estimation in computer vision

Pose estimation is a classical problem in computer
vision. With the development of deep learning, the
performance of pose estimation algorithms has been
enhanced a lot [25]. The pose estimation algorithms
focus on mainly two tasks: 1) 2D pose estimation,
which aims to evaluate 2D joint locations from RGB
images, 2) 3D pose estimation, which aims at inferring
the depth of each joint based on 2D joint locations. The
2D pose estimation algorithms, open pose [26], has
been successfully applied on construction sites to
estimate 2D construction postures, which worked well
even over long distances or when some parts of the
body were obstructed [27]. 3D pose estimation
algorithms, however, performed not very well when
applied in estimating the postures of construction
workers. The gaps are 1) previous 3D pose dataset for
training the 3D pose estimation algorithms are mainly
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daily life postures, such as sitting, taking and calling,
which differ a lot with the postures of the construction
workers, and 2) the structures and parameters of the
algorithms are not suitable for estimating the 3D
postures of construction workers.

3 Research aim and contribution

Considering above research gaps and limitations,
this study tries to develop 3D pose estimation algorithm
that is suitable for the postures of construction workers.
The method could estimate the 3D joint locations based
on RGB images in near real time. This method makes it
possible to continuously collect 3D pose data from
construction site videos and contributes to 3d-pose-data-
based behavior management, such as identifying unsafe
behavior postures, estimating joint workloads and
assessing labor productivity.

4  Methodology

This study aims to train a 3D pose estimation
according to 2D pose with transfer learning [25]. To
reach the aim, a 3D database of the postures in
construction tasks was firstly built, then a deep learning
network was trained based on the dataset.

4.1 Establish the training database

The training dataset includes the 3D joint location
data of construction tasks and the corresponding 2D
joint locations. A laboratory experiment was performed
to establish the dataset with an IMU system (3-Space™
Wireless 2.4GHz DSSS, OH, USA).
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Participants: A healthy male graduate student, aged
27 vyears, was recruited to perform a simulated
plastering task in a laboratory.

Collecting 3D posture data

Equipment: The participant was required to wear the
IMU system to collect 3D posture data. The IMU sensor
has an accuracy of 1° and an frequency of 50 Hz [28].
The IMU system includes 13 IMU sensors. They were
tightly tied to the head, chest, back, waist, upper arms,
forearms, thighs and shanks.

Simulated plastering task: After putting on the IMU
sensors, the participant was instructed to perform a
simulated plastering task. The participant mimiced the
motion of plastering an area of 5 meters width and 2
meters height. To calibrate the IMU system before the
task, the paricipant was requried to stand with both feet
closed together and both arms stretched out to the sides
and held parallel to the ground to form a T shape.
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4.1.2  Data processing

The results of the IMU system were 1397 frames of
postures. The data was stored in a BVH file, which
includesdthe three-axis rotations of each body segments
in each frame. The 3D joint locations were calculated
based on the three-axis rotations angles and the length
of each body segment with Denavit-Hartenberg matrix
[29].

Then the 2D joint locations were calculated based on
the 3D joint locations with projection matrix. The
generated 2D joint locations are related to the location
of the camera. In this study, given the hip joint as the
origin, the spherical coordinate of the camera is (0° ,
75° ,20 m).

4.1.3

The dataset includes input dataset and target dataset.
The input dataset is a matrix with 1397 rows and 48
columns. Each row stores the 3D Cartesian coordinates
of 16 joints (head, neck, chest, waist, trunk, central hip,
bilateral shoulders/elbows/wrists/hips/knees/ankles).
The target dataset is matrix with 1397 rows and 32
columns. Each row stores the 2D Cartesian coordinates
of the 16 joints.

Dataset structure

For training and testing the algorithms, the dataset
was divided into two parts. 1000 rows were randomly
selected from the input dataset and target dataset
respectively to form the training dataset. The rest rows
of the input dataset and target dataset were used for
testing the performance of the algorithm.

4.2 Network architecture

The network is composed of several basic network
unit. Each unit includes a linear layer and an RELU
layers. The linear layer aims to increase the dimensions
of the input data to ensure the depth of the networks.
The RELU layer next to the linear layer could add non-
linearities to the deep neural networks [30]. The residual
connections could improve generalization performance
and reduce training time [25]. Figure 1 shows the
network architecture.

The complexity of the network is decided on the
width of linear layers and the numbers of the basic
network units. Complex network could increase the
accuracy but is prone to overfitting and computationally
expensive. In the experiments, various combinations of
the width of linear layers and the numbers of the basic
network units were tested to decide the proper
complexity.
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In addition, batch normalization, dropout and max-
norm constraints were applied to prevent overfitting and
speed up training. Batch normalization allows us to use
larger learning rates to accelerate the learning process
[31]. Dropout randomly drops components from a layer
of neural network, and thus could prevent overfitting
and improve the generalization performance [32]. Max-
norm constraints enforce an absolute upper bound on
the norm of the weight of every neuron, which helps to
prevent overfitting.

2d pose

Network

A 4

Basic network unit

Linear layer

RELU layer

Batch normalization
Dropout
Max-norm constraint

!

Basic network unit

!
|

Basic network unit

Figure 1. The convergence of training loss
(learning rate = 10, batch size = 32)

5 Experiment and results

The aim of the experiment is to decide the proper
network complexity and the weights of every nodes in
the network. In the following training process, the loss
function is defined as mean-squared loss and optimized
with Adam algorithm [33]. The dropout rate is 0.5. The
max-norm constraint is 1.

5.1  Network complexity

As aforementioned, the complexity of the network
has a great influence on the network performance. This
experiment aims to find the proper network complexity.
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We change the depth and width of the network through
edit the number of basic units (2, 3, 4) and the number
of nodes in each linear layer (512, 1024, 2048). As a
result, nine different networks were generated. They
were trained based on the training dataset, and the
accuracy was tested on the testing dataset. In this
experiment, the initial learning rate was set as 1e-4, and
the batch size was set as 32. Each network was trained
for 400 epochs. Table 1 provides the comparison of the
performance of the nine networks.

Table 1. The comparison of the performance of different
network structures

No.of  No. of Training Test Testing
basic layer loss error time
units nodes [cm]  [ms/frame]

2 512 376.99 24.77 0.09
3 512 78.29 7.76 0.09
4 512 37.67 7.64 0.10
2 1024 29.18 7.16 0.09
3 1024 21.11 5.42 0.09
4 1024 16.09 5.39 0.10
2 2048 13.89 3.46 0.10
3 2048 9.52 3.23 0.11
4 2048 8.65 3.42 0.12

Table 1 compares the nine networks according to
training loss, testing error and testing time. Training loss
represents the final value of loss function. A smaller
training loss is preferable. The trained network was then
used to estimate the 3D joint locations according to the
inputs data in the test database. The estimation results
were then compared with the target data. The testing
error is defined as the mean of the distances between the
estimated 3D location and the target 3D locations of the
16 joints. The last column of Table 1 is the time spent
on estimating the 3D joint locations in one frame.

Based on the comparison of the nine networks in
Table, it could be found that the increasing the width
and depth of the network could significantly decreases
the training loss and the testing error. The network with
three basic units and 2048 nodes of each layer was
selected for the lowest testing error.

5.2 Training the network

Learning rate and batch size decide the step and
direction of the training loss decrease, thus are
important for the convergence of the loss function. This
experiment tried different combinations of learning rate
and batch size for training loss convergence and low
testing error. Based on the comparison of different
network structures in section 5.1, the network with three
basic units and 2048-node-layers were used in this
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experiment. The combination of different learning rates
(1e-3, 1e-4, 1e-5) and different batch sizes (2, 4, 8, 16,
32, 64, 128, 256, 512) were tested. Table 2, Table 3 and
Table 4 show the comparison of training loss, testing
error and testing time for each

Table 2. The comparison of the training loss with
different learning rates and batch sizes

LR* 10° 10 10°
BS**
2 155.02 2348.89 9583.45
4 50.81 85.68 7113.02
8 19.60 42.38 6772.76
16 7.92 23.43 6494.98
32 5.44 13.76 6175.47
64 10.11 9.52 5783.18
128 12.71 8.87 6016.59
256 21.66 9.44 6953.94
512 36.92 116.06 8243.36

*LR represents learning rate.
** BS represents batch size.

Table 3. The comparison of the test error with different
learning rates and batch sizes

LR 107 10" 10°
BS
2 62.53* 118.41 169.39
4 4.88 11.25 153.75
8 2.51 5.55 148.94
16 1.44 3.99 142.30
32 1.10 3.61 134.36
64 2.76 3.23 125.55
128 3.60 2.87 126.82
256 7.60 2.80 136.83
512 24.46 16.61 150.19

*The unit is cm.

Table 4. The comparison of the testing time with
different learning rates and batch sizes

of 2D posture. The unit is ms.

According to Table 2 and Table 3, both the training
loss and testing error reached the minimum when the
learning rate was 10 and the batch size was 32. Table 4
shows that the above combination is also time-saving.
In addition, Figure 2 shows the process of training loss
convergence under above learn rate and batch size.

10000 - \
8000 - \

6000

train loss

2000

—

D 25 s0 75 100 125 150 175 200
epoch
Figure 2. The convergence of training loss
(learning rate = 107, batch size = 32)

5.3  Testing the results

To this end, the network with 3 basic units, 2048-
node-layers, and trained learning rate = 103, batch size
= 32 was selected. Table 5 shows the mean error of each
joints. The mean error of all the joints is 1.10 cm, and
the standard deviation is 0.45 cm.

Table 5. The comparison of the performance of different
network structures

LR 107 10* 10°
BS

2 0.53* 0.53 0.53
4 0.31 0.31 0.31
8 0.20 0.20 0.20
16 0.14 0.14 0.14
32 0.12 0.11 0.11
64 0.11 0.11 0.11
128 0.10 0.10 0.10
256 0.09 0.09 0.09
512 0.09 0.09 0.09

*The time spent in estimating 3D posture of one frame
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Joint Mean error Standard deviation
[cm] [cm]
Waist 0.27 0.28
Right hip 0.46 0.30
Right knee 1.25 1.07
Right ankle 151 1.27
Left hip 0.46 0.25
Left knee 1.05 0.99
Left ankle 1.55 1.61
Chest 0.52 0.32
Neck 0.91 0.52
Head 0.94 0.50
Left shoulder 1.08 0.66
Left elbow 1.38 0.78
Left wrist 1.54 0.81
Right shoulder 0.99 0.63
Right elbow 1.60 0.78
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2.16
1.10

1.08
0.45

Right wrist
Mean

Figure 3 is the histogram of the mean error of the
joints in each frame. The maximum error is about 3.0
cm. Most of the errors are between 0.5 cm and 1.5 cm.
The mean error is 1.10 cm, and the standard deviation is
0.45 cm.
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Figure 3. The histogram of the mean error of the
joints in each frame

Figure 4 is an intuitive presentation of the estimation

results. It could be found that the estimation postures
are nearly the same with the ground truth.
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Figure 4. The estimated 3D postures and the
ground truth data

6 Discussion

3D postures of construction workers are very
important to safety, health and productivity
management. This method provides a 3D posture
estimator based on workers’ 2D postures. The results
show that the method could provide accurate 3D posture
estimations in nearly real time. The latency time for
testing one frame on a GTC 1080Ti GPU was 0.12 ms.
The mean error of each joint was 1.10 cm. The accuracy
was significantly improved compared with previous
computer vision 3D pose estimation methods in
construction industry, the mean joint error of which was
3.5cm [34].

Compared with previous motion capture methods in
construction industry, the proposed method was non-
intrusive and could work well in outdoor environments.
In addition, if combined with 2D posture estimation
programs, such as Open Pose [35], the method could
make it possible to collect construction workers’ 3D
postures continuously and timely, providing the data
foundation for behavior-based safety, health and
production management.

The method has the following limitations and could
be improved in the future. First of all, the training
dataset is not large enough. The dataset used in this
study only includes the postures of one participant
during plastering, which may limit the generalization



36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

performance of the method. In future, a more diversified
training database should be established, which includes
the posture data of different construction tasks collected
from participants of different heights, weights and BMIs.
Secondly, the 2D postures were generated from 3D
posture based on projection matrix. In the current study,
only one projection view was used. In the following
studies, the 2D postures generated in different views
could be used to train the 3D posture estimation method,
so that it could be more applicable on construction sites.
Finally, the current study aims to estimate 3D
postures from 2D postures. Future studies could try to
combine it with 2D posture estimation method from
RGB images, so that the 3D postures could be directly
inferred from construction site videos or images.

7 Conclusion

Construction workers’ posture data provides the
foundation for working behavior analysis, such as
unsafe behavior identification, ergonomic assessment
and labor production evaluation. This paper established
a preliminary 3D posture dataset of construction tasks
and provided a 3D posture estimation method based on
2D joint locations. The results showed that the method
could estimate 3D postures accurately and timely. The
mean joint error and estimation time of each frame were
1.10 cm and 0.12 ms respectively. This method makes it
possible to estimate construction workers’ 3D postures
from the images of construction sites and contributes to
a data-based construction  workers’  behavior
management.
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Abstract —

Real-time activity monitoring is becoming one of
the most significant technologies on construction
sites because it can be applied to a variety of
management problems, such as productivity formula
and safety monitoring. However, current monitoring
technologies are limited to recognizing postures in an
ideal environment rather than dealing with the
ambient occlusion and people-intensive situations on
real construction sites. Therefore, this study develops
a low-cost, non-intrusion and portable tool system in
order to trace and track construction activities on
complex and crowed construction sites. This system
is composed of wireless sensors and a smart

algorithm. Each sensor consists of an inertial
measurement unit, a communication sensor
(bluetooth low energy sensor) and several
environmental sensors, which broadcasts the
identification, acceleration, palstance and
environmental measurements at a constant

frequency. Since the dimension of the sensor is only
20 x 15 x 2 mm, it can be easily attached or screwed
on to the hand tools as well as integrated with power
tools. When a laptop or cell phone receives from
these sensors, the construction activities are derived
by the artificial intelligence algorithm in a timely
manner, providing an visual posture monitoring as
well as an automatic record of project progress. In
the end, practical experiments of a concrete vibrator
and a hammer prove the feasibility and effectiveness
of the proposed IMU-based tool tracing and tracking
system.

Keywords —
Inertial measurement unit; Construction tools;
Activity recognition; Non-intrusive; Low-cost

1 Introduction

Construction is a typical labor-intensive industry
that a variety of construction assignments are
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accomplished manually, such as wood formwork, bar
bending and tying, concrete pouring, etc. Therefore, the
on-site construction activity is one of the critical
resources contributing to the construction project
performance, and its effective control and management
is always considered as a key to success [1]. By tracking
workers-on-foot and construction heavy equipment,
near-misses, collisions and safety risks can be prevented
and alleviated [2], dangerous and awkward postures can
be detected and alarmed [3], productivity can be
measured in a timely and quantitative manner [4-6], etc.

The main obstacle for automated construction
activity control and management is the real-time activity
tracking.  State-of-the-art  technologies, including
computer vision, wearable sensor, etc., which are
available for on-site motion tracking, are emerging;
however, the installation or monitoring process is
intrusive and the effectiveness is seriously affected by
complicated environment, such as none-line-of-sight
effect due to ambient occlusions and multipath effect by
signal reflection.

The purpose of the present study is to develop a
smart and low-cost IMU-based tool system and test the
feasibility for on-site activity tracking. The research
introduced the novel concept and established the
framework of the proposed system at first, developed a
general prototype and an effective algorithm for
construction works using cyclic patterns, and finally,
conducted a pilot study to validate the system [7].

2 Background

The conventional way to monitor construction
activities is human inspection, which is still the popular
at the present time. An inspector roams around the site
at regular intervals, the records the observation and
draws a daily or weekly report. Once awkward or
dangerous postures are recognized, the inspector send
alarms and prevent further damage to the health and
safety of workers. This is a commendable achievement,
but it requires full time observation, which is impossible
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and inefficiency for such a large field as construction
site [8].

In the recent times, cutting-edge sensors are
introduced to evaluate the spatial-temporal activities in
the construction industry by attaching inertial and
biomechanical sensors on human body segments [9].
The earliest instruments for linear posture detection are
tapes and goniometer, and further progress is the advent
of electromyographic devices (EMG) that using the
muscle strength to access the movement and rotation.
However, these devices are only used in clinical
environments as they are tedious and intrusive to deploy
[10]. With the emergence and development of micro-
electro-mechanical system (MEMS), the device
measuring the inertial properties of objects becomes
small while the accuracy, robustness and quick response
are improved dramatically, which is called inertial
measurement unit (IMU). Nowadays, commercial IMU
is usually made up of a tri-axis gyroscope and a tri-axis
accelerometer  (6-axis IMU), and a tri-axis
magnetometer (9-axis IMU), enabling the measurement
of acceleration, angular velocity, and magnetic field
[11]. Scholars have applied this technology to detect
awkward postures to prevent musculoskeletal disorders
[3, 12, 13], near-misses and hazards are also recognized
automatically and analyzed to assess the potential risks
[14].

Another popular way to monitor construction
activities is by computer vision, which can be briefly
categorized into three types according to their
instruments: monocular, binocular and depth cameras
[1]. Compared with sensor-based activity monitoring,
CV-based methods are visual and insightful, enabling to
record various information, not only workers but also
associated contexts [15]. At the beginning, computer
vision is used to localize construction resources,
including manpower, excavators, cranes, etc., providing
a picture of space use on sites [16], predicting the
proximity conflicts [17, 18]. After that, with the advent
of deep learning techniques, motion recognition and
tracking is available that specific body skeleton can be
extracted from images or videos. Scholars then
transform the technology into monitoring construction
activities [19-21]. Risky and dangerous behaviors, such
as falling from heights, not wearing a hat or personal
protective equipment, hazardous materials, etc. are
identified by cameras.

The pros of sensor-based human posture detection
contain direct and simple measuring principle, high
accuracy and frequency, as well as low latency and cost.
However, the cons of this detection are also distinct that
the deployment is tedious and intrusive as people are
prone to suffer from discomfort and motion restriction
by the attached sensors. What’s more, the privacy issue
of monitoring the personal data also exacerbates the
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problem. On the other hand, the considerable
advantages CV-based human posture detection consist
of non-intrusion into normal construction activities,
easy deployment, remote monitoring, tremendous
potential for artificial intelligence. Nevertheless, some
disadvantages hinder the wide applications in practice.
A primary disadvantage of CV-based human posture
detection is the legal issue of intrusion of privacy that
employees may object to being filmed under constant
surveillance. Another disadvantage is the cost. As
construction sites are always huge, high-resolution
cameras are required, added by the instruments for
transmission, compression and storage, it is expensive
to purchase and keep the detection algorithms upgraded
all the time. The third disadvantage is the non-line-of-
sight (NLoS) effect due to ambient occlusions that CV-
based detection performs badly without direct
observations. What’s more, the illumination and
transparency of exposed environment also have an
adverse impact on the detection. Other disadvantages,
such as low accuracy and high latency or frame loss,
weaken the applicable ability in construction industry as
well.

Either sensor-based or CV-based human posture
detection has exposed their weaknesses in literature and
practice. This research therefore proposes a novel
approach that leveraging the location and posture of a
hand tool or power tool to detect the corresponding
human postures by a single MEMS-IMU [22, 23]. This
creative conceptual approach is not only a positive
solution of personnel concerns and privacy that
employees are not working under immediate
surveillance, but also a non-intrusive and marker-less
solution of human posture detection.

3 Framework for tracking construction
activities by tools

This is an insightful conception that the way human
beings make and use tools is perhaps what sets us apart
more than anything else. In turn, tools also have positive
impacts on our evolution. Workers in modern industries
are always carry out their jobs with the assistance of
valuable tools.

Construction is a typical labor-intensive industry
that a variety of construction assignments are
accomplished manually. To improve the productivity
and ensure the safety, diverse tools are designed and
adopted on constriction sites, containing hand tools
(tape measure, torpedo level, screwdriver, wrench,
trowel, hammer, coping saw, etc.), as well as power
tools (circular saw, drill. jig saw, orbit sander, angle
grinder, etc.) in Figure 1.
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Figure 1. Common hand and power tools can be
integrated with an IMU sensor

Thus, for these kinds of jobs using various assistant
tools, the motions of tools apparently describe the
detailed process of construction activities. For example,
the trajectory of concrete vibrator suggests the area of
concrete consolidation after pouring; the angular
rotation of screwdriver indicates the effects of workers
on the connection of reinforcement bars. The data of
tools therefore not only suggest the status of
construction activities, but also work as an event data
recorder that record the associated information during
specific events. When an accident happens, the
information can be collected for analysis, to identify the
status before, during and after the accident.

The schematic model for this tool-based
construction activity monitoring is illustrated in Figure
2. To monitor the construction activities, manual
assignments are transformed into tool motions at first.
For example, the acceleration of tools indicates the
workload at the construction stage; the velocity and
angular velocity (palstance) exposes the mobile
characteristics of workers; and position, rotation of tools
provides a relative reference of the postures of workers.
Then the construction regulations, standards, or codes
are represented by tool rules. By comparing the tool
data and these rules, it is a quantitative way to
determine whether the actual construction activity is in
conformity to the existing strict regulations [24].
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Figure 2. Schematic model for the IMU tool
system

i

4 Data collection method

Various methods can be considered for the
implementation of the framework for tracking the
construction activities on-site. Among the current
cutting-edge technologies, electro-mechanical system
inertial measurement units (MEMS-IMUs) are
economic and easy-handling.

19.0 mm

152 mm

: 15.2 mm ’ ) 15.0 mm i

MU IMU + BLE

Figure 3. IMU and IMU+BLE sensors to collect
tool data

As shown in Figure 3, the sensors are quite small
and light, which can be integrated with power tools or
installed on hand tools. This simple deployment ensures
the non-intrusion during the construction stage.

These sensors are able to collect acceleration and
angular velocity as a tri-accelerometer and a tri-
gyroscope are imbedded in. Therefore, the task diagram
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of IMU sensors is described in Figure 4. The IMU starts
with measuring acceleration and angular velocity, and
the calibrate each other according to the earth model.
The adjusted acceleration is integral to produce velocity,
and integral twice to generate displacement. Meanwhile
the calibrated angular velocity is then integral to obtain
the rotation and orientation at each time interval. By
differential operation, the angular velocity can extract
the angular acceleration as well. Noted that the
magnetometer is more sensitive to tiny changes in
direction, 9-axis is more common in applications as the
measurement of magnetic field improve the accuracy
significantly by calibrating at a high frequency.

Displacement

Rotation
____________ Angular

acceleration

Figure 4. Task diagram of IMUs

The kinematics of a rigid body like a tool is
composed of translation and rotation. This research only
focuses on the rotation component as it produces
considerable impacts on bar connections. Although the
initial data collected by MEMS-IMU s in Euler angle
form, here the orientation is represented in quaternion
form which is simple and efficient in transforming
computation. Thus, a rotation around axis n with an
angle of 6 is represented by

0 0
Q= [COS <§>'Sin (E) n] = [q0, 91, 92, q3] (1)
While the orientation R is denoted by
R =[0,7] = [0,71,75,73] (2)

The corresponding differential function is written by

dQ 1 b

—~_ 3

3 = 2@ ®wn (3)
where @b, = [@x @y ;)T refers to the angular

velocity of each axis. And the matrix form of formula
can be represented by

qo [0 —wox —@, —w]g,
q w 0 w —wy g1
q'1 - wx - OZ W g q (4)
2 y z x 2
43 w, w, -—w, 0 1las

As the MEMS-IMU measures the angular velocity at
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a constant frequency, the iteration formulation is

. 2A0

246 ST (5)
Q(t+ 1) = (Icos— + AQ )Q(t)
2 AG
[ 0 —A6, —A6, —A6,]

here AQ — a6, 0O A8, —A0,] -
where = a0, —n, 0 Ao, | refers to

A6, A8, —A8, O
the direct output of MEMS-IMU,

AB = \[A6Z + AGZ + A6 is the total changes of
angular velocity.

The initial quaternion is determined be the
transformation matrix from the earth frame to the sensor
body frame, which is represented by

CPI = [c4, €2, €3]

a+aqi —a; — 43
c1=| 209192 + q093)

| 2(0103 — 9092) |

2(9192 — 9093) (6)

c;=|q5—qf +a; — 43

| 2(4203 + q0q1) |

2(9193 *+ q0)

c3 =| 209293 — 9091)

a5 — af — ¢5 + 4]

At the same time, ||Q|| = 1 that each quaternion of
rotation and orientation is normalized.

Although the integral approach appears to be
accurate in theory, random noise, signal bias, etc.
accumulates overtime. To improve the robustness and
accuracy of rotation measurement, acceleration and
magnetic field data collected by accelerometer and
magnetometer are fused to orientation estimation by
gyroscopes as well. Given a specific construction field,
the direction of gravity and magnetic field are known.
An orientation of the sensor frame relative to the earth
frame is therefore calculated by comparing the
measurement by gyroscope and by accelerometer and
magnetometer.

If the rotation quaternion relates the earth frame to
the sensor body frame is denoted by &, the expected
measurement of acceleration and magnetic field in the
earth frame is denoted by d€, meanwhile these in the
sensor body frame measured in real-time is represented
by sP. The fusion of acceleration data and magnetic
field data is modeled as an optimization problem. The
objective function is

f(qd.d®s?) = q2* ®d° @ q2 — s° (7

To approximate to the minimum of the objective
function, the corresponding gradient of the objective
function is written by
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Vf(qe.d®,s°) =J"(q2.d°)f (qe. d°, 5°) (8)
where J is the Jacobian matrix.
For acceleration data,
s*=[0 0 0 1] )
2(q193 — qoq2) — Ay
f(qle’,ae, Se) = 2(qoq1 + 9293) — a, (10)
(1-2q7 —2q3) —a,
=249, 2q5 —2q9 2q4
](q'.;j‘. ae) = 2q, 2qy 2q3  2q, (11)
0 _4Q1 _4'q2 0
For magnetic field,
s¢=[0 s, 0 s,] (12
)
f(qe,me,s°) =
25,(0.5 — g5 — q3) + 25,(q1q3 — qoq2) —my] (13

25,(q192 — 9093) + 25,(qoq1 + q2q3) —m,, )

25:(q0q2 + 4193) +25,(0.5 — qf — q3) —m,
](qg' ae) =U1J2.73.14]
—Zqu3
J1= [_st% + 25zQ1]
25:q;
252q3
I = [ZSxCIZ + ZSZCIO]
25,q3 — 45,0,

_4qu2 - 25‘qu
Iz =

(14

25,qy + 25,93
25¢q0 — 45,9
—45xqs + 25,9,
Ja= [_ZSxCIo + ZSZCIZl
25,41

In this research, acceleration, angular velocity and
magnetic field data are available, 9-axis MEMS-IMU
algorithms is therefore applied to fuse and combine
these data for compensating distortion, filtering
erroneous data and smoothing. The fundamental way to
accomplish this goal is Kalman filter.

Consider the spatial-temporal characteristics of a
construction tool is a state vector that contains a series
of variables. The model assumes that the true state at
current time t is evolved from the state at the previous
time t - 1. This discrete-time linear stationary model
without control loop can be represented by

xt = (bxt_l + rWt_l (15)

where x is the state vector, & refers to the state
transition matrix, T is the control matrix of noises,
w~N(0,W,) represents the process noise that is
assumed to be generated from a zero mean multivariate
normal distribution V" with covariance W;.
Concurrently, the measurement process is:

z, = Hx, + v; (16)
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where H is the observation matrix and v~ (0, V,) is
the observation noise that drawn from a zero mean
Gaussian distribution V" with covariance V..

5 Pilot study and results

As shown in Figure 5, IMU sensors can be deployed
on the surface of a wrench, a hammer, etc. By tight
connection, the data collected is according to the
location of sensors, that is to say, the crucial axis for
analysis is determined by the position and relation
between sensor deployment and the core motion space.

Figure 5. Deployment of IMU sensors

The MEMS-IMU sensor tested here required extra
battery support, and the chip is named JY901. The
weight is 40 g and the size is less than 2 cm? almost
non-intrusive when used.

Assume a wrench is adopted to apply torque to turn
a screw for connection. Wireless MEMS-IMU is the
device collecting the data of the combination wrench,
providing a quantitative assessment of turning. In
addition, a rubber mallet is also tested to conduct a
wood work, requiring a softened strike with a positive
drive.

In Figure 6, the curves of raw data revealed the
turning process by a wrench rotating around y-axis. It
could be seen that the turning job appears to be cyclic in
much the same way as a wave with various frequencies.
By integral operation, the rotation angle of turning
process was shown in Figure 7. The cyclic pattern was
more apparent that each cycle ranged from 0 to 90
degree at the begging time for applying torque, and then
decreased to the initial position for the next cycle. In
this experiment, 22 cycles were counted and the total
rotation angle of turning was around 1442 degree, that
means the screw has been turned for 4 circles. While the
actual rotation was 1620 degree, and the relative
measurement error was 10.99%.
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Figure 6. Angular velocity of turning collected
by MEMS-IMU
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Figure 7. Rotation of turning collected by
MEMS-IMU

On the other hand, the angular velocity of
hammering process in Figure 8 exposed another kind of
cyclic patterns. Here, x-axis was the rotation axis that
the rubber mallet was held to hit on the objective panel.
The extreme values of palstance were much higher than
those of turning process. At the same time, the rotation
angle of hammering was also larger as shown in Figure
9. The process begun with hanging on the mallet at the
rotation angle of zero, then fell down as the rotation
angle raised up to around 90 degrees. However, the
measurement of highest rotation angles in each cycle
was not accurate that the obtained value was more than
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143 degrees. The error was unacceptable at this moment,
which required to be improved in the future.
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Figure 8. Angular velocity of hammering
collected by MEMS-IMU
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Figure 9. Rotation of hammering collected by
MEMS-IMU

By comparing the different cyclic patterns from
these two preliminary experiments, the extracted raw
data clearly revealed the spatial-temporal characteristics
of the different construction activities. Although the
data was not so accurate because the current MEMS-
IMU algorithm enlarged the cumulative errors over time,
these two pilot studies have shown the potential of the
proposed IMU-based tool system for monitoring the
construction activities in a timely and automated
manner.
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Conclusion

This study proposed a feasible solution to monitor
the construction activities without

intrusions by

collecting and analyzing the IMU data of hand tools

used

in the construction processes. Two simple

experiments validated the novel concept and the
preliminary framework. However, further developments
were required in the future research, containing the
reduction of random errors and cumulative errors and
the pattern recognition for various tools and activities.
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Abstract -

Three-Dimensional Printing (3DP) is widely used
and continues to be rapidly developed and adopted,
in several industries, including construction industry.
Inkjet 3DP is the approach which offers the most
promising and immediate opportunities for
integrating the benefits of additive manufacturing
technic into the construction field. The ability to
readily modify the orientation angle that the printed
material is deposited is one of the most advantageous
features in a 3DP scaffold compared with
conventional methods. The orientation angle has a
significant effect on the mechanical behaviours of the
printed specimens. Therefore, this paper focuses on
printing in different orientations somehow to
compare various mechanical properties and to
characterise a selection of common construction
materials including gypsum (ZP 151) and cement
mortar (CP). The optimum strength for the gypsum
specimens in compression and flexural strength was
observed in the (0° and 90°) and (0°) in the X-Z
plane, respectively. According to the experimental
results, the compression and flexural strength for ZP
151 are recorded at (11.59+1.18 and 11.78+1.19)
MPa and 15.57+0.71 MPa, respectively. Conversely,
the highest strength in compression and flexural
strength are observed in the (90°) and (0°) degrees in
the X-Z plane for the cement mortar, respectively.
Moreover, it has been discovered that the
compression and flexural strengths for CP are
recorded as 19.44+0.11 MPa and 4.06:£0.08 MPa,
respectively. In addition, the dimensional effect for
various w/c ratio has been monitored and examined.

Keywords —
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Inkjet 3DP; cement mortar (CP); gypsum (ZP
151); mechanical strength; dimensional precision.

1 Introduction

Generally, the most common method in civil
engineering is to cast in place or use precast procedures
to construct structural members. These structural
members are cast using different materials such as
concrete, and masonry [10], [12] and [16]. Given the
ever-increasing need for speed, quality and tailored
design in the construction industry and due to the
advances in rapid prototyping, the procedures for
constructing structural members need to be rethought
and upgraded [18].

Owing to the earlier studies, three main techniques
for the 3DP powder-bed process have been recognized
[14], i) selective binder (cement) activation, ii) binder
jetting and iii) selective paste intrusion, respectively [22]
[17]. These process could be monitored via the online
vision sensor to control the slurry printing process [26].
The selective binder activation is the process that is
used in this paper, which is usually known as powder-
bed printing (binder/inkjet printing) [19] [23].

Inkjet printing is a layer-by-layer procedure to
complete the entire scaffold using the powder-based
materials and an activator such as water, Figure (1).

In inkjet 3DP, there are many limitations while
printing the objects. For example, [28] discussed a few
limitations in the 3DP such as binder selection, powder
reactions, post-processing bed manipulations and de-
powdering. One of the major limitations in 3DP is the
orientation angle which has been discussed in earlier
studies for the plastic and poly-jet materials [25].
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In the following subsections, the mechanical
strength of the recommended powder (ZP 151) and the
modified powder (CP) have been monitored and
compared. Moreover, the printed element has been
examined within the different inclined rates for different
angles. Nevertheless, the maximum compressive
strength has been obtained for (CP) and (ZP 151). For
the flexural strength, the highest results that have been
observed for both (CP) and (ZP 151) are reported.
Finally, the conclusions about the experimental study
are presented and the future works are discussed.

7'2;7

Feeder

Gantry | aving powder
¢ on chamber

Build Bin

Feed Bin

Figure 1. Schematic depiction of the powder-bed
printing technique in inkjet 3D printing.

2 Materials and Specimens Preparation

2.1 Materials Composition

According to 3DSystems manual [2], the ZP151
contains (80-90%) of calcium sulphate hemihydrate
(CaSQ,4-1/2H,0). Moreover, Zb 63 is an aqueous
solution and known as a binder, which has a high water
content and humectant with the density of 1g/cm® [1].

In the previous study, [23] it has been found that the
water/cement ratio (w/c) or (binder/powder) ratio can be
determined by using Equation (1). The volume of a drop
of binder will be measured according to the enveloped
volume of powder in the build chamber of the printer.

— Vb
Satlevel -

VEnvPowder (1)

Where Saty is saturation level (w/c), V, is the
volume of the binder, and Veppowder the volume of the
enveloped powder on the build chamber (build bin).

The alternative mix that has been used for printing
contains as a percentage of total weight are 67.8% of
Calcium Aluminate Cement (CAC) ranging sieve (75-
150um), 32.2% of Ordinary Portland Cement (OPC)
and 5% of fine sand. Figure (2) shows the histogram
and curve of the density distribution of the custom-made
and recommended materials versus particle size.

Figure (3) shows the modified mixing powder
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(cement mortar CP), which replaces the ZP 151. It is
noted that the mixing process has been completed using
a Hobart mixer at a speed of 1450 RPM.

Moreover, the homogeneity and consistency of the
powder materials are crucial factors that must be
controlled when in pursuit of superior resolutions and
results. Therefore, the speed of the mixer and the time
of mixing are considered as a major contributor to the
homogeneity of the powder and production of better
quality 3DP objects.

—CP

[cp

custom-made powder

w\H“‘H;H.n .

"
0 20 40 60 80 100
Particle size (um)

5-

IS
1

Density distrbution g3*
o

B zP 151

recommended powder

Density distribution g3*

40 60 80 100
Particle size (um)

Figure 2. Histogram and curve of particle size
distributions of ZP 151 and CP (custom-made)
powder. *q3 is the unit standing for the density
distribution of the total particles.

Caleium Aluminate Ordinary Portland Fine Sand
Cement 6.78 kg Cement 3.22 kg 0.5kg

(<150 >T5) \'/ (75u—3004)

Mixer (1450 RPM)

Cementitions Powder

Figure 3. Schematic illustration of the process for
preparing cementitious powder.
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In addition, the optimum saturation level (w/c) of the
binder for 3DP specimens has been reported [7].
According to the report, the highest saturation level is
(S170C340) (Shell=170, Core=340), determined by
Equation (1), which produces the highest result for the
mechanical strength in 3DP specimens. The saturation
level of the modified powder (S170C340) is equivalent
to (w/c=0.52) in the manual mixing process for the
cement mortar (CP) and (w/c=0.46) for the gypsum (ZP
151). The materials’ chemical composition have been
presented in Table (1).

Table 1. Chemical constituent percentages of the main
materials in CP

Chemical Constituent % of Calcium Aluminate
Cement

A|203 CaO SlOZ Fe,0;

>37.0 <3938 <6.0 <185

Chemical Constituent % of Ordinary Portland
Cement (General Purpose)

Cement CaCO, CaS0,.2H,0 | Clinker
Clinker Kiln dust
>92% 0-7.5% 3-8% 0-2.5%

2.2  Specimen Preparation

The (ZP 151) has been directly placed into the 3DP
(ProJet 360). However, the modified mix was prepared
by a 20L Hobart mixer. The mixing procedure has been
conducted in a dry mix state. Then, the prepared mix
powder is placed into the inkjet 3D printer to print the
mortar specimens. A Shimadzu load cell (AGS-X 50kN,
Japan) testing machine was used to perform the
mechanical tests at room temperature of (22+£2°C) with
a humidity level in the range of (60+10) %.

Different orientation angles have been used to print
the specimens (0, 30, 37.5, 45, 90)°. These angles have
been selected because the halfway point of (0° and 90°),
are the angle 45°. Commonly most of the shear rupture
happens in concrete were between 0° and 45° [11].

Therefore, this paper focused on these angles between 0°

to 45°. Figure (4) schematically shows the specimens
with different orientation angles of print. Table (2)
presents the name of the tests, numbers of samples, and
CAD dimensions for both materials specimens

1]

0 printing 90" printing

orientation orientation
/ 7

307 printing 37.5" printing 45" printing

Figure 4. (a) Real-world images of the 3DP
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cubes in (0°,30°,37.7°,45°,90°) orientation (b)
Drawing of 3DP cubes in (0°,30°,37.7°,45°,90°).

3 Experimental Program

To determine the mechanical properties of the 3DP
specimens, all the samples were designed in SolidWorks
software as an STL file. Figure (5) shows the cubic
samples in different orientation angles, which are
printed at (0°, 30°, 37.5°, 45°, 90°). It also shows the
orientation angle of prepared specimens with regard to
the X, Y, Z plane in the 3DSystems software. A mould
(20x20x%20), (167x17x7) mm used for casting the
comparison, samples. All of the samples for
compressive, and flexural strength tests have been
prepared in a similar process.

The orientation angles in 3DP can be used in inkjet
printing to create different geometries, optimize the
mechanical strength of structure parts and optimize the
number of layers to print an object.

Figure 5. An illustration of the cube to be printed
in different orientation angles according to X-Z
plane.

Table (2) shows the type of tests, number of samples,
and CAD drawing dimensions of the printing
parameters.

Table 2. Tests with respect to the numbers and

dimensions
Tests No. of CAD
Samples Dimensions
(mm)
Compression 36 20x20%20
test
Three-point 36 167x17x7
bending test
Dimensional 10 20x20%20
accuracy
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3.1 Testing and loading procedures

All the specimens have been tested using the
universal testing machine (50 kN) with different rates of
speed.

3.11

The most vital features that distinguish the powder-
based (inkjet) 3DP from the conventional casting
method are the accuracy and dimensional precision of
3DP. Figure (6) shows the printed samples (cube and
prism), which have been printed by inkjet 3DP: (a) left
is mortar (CP) and (&) right is gypsum (ZP 151).
Dimensions of the specimens have been measured by
digital callipers with an accuracy of 0.01 mm and for
the height, it has been used MeasumaX with an
accuracy of +0.04mm. Ten samples were used for the
effects of dimensional accuracy test.

Effect of Dimensional Accuracy

Figure 6. (a) 3DP cubic samples for CP and ZP
151, (b) 3DP cubic and prism CP sample, (c)
3DP prism gypsum while testing for three-point
bending test.

3.1.2

One of the common factors that can be used to
assess the durability of the concrete and mortar is its
compressive strength [6]. Thus, the compression
strength test has been performed for the 3DP samples
according to the ASTM standard [6]. A total of 36
samples have been tested including 3 samples for each
of orientation angles. The speed rate of the loading in
the test was 0.833 kN/sec.

3.1.3

The specimens for the flexural strength test were
prepared according to the ASTM standard [7]. A total of
36 samples have been printed using the manual mix,

Compressive Strength Test

Flexural Strength Test
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including 3 samples prepared for each orientation angle.
The speed rate of the loading in the test was 426 N/min.

3.14

The curing and post-processing procedures are
crucial to produce robust 3DP elements. After the
element is printed, it should be kept for a minimum of 2
hours inside the build chamber of the printer so it can
dry. According to the study of Feng et al. [8], specimens
should be left for a further three hours to dry in an oven
at 60°C after drying inside the build chamber. This leads
to accelerating the solidifications and incremental
stiffness of the gypsum scaffold (ZP 151). For that
reason, the three hours curing in the oven has been
implemented for ZP 151.

Curing of CP has been monitored using different
trials and tests at the vitro. Accordingly, before and after
curing in the water, CP has been drying at 60°C, results
in higher compression strength in the CP specimens.

Post-Processing Procedure

4  Results and Discussion

4.1.1  Effect of Dimensional Accuracy

The major advantage of the inkjet 3DP technique is
a fabrication of structural components with complicated
geometries without implementing costly formwork. The
most vital aspect that distinguishes the inkjet (powder-
based) 3DP from conventional casting method is the
precision of printing. Figure (7) shows the results of the
dimensional accuracy for the green cubic sample (green
part) for the CP materials. Note that “green part” means
a specimen that has been removed from the build
chamber (build bin) prior to any post-processing.

‘ I

=
O
[ |
]

104

X-Z Plane [
X-ZPlane |

X-Y Plane _
X-Y Plane

X-Z Plane |
X-Y Plane
Y-Z Plane [ ]
Y-Z Plane

g
-
ey
R : |
T
s
[T Y-ZPlane

X-Y Plane

o
o
|
Y-Z Plane

Dimensional Error (mmj}
S
o
L

1.04

: \ : :
1 + i

Saturation Level

Figure 7. The relationship between dimensional
accuracy and saturation level (w/c) for printed
green cube CP specimens (CAD 20x20x20mm),
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printed by ProJet CJP (304 nozzles). (Note: the
box is the mean xstandard deviation, and the
whisker is £minimum and maximum).

The dimensional error can be found using Equation
):

Derror = Dprinted—DCAD (2)

Where Do is @ dimensional error, D,,inteq is an
actual printed dimension, and D¢y, is @ CAD dimension.

Figure (7) also shows that in general the dimensional
accuracy increases as the wi/c is reduced for all planes.
However, in the X-Y plane, a significant amount of
undesirable deviation in the dimensional precision can
be observed. These are lower than the nominal (CAD
dimensions) that due to the inaccuracy of the printhead
nozzle and closeness of the nozzles. This inaccuracy
could lead overlapping and collision of the binder when
it drops on the powder. Another reason is the chemical
and physical characterization of the powder-to-binder
and the ability of the powder for drop penetration. In
addition, the printhead located on the fast axis rails
which have a high rate movement. This can be counted
as another important factor in the contribution of the
accuracy of dimensions. The gantry holds all binder
supply system, which is located on the fast axis rails in
the printer.

4.1.2

In the previous study conducted by Shakor et al. [19],
the porosity and voids in the cubic samples were
investigated. The findings and optimum saturation level
have been used in this paper to print and prepare all the
scaffolds at the same saturation levels.

Figure (8) shows the porosity of the specimens
versus the w/c ratio, where the highest saturation level
(w/c) resulted in a reduction of the porosity percentage
for both powders (CP) and (ZP 151). According to the
study of Popovics et al. [15], the relationship between
w/c ratio and porosity can be described by Equation (3);

/e 3)

p =0.001la + ———
w/c+1/G

Where p is the total porosity for the fresh cement, a
is the air content by volume, G is specific gravity of
cement and w/c is a water/cement ratio by mass.
Consequently, an increase in w/c ratio means an
increase in porosity of the sample, and resulted in a
reduction in strength of the sample. However, this
equation cannot be applied to the 3DP cementitious
powder (CP) or gypsum (ZP 151). The printing of (CP)
and (ZP 151) is completed in a layer-by-layer process.
This technique is totally different from the manual mix
process, which involves mixing the powder with water
within one batch and vibrating it in the casting mould.
The process of printing and post-processing applications
has various effects on the mechanical properties and
durability of the printed object. For example, the
hygroscopic of the powder and electrostatic charge on
the surface of the powder has a significant influence on
the capability of powder to absorb moisture from the air.

Compressive Strength Test
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This leads to an increase in the cohesion and a reduction
in the flowability of the powder. Additionally, this
property in the powder would affect the size of the
specimen and change the mechanical properties of the
specimen as well.

= (CP)
80 - e (ZP151)
58
4 [ ] — = =l -
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Figure (8) Relationship between porosity and w/c
ratio for the mortar and gypsum printed scaffold.

Figure (9) illustrates the compressive strength of the
specimen for the saturation level of S170C340. This
saturation level is equal to a w/c of 0.52 in CP and 0.46
in ZP 151 using for all orientation angle. Accordingly, it
shows the orientation angle of (90°) gives the highest
value (19.44+0.11 MPa) for CP after curing in an oven
for 3 hours before and after wet curing, and a 7-day
curing in water. This value is enough to build a
structural member, which is cured only for 7-day.
According to ACI code, a 7-day cure is counted as a 65%
of the strength of mortar or concrete [3], while the
compressive strength of mortar or concrete increases to
about 99% strength in 28-day.

On the other hand, ZP 151 has recorded the highest
result with an orientation angle of (0°) and (90°), i.e.
when the printhead is parallel to the x-axis the highest
result was recorded. This result matches with results
reported by Asadi-Eydivand et al. [5]. However, this
investigation needs further study to assess specimens in
all three planes and axes. In addition, the rotating and
changing scale of the specimens also needs further
examination.

It is clear from the experimental results that the
printing orientation angle has a major impact on the
mechanical strength of the specimens, particularly in
the cement mortar specimens. As shown in Figure (9)
the printing orientation of (90°) has recorded the
highest value of compressive strength which means
the perpendicular directions has the optimum
strength in the X-Z plane for cement mortar.
However, the results for gypsum are slightly
different since both angles (0° and 90°) could obtain
maximum compressive strength. The results of the
two angles are very similar to each other with
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differences in the decimals range. Thus, it is highly
recommended to print in the orientation angle of 90°
for CP to achieve the highest compressive strength with
concern to the flexural strength, which explaining in the
following subsection.

o [ (P 151) 3hrs
B (CP) 7 day

19.44
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Compressive strength (MPa)

O
off
o N § & o
&0 ) ) Q % %

Orientation angle in degrees

Figure (9) Compressive strength results for the
ZP 151 cubes and CP cubes (average tstandard
deviation).

The halfway point between 0° and 45° is the
angle 22.5° on the plane and is the most critical place
for a crack in the concrete sample to begin. In this
study, the angle 30° is the closest angle to 22.5° and
is the reason for the emergence of a lower
mechanical strength specifically in the cement
mortar specimens. Further investigations are needed
to check the results in different angles, e.g., 22.5° and
67.5°. The procedure used in this study is similar to a
study conducted by [27], where tests were
performed at a 22.5° angle for concrete blocks with
dimensions (454%371)mm. However, the test results
are quite different since the samples prepared in
[27], were blocks joined by mortar, and not one
continuous layer. Another reason is that the size,
dimensions and properties of the materials are
different which each have a significant impact on the
outcomes of “orientational angle” results. Hence, the
whole printed specimens are made from mortar and
have a continuous longitudinal layer without the
interruption of block joints. Therefore, the results
would be different from conventional blocks.

4.1.3  Flexural Strength Test

Three-point bending tests have been conducted
to evaluate the flexural strength of the printed
gypsum and cement mortar specimens. Figure (10)
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shows that in general, the flexural strength in
gypsum is higher than the cement mortar specimens.
According to the ACI code [4], the flexural strength of
concrete is about 10% to 20% of the compressive
strength result. Likewise, the result of CP in flexural
strength after 7-day shows that the measured
flexural strength is about 14% of compressive
strength. Moreover, this could be due to the medium
of the specimens, type, sizes, the volume of the
particle size and duration of the curing.

Figure (10) shows flexural strength results quite
opposite to the compressive strength result of both
materials. As shown in Figure (9) the highest result is in
CP specimens. However, in Figure (10) the results of
the ZP 151 show higher values than the CP specimens.
Previous studies have proved that using gypsum leads to
an increase in bending and tensile strength [9]. The high
percentage of lime content in fly ash with a high ratio of
gypsum (1%), leads to a dramatic increase in the tensile
strength [9]. Therefore, gypsum is acting as a flexible
material and has great flexibility compared to the
cement materials. In an earlier study by Lewry et al.
[13], it has been proven that the reaction of water to
plaster (gypsum), which is similar to the material ZP
151, with a 0.6 w/c ratio could gain about 12.2 MPa.
This result is quite close to the manual mix of ZP 151
with w/c ratio of 0.46 in this study, which is 14.23 MPa.
However, post-processing and purity of the materials
have a significant effect on the result of the bending
strength of gypsum materials.
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Figure (10) Flexural strength results for the ZP
151 cubes and CP cubes (average zstandard
deviation).

Furthermore, the result for the printed ZP 151 and
CP samples are important due to the highest bending
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strength recorded at the orientation angle of 0°.
Meanwhile, the manual mix of CP in bending strength is
slightly higher than the printed angle 0°. Therefore, the
present study, the printing for the CP in the 0° and 90°
are optimum angles to print for construction members
because of the highest results achieved for compressive
strength at angle 90° and highest results achieved for
bending strength at angle 0°. This could be improved
by adding reinforcement and later used for facade and
cladding of the building [21] [24] [20].

5 Conclusion

3DP cubic and prism specimens have been printed
with ZP 151 and CP materials. These specimens have
been printed in different orientation angles to obtain
better mechanical properties. In this paper, the
dimensional accuracy for the CP printed specimens in
the various w/c ratio (saturation levels) has been
scrutinized and discussed. The results show that the x-y
plane always has smaller dimensions than the other
planes, this is due to the printhead direction, which is
parallel to the x-axis and perpendicular to the y-axis.
The printhead nozzles are too close and adjacent to each
other and most probably the liquid binder overlapping
and collide when dropping the droplet at high speeds.
The other reasons could be due to the high capability of
penetration of the water (binder) into the powder.
Moreover, the dimensional accuracy is mostly
decreased and highly variable while the w/c increases as
a result of spreading high volumes of the water through
the printhead. Particularly, spreading water in the y-axis
is less than in the x-axis, which is perpendicular to the
printhead, and vice-versa in the parallel direction (X-
axis).

Furthermore, this study has investigated the effect of
orientation angle on the printed structural members
using CP (mortar) and ZP 151 (gypsum). The results
show that this is an important factor that needs to be
taken into consideration in the future studies of 3DP.
The most appropriate orientations are 90° and 0°
degrees for the strongest bending and compression
strengths, respectively. In addition, this study is
conducted to check the height of the printhead, number
of the nozzles and spreading of the water (binder) while
the printhead is moving on the powder bed and dripping
water droplets at a fast speed. However, the effects of
temperature and medium curing needs to be studied in
detail for different powder types.
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Abstract -

Continuous and robust process planning is
contrary to the different goals of project participants
in the construction business. The aim of holistic
building process management must be to optimize
the overall process by streamlining individual
processes. Lean management methods are
increasingly being used to harmonize building
processes. For this purpose, especially the method of
takt time planning and takt control is appropriate.
Building information modeling (BIM) is another
promising way to promote a collaborative planning
and construction process. BIM is generally
understood as a virtual 3D model of a project with
additional information. In order to be able to use the
synergies of the two methods, the requirements,
framework conditions, and goals of the two methods
must be coordinated so that the added value of
information for process planning can be used. The
parallel application of lean construction methods
and BIM can create added value that leads to
productivity gains. In established BIM applications,
the product (e.g., building) is planned as optimally as
possible. However, the production process is not
sufficiently considered. This is where lean
construction methods are used to optimize the
process. This article describes synergies through the
combination of both methods and defines the
requirements for a new BIM use case, “takt time
planning and takt control.” The presented concept is
prototypically tested on a hotel tower project and the
benefits and requirements are discussed.

Keywords —

Lean Construction; Process planning;
Construction Management; Building Information
Modeling

1 Introduction

A paper of the ISARC 1993 starts with the
paragraph “The chronic problems of construction are
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well-known: low productivity, poor safety, inferior
working conditions, and insufficient quality” [1].
Although this statement from more than 25 years ago
could describe many of today’s construction projects,
little seems to have changed since then. Low
productivity is one of the biggest challenges facing the
construction industry nowadays.

Many studies show that the productivity of the
construction industry has not increased in recent years
compared to that of other industries. While other
manufacturing  industries  have increased their
productivity by more than 20% in the last 20 years,
productivity in the construction industry has increased
by only about 4%. These considerations raise the
question of whether other industries are better at
realizing the opportunities of digitization than the
construction industry.

The construction industry is facing a change.
Digitization is pervading more and more sectors of the
industry. The implementation of digitization projects
requires a strong standardization for business processes
as well as for products and components.

Building Information Modeling is seen as the driver
of digitization in construction. All relevant information
in a construction project will be mapped into a
consistent data model. Thereby an improvement in the
achievement of the project goals in the dimensions dates,
costs and quality is to be achieved. However, the
industry has not been able to increase productivity to
nearly the same level as other manufacturing industries.
With the aim of increasing productivity, lean
management methods are increasingly being adapted in
the construction industry. Lean Construction and
Building Information Modelling, at first glance, are two
independent methods whose evolution has been shaped
by different perspectives.

This paper describes two methods currently most
promising in construction management to increase
productivity, occupational safety and quality. Lean
Construction methods and BIM are internationally used
methods in construction. However, the combination of
both methods lacks framework conditions to enable a
digital exchange of building data especially for the takt-
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time planning application. Therefore, the minimum
requirements will defined in the paper.

2  Problem Description and Objective

Ineffective processes not only lead to a loss of time,
but also to wastage of various resources. Not fully used
or misdirected resources lead to rising costs during
operation, indicating flawed planning and reduced
values. Studies in the United States, Great Britain and
Scandinavia have shown that wastage in the building
construction process is very high:

e  30% of the construction work must be repeated to
produce appropriate quality,

e  10% of material assets get lost due to wastage and
disorder, and

e only 40-60% of the performance is efficiently
used in construction activities [2].

The complex process of construction project
planning depends on many parameters and the quality of
construction schedules is highly related to the
engineers” knowledge. The initial schedule includes, in
most cases, only the basic information about the
planned construction. The pieces of basic information
are the approximate start and end dates of the different
trades. Detailed schedules with linked activities to
represent the dependencies between activities are in
most cases missing [3].

Software applications relieve users from routine
tasks. However, the shortcomings of present software
tools, which are currently used for construction process
management, include the separate generation of the
building information model and the construction process
model.

The successful implementation of projects requires a
structured and effective communication between all
stakeholders. The increasing development of BIM tools
has to be evaluated concerning their situational
suitability of information exchange in construction
projects.  Construction  projects are  generally
characterized by a large number of stakeholders such as
construction companies, architects, planners, and
representatives of regulatory bodies.

In order to gather the relevant information in a BIM
process, information pertaining to who, when, how, and
which has to be identified and provided. The
buildingSMART propagated a method to define such
exchange requirements is the Information Delivery
Manual (IDM) (ISO 29481). The objectives of IDM are
meant to standardize the information needed for
specific-use cases in the BIM process. This manual
defines the requirements for data exchange for all
participants, including software providers.

An IDM targets both BIM users and solution
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providers and consists of three main parts- process map,
exchange requirements, and functional parts. The
process map describes the flow of activities for a
specific process e.g., cost estimation. It improves the
understanding of configuration of activities, the
involved actors, the required information, and the
consumed and produced information (Figure 1).

Process Map I
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Figure 1. BIM-based lean construction

production model [4]

The exchange requirements are a set of information
that needs to be exchanged to support a specific
business requirement at a particular stage of a project.
An exchange requirement represents the connection
between process and data. It applies the relevant
information defined within an information model to
fulfil the requirements of an information exchange.
Finally, the functional parts are units of information
used by solution providers to support an exchange
requirement [4].
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Requirement

Process 1 Process 2

Product Model Process Model

Figure 2. Scheme of Exchange Requirements

This paper describes the requirement of the BIM
process to facilitate takt-time planning for a building
information model.

3 Background

3.1 Building Information Modeling

The core of BIM-based project management is an
integral digital building data model. The aim of the
Building Information Model is to combine complex and
heterogeneous data from the project participants into a
consistent database. The flow of data between project
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participants and project phases is best handled digitally
in a Common Data Environment (CDE). The current
projects are largely concerned with the digital product
model and less with the processes surrounding a
construction project, even if the BIM vision focuses on
process-related project execution.

Digitalization in the construction industry and the
application of modern information technologies offer a
great potential to improve construction safety and health
in the planning phases. According to Eastman et al. [5],
“BIM is one of the most promising developments in
architecture, engineering, and construction (AEC)
industries. With the BIM technology, an accurate virtual
model of a building can be digitally constructed.” The
BIM-based risk management, clash detection, cost
estimation, and 4D simulation have now become
established features to support construction project
management [6]. It supports the design through all its
phases until the project is completed, and also allows
better analysis and control than existing manual
processes [7].

Building Information Modeling (BIM) represents a
promising development in the architecture, engineering
and construction industries. With this method, accurate
building models can be digitally displayed. It supports
the design through all its phases till the project is
completed and allows better analysis and control than
existing manual processes.

3D-model-based clash detection, risk management,
cost estimation and 4D animation have become
established methods to make construction management
more efficient [8]. The use of BIM for construction
project planning offers many other advantages [9].

3.2 Lean Construction Management

A production system is based on fundamental
principles, standards, methods, and tools. It describes
the standardized way of working and organizing
companies according to lean principles. The goal of
Lean Management in the construction industry is to
avoid waste, to focus on the customer, and to increase
the added value of its product. So far, the application
scenarios used in the construction industry have focused
predominantly on analogous processes for planning and
controlling construction [10]. The inherent focus of
Lean Construction's production system is on the process
level, system control, and process-based organizational
design.

It is clear from these statements that the two
methods have different modes of operation. The
Building Information Model represents the product and
the Lean Construction Method describes the process

Building Information Modeling (BIM) and Lean
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Construction are two different methods of improving
the construction process originally developed by
different stakeholders with different goals. Over the past
decade, both methods have begun to spread fast in
practice.

Recently, however, it has come to be realized that
these two methods have considerable synergy and that it
is advantageous to implement them together. In view of
this, there is an increasing need to sensitize BIM users
to Lean principles and methods as well as Lean users to
the BIM project workflows.

3.3 Synergies

A combination of the BIM and Lean methods can
generate synergies if the two methods are harmonized.
On closer inspection, it can be seen that the two
methods are complementary in many target images, but
the approaches and modes of action are different. A
detailed study examining BIM applications and lean
processes was conducted by Sacks et al. a. and showed
56 interactions of both methods [11]. In order to realize
the synergies of the two methods, concrete intersections
have to be identified.

4  Methodology

This research contributes to the improvement of
construction process planning by using the information
of a Building Information Model to develop a takt-time
plan according to lean construction principles.

In this research, two main data sources are needed for
construction process planning. Information about the
building including all objects and quantities will be
delivered via a Building Information Model (BIM).
Second, information about the processes is needed. The
process information will be derived from the process
model database. The major parts of the proposed
framework are shown in Figure 3.

product model process model

Figure 3. BIM-based lean construction

production model

Decision-making in construction management is
commonly based on empirical knowledge, because it is
not easy to evaluate different execution strategies by
using traditional scheduling methods. Although the
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number of possible solutions is limited by numerous
constraints, the remaining possible execution strategies
are almost unlimited. However, they are influenced in
terms of production technique and production costs due
to different constraints [12].

The objective of this approach is to integrate basic
and methodical knowledge of construction management
into the model. In order to achieve this objective, four
steps need to be defined:

1. Capture the relevant requirement from users point
of view,

2. Describe this requirement within a model,

3. Develop abstract solutions by using empirical
knowledge and

4. Implement the solutions by adapting them for a
specific project.

Building components are represented in an object-
oriented context in this work. Accordingly, objects
belong to a class with their individual properties.
Furthermore, building information models contain
geometric data about the material, location, weight and
other properties. The building structure is hierarchical.
The building is structured in floors, groups of objects
(e.g., walls, slabs) and individual objects. Objects must
be uniquely identifiable.

5 Use case: Takt-time planning
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How can the two methods, Lean Construction and BIM,
be combined on a practical level? Lean Construction is
operationalized through application-oriented methods.
An essential method in construction is the takt-time
planning aimed at reducing the size of batches to
simplify the control of construction processes. The way
to a Lean Construction takt-time planning can be
sustainably supported by the consistent and reliable
information provided by BIM-based project handling.

The basis of the timing of the construction process is a
precise reflection of the performance target. The
performance target is guaranteed in the BIM project by
a model-based calculation of the construction work. The
content of the model-based calculation is the spatially
separated quantities and service items and their
combination with effort and performance values.
Further calculation bases from the product model are -
for example, the building topology to derive a zoning
for the building. These data can be incorporated directly
into the takt-time planning from basic quantities or used
as a control entity for plausibility calculations. The link
between the production processes and the objects of the
building information model enables the simulation of

BIM-Lean Integration

53

execution strategies and their return to a harmonized
production schedule.

5.2 Product Model

The input data for the generation of the schedule are
project-specific data generated from the building
information model. This model provides the building
with specific input data e.g.,, building objects,
hierarchical order, and quantities.

Building components are represented in an object-
oriented context in this work. Accordingly, objects
belong to a class with their respective properties.
Building information models contain the geometric data
about the material, location, weight, and other properties.
The building structure is hierarchical. The building is
structured in floors, groups of objects (e.g., walls, slabs,
rooms) and individual objects. Objects must be uniquely
identifiable (Figure 4). In the model-based cost
calculation phase, every single object will be calculated.

o
| .

I Shell construction

wall

Concrete

I Cast in Place

& Area

Volume

\l Formwork area
I Section

Figure 4. Definition of the building structure

In the cost calculation process, the individual costs
of the part services are already determined for every
single object. This includes, for example, the costs of
wages, materials, and equipment. In the following, this
object-oriented cost calculation allows these component
and room-specific values to be used as a basis for
process planning.

The described preparation process from modelling
the building and determining the component-specific
costs provides the information needed in the following
multi-level process planning.

5.3  Takt-time planning process

Takt-time planning is one of the most used methods
in the Lean Construction context. The German word
"Takt" means "beat". In this context, it means the
processes on the site follow a standardized takt
developed in the following eight steps (Figure 5).
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Definition of the lowest common
multiple(LCM) for repeatable
elements

Determination of the trade sequence
per LCM

Determination of the work contents
3 per LCM

4 Determination of labor effort per
work content and LCM

Tact determination (content and Takt

H time) and adjusting capacities = anEalinitns

Sequence of activities P

(Wagon and train formation)

Definition of construction strategy ST T
7 and setting up the production = ] iy
schedule = e il

Synchronization of trains,
finalization of the production
schedule (tact timetable)

Figure 5.Takt-time planning workflow

In order to determine the exchange requirements
with regard to process planning, the eight steps must be
examined with regard to the following criteria:

Who is requesting?

Why is this information important to exchange?
When is the information needed?

What information supports the request?

To Whom? Actor that fulfills the information
need.

In the first step of the workflow is the analysis of the
lowest common multiple (LCM) (Figure 6). Projects
with a high repetition factor on similar construction
stages are well-suited for takt-time planning. In this case,
all services of internal works for a LMC have to be
calculated at once and multiplied by the repetition factor.

With the traditional method of process planning,
steps 1-4 involve considerable effort. All information
must be gathered together from different documents e.g.,
tender specifications, and expert reports (Figure7).
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Figure 6.Visualization of interior takt areas on a
2D-plan (on the top) and BIM-Model (below)
with the lowest common multiple.

00D

Fire protection Technical Quantities
concept Specification

Y Y Y
mi

A
b

Space allocation Conceptual design tender
plan specifications

Figure7. Sources of information for building
specifications

In BIM-based process planning, the information for
steps 1-4 is generated directly from the BIM-model.
However, the questions raised before must be addressed.

Who is requesting? <<Process planner>> According
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to a uniform classification system such as OmniClass.

Why? Process planning according to Lean
Construction methods requires detailed information on
the performance and structure of the building.

When? The information is transferred after the
technical description of the elements before the work
preparation.

What information? A set of attributes are the
minimum requirement for the process (Table 1).

Table 1. Minimum requirement for process attributes for

rooms
Attributes Attributes
ID Ceiling surfaces
Component type Floor area
Classification Floor

Room number
Length, Width, Height
Ceiling height
Structural height
Wall surfaces

Construction phase
Takt number
Process code
Costing code

To Whom? <<Architect>> According to a uniform
classifications system such as OmniClass.

In step 5, the previously calculated workload must
be adjusted to the set takt time (e.g., one week). This
happens through the variation of different parameters.
This includes the shifting of services within the interior
work train, adjusting the number of employees (Figure
8).
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Figure 8. Takt adjustment

Work packages can be grouped together in one
wagon if there is a no collision. Such a grouping can be
seen in the picture 8 wagon "W2". There, three trades
together become a wagon because with simultaneous
execution no mutual influence is to be expected.

The first resulting Step 6 is a train of trades to
complete the work. Now you can change the
construction process by changing the construction
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strategy. For example, the number of trains and the
direction of the construction work flow can be
varied. In the proposed framework, the effects can
be analysed directly on a 4D model. Figure 9 shows
a 4D-takt-time sequence of shell construction work.
The wagons “W1”- concrete walls - and "SL1"-
concrete slabs - alternate floor by floor between the
construction sections. Through this sequencing of
work, an optimal use of resources is ensured.

SL1
r BAN | Wad L1

4 Floor BAI WAl su
WAt ser

Figure 9. 4D-takt time sequence

6 Results

The following investigations are presented using the
example of a real construction project. An object-
oriented 3D building information model of a 17-story
hotel building was selected for the case study. The hotel
building has 220 guest rooms. The 3D model represents
all the structural elements of the concrete shell structure
such as foundations, beams, walls, columns, and slabs.
Furthermore, the model includes all rooms with their
specific attributes to determine the interior work
processes. The building model contains approximately
55000 objects (Figure 10). The objective of this study
was to determine the practical benefits and limitations
of the developed system.

The benefit for a process planner is the developed
querying function that automatically determines the
quantities and labour hours from the model and
calculates the duration for each of the planned activities.
The developed semi-automated takt-time planning
approach has been found to assist the workflow and
quality during construction process planning. However,
there are some current limitations and challenges. The
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framework requires a comprehensive knowledge of the
construction processes and its subsequent activities. The
gathering of all the necessary input information is a
crucial point when generating quality results. While
activities related to concreting work were investigated,
further investigations have to be done in developing
process templates for the major construction works. In
order to make use of the full potential of the method, the
IDM with all elements must be described in further
work.

Figure 10. BIM-Model for evaluations

7 Conclusions

BIM and Lean Construction are promising methods
to improve construction processes. Until now, these
methods used to be developed and applied separately.
Linking the methods may create currently undiscovered
benefits. However, finding an effective way to join both
methods is difficult. First, this work has determined the
minimum information requirements for process-oriented
project planning using BIM.

It initially demonstrates the application of an
Information Delivery Manual (IDM), specially the
exchange requirements to determine the standard
attributes that are necessary for takt-time planning.

By using digital building information models,
construction processes can be planned in detail. Both
the planning and the execution processes are, thus,
holistically considered and coordinated. The next
development steps are the further expansion of the
method for more Lean methods and the integration of
the takt control in the framework. Thus, the planned
processes with actual site data are evaluated.
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Abstract -

State Departments of Transportation (DOTS) in
the U.S. have an increasing amount of digital data
from various sources. One such set of data is
structured unit price data collected from bid lettings.
Such data contain unit prices of thousands of bid
items from hundreds of projects every year. While
state DOTSs have such data from over a decade-long
period, utilizing such data has been challenging
because of the lack of automated analytical and
visualization methodologies and tools to generate
meaningful and actionable insights. This study
develops an automated methodology to quickly and
accurately generate color-coded visualization maps
representing unit price variation across a
geographical region. It uses Inverse Distance
Weighted (IDW) technique that is based on the
Tobler’s First Law of Geography. The law states
that points closer together in space are more likely to
have a similar value than points that are farther
away. The methodology is automated using ArcPy
site package in ArcGIS. It imports unit price data
from preformatted spreadsheets and boundary maps
from existing ArcGIS shape files to generate unit
price maps. The tool and the visualizations are
expected to aid state DOTs in generating and
communicating meaningful insights for making
data-driven decisions. It can be used to investigate
areas with higher unit prices for various items which
can aid state DOTs in identifying potential causes of
higher unit prices such as lack of competition and
lack of sources of materials (e.g. quarry) in nearby
locations.

Keywords —
Geographic-Information-System; Unit-Price-
Visualization; Spatial-Analysis; Bid-Price-

Estimating; Construction-Market

1 Introduction and Background

Computing accurate cost estimates for highway
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construction projects is a never ending challenge faced
by state Department of Transportation (DOT) engineers.
Estimating accurate construction costs is especially
challenging in early phases of the project when a limited
amount of information is available. Some of the major
factors affecting construction costs and its accuracies
include project location, project size, project type, and
market inflation. State DOTSs collect a large amount of
data that can be used to improve the construction
estimation accuracies. While project size, type, and
market inflation can be represented easily using
numerical or categorical variables to account for
construction cost variations, accounting for the location
factor is more challenging. The spatial information
collected by state DOTs coupled with computational
tools such as ArcGIS can be used to account for the
spatial variation of construction costs. A methodology
for such process is described in a previous paper by the
authors [1]. Although such methodology has been
developed, adaptation of such methodology is likely to
be hindered by complications in its implementation.
Thus, there is a need to develop a tool to automate such
spatial analysis to ease its implementation. This paper
discusses a tool that is developed to automatically
generate and import relevant data and create a unit price
map that can be used as a visual communication tool
about the construction market across a geographical
region and to generate unit price estimates that account
for the spatial variation.

2  Prior Studies

The location of a construction project is one of the
most important factor affecting the project’s
productivity, and costs [2,3]. Those effects are a result
of the cost for hauling materials, mobilizing equipment,
and other site conditions. Other potential reasons that
affect the construction costs across a geographical
region include the level of competition in the
construction market and local regulations such as
minimum wage rates. Highway contractors tend to limit
their projects in a certain region to remain competitive.
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Similarly, the availability of limited space for
construction and state DOTs’ desire to complete
projects faster in populated areas can significantly
increase the construction costs in urban areas. Thus,
accounting for the spatial factor is a must for accurate
cost estimating. However, current practices have been
very limited to partial accounting for such spatial effects
on construction costs. For example, lowa DOT uses an
average unit prices from across the state to generate
estimates for new construction projects [4]. Using the
statewide average unit prices basically ignores the effect
of spatial variations in the construction costs. In other
cases, experienced engineers tend to account for the
location factor based on their experience with previous
projects. Several organizations have developed location
adjustment factors to address this issue. This includes
ENR city indexes and RS Means location factors [5,6].
However, those indexes provide data for a limited
number of cities and are not necessarily focused on
heavy civil construction projects and hence might be of
little use for state DOTs’ estimation purposes. A
previous study by the authors developed a new
methodology to account for spatial variation of
construction costs across a geographical region by
utilizing historical bid data and ArcGIS [1]. Similarly,
another study by Zhang [7] also developed GIS based
method to adjust construction cost estimates by project
location. Another study utilized spatial interpolation
method to understand housing and commercial
establishment market [8]. However, while the
methodologies are powerful, the implementation of such
methodologies is challenging for state DOTSs’ day to day
use because of the lack of automation and complexity in
manually utilizing such methodologies. Thus, there is a
need to develop a tool to automate the methodology to
develop unit price maps of bid items which can be used
to communicate and account for the spatial variation of
the unit prices across a geographical region.

3 Limitations of Prior Studies

While some studies have attempted to solve the
issue, the biggest challenge to communicate and account
for spatial variation of construction costs in actual
practice by state DOT estimators is the lack of
automation. While researchers may be able to utilize
advanced data analytics to prove the applicability of
innovative techniques, such methods are rarely used in
actual practice by state DOTs. State DOT employees
have limited time and are not necessarily familiar with
statistical and visualization theories and computer
applications. This study tackles this challenge by
developing an automated script that utilizes Python-
based ArcPy Site Package developed by Environmental
Systems Research Institute (ESRI) for ArcGIS.
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4 ArcGIS and ArcPy Site Package

The ArcGIS is a powerful mapping and analytical
platform developed by ESRI [9]. While powerful, it can
also be complicated and time consuming to manually
conduct spatial analysis using ArcGIS — especially
when such analysis includes multiple steps and are to be
performed by those who are not very familiar with the
software. Thus, ESRI has developed an ArcPy Site
Package to automate spatial data analysis, data
conversion, data management, and map development
[10]. The site package is based on Python programing
language that is widely used for statistical analysis, text
mining, as well as general purpose programming. This
study utilizes the ArcPy Site Package to automate the
unit price map development.

5 Framework for Automated Unit Price
Visualization

The automated unit price visualization framework
can be divided into four components (Figure 1): a)
database preparation, b) base map preparation, c) unit
price map development, and d) unit price estimation.

Regional
border map

_——
Bid database

Highway map

Plot unit price data
in map

Combined map

Unit price visualization
map

New project Estimated unit price
location for the new location
Figure 1. Automated unit price visualization

methodology

5.1 Database Preparation

State DOTSs have collected digital structured bid data
for years. This database consists of historical project
information such as the project location and bid data
that include the unit prices of various bid items. The
project information database can include data such as
project 1D, contract ID, project description, winning bid
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(or contractor), and project location coordinates. The
bid database can consist of the project ID that the bid
data belongs to, item IDs of all bid items for a given
project, and quantities and unit prices of various bid
items.

5.2 Base Map Preparation

The geographical maps of the state border lines and
highway maps are the two mapping components
required for the unit map preparation. The border map
becomes a boundary within which the color-coded
visualization map will be developed based on the unit
prices of items at various locations. The highway maps
make it easier to comprehend the visual data points
indicating the locations of the projects in respect to the
highways.

5.3  Unit Price Map Development

In this step, first, the project data and bid data are
combined to generate a list of unit prices of a bid item
of interest and coordinates of the project locations
where the bid item was used. The data are then plotted
in an ArcGIS map to indicate exact project locations
and unit prices of the bid item at those locations. Then,
the unit price data are interpolated using the Inverse
Distance Weighted (IDW) method to generate a map
showing the estimated unit prices of the bid item of
interest in any location within a boundary map.

5.3.1 Inverse Distance Weighted (IDW) Method

The IDW method is based on the Tobler’s First Law
of Geography. The law states that points closer together
in space are more likely to have a similar value than
points that are farther away [11]. Mathematically, the
law can be expressed as:

In this equation (1), p; is the estimated unit price of
the bid item in a new project (j) location, p; indicates a
unit price of the same bid item from a past project (i),
and dj; indicates the distance between the past project
location and the new project location. Thus, given the
locations of the past and new projects and the unit prices
of the item of interest in all the past projects, the unit
price of the item for the new project location can be
estimated.

5.4  Unit Price Estimation

Once the unit price visualization map is developed,
estimators can input the location of a new project and
obtain an estimated unit price for the location based on
the IDW technique.

6 Results

The researchers collected historical bid data from the
Montana Department of Transportation (MDT) in Excel
format. The most important datasets relevant to this
study were the project information and bid item datasets
for all the projects awarded from 2010 to 2014. These
datasets were imported in MS Access database program
to enable generating customized data quickly for only
the bid item of interest for select year or range of years
by combining the two datasets. The data generated from
the query was exported and saved as a comma separated
values. Table 1 shows a sample unit price data
generated for the bid item 4020368 (emulsified asphalt
CRS-2P). This item is one of the largest items in terms
of total dollar value accounting for $120,350,573 in the
projects included in the database and is also one of the
most frequently used items.

This data is read by a python script and a new shape
file capable of storing location and unit prices of the bid

L;% items_is prog_rammatically developed. This shape file is
p, = ij cgmblned with a Montana state boundaryn map and a
/ n 1 @) highway map obtained from MDT’s GIS division. This
=od;; intermediate map is shown in Figure 2.
Table 1. Sample unit price data for item 4020368 (emulsified asphalt CRS-2P)

Latitude Longitude Unit Price Project ID
48.43666667 -104.4969444 654.26 1196
48.02916667 -115.3302778 658 1257
45.88305556 -111.87 463 791
45.88305556 -111.87 463 790
46.32666667 -112.745 510 834
47.48805556 -111.1813889 925 463
46.36472222 -113.3725 465 845
46.36472222 -113.3725 465 844
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47.16111111

598 964

Figure 2. Montana state border map and highway
map with project locations.

Finally, a color-coded interpolation map indicating
unit prices of the bid items throughout the state is
developed as a new shape file and combined with the
maps. Figure 3 shows a unit price map generated for the
bid item 402020368: emulsified asphalt CRS-2P per ton.
The unit prices of the item vary from as low as $125 to
as high as $3,500. The red color indicates higher unit
prices while the blue color indicates lower unit prices.

'",,:‘,_' Legend ($/ton)
B 25553
B c63- 400
199 - 577

1,074~ 1481
B 1012222
B 2222-3500

Figure 3. Unit price map for emulsified asphalt
CRS-2P per ton

7 Discussion

The automated wunit price visualization tool
developed in this study enables estimators to easily
develop unit price maps of desired bid items. This tool
can be used to get insights about the market condition
across a geographical region aiding state DOTs to
identify areas with higher construction costs. Such
insights can direct state DOT estimators to further
investigate the reasons behind the higher construction
costs and develop strategic plans to potentially reduce
construction costs. Further, this highly detailed cost
information about the regional construction market
enables estimators to determine more accurate
construction cost estimates by accounting for the spatial
effect that is otherwise challenging to address. This tool
also offers a higher granularity than any other location
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factors that are currently available to state DOT
estimators.

8 Future Research

Currently this tool has two separate components: a)
generating the required data from the master database
containing all the project level and bid level information
and b) unit price map generation based on the data
generated from the previous component. While both
steps are automated, those steps are isolated and hence
they need to be executed separately. A future tool
should combine those two components into a single
coherent system. This can potentially be achieved by
using the database such as ArcSDE where the required
data are extracted systematically using
programmatically generated dynamic Structured Query
Language (SQL) queries. Further, the current Python
based tool does not have a Graphical User Interface
(GUI). Adding a user friendly GUI will make it even
easier for the implementation of the tool for unit price
map generation as well as estimation purposes.

Current tool is more focused on automating the
visual unit map development. Current Python scripts
enable estimators to develop a unit price map of one bid
item at a time. This function can be further enhanced to
develop a more sophisticated tool that possibly takes all
bid items of a new project as input to generate unit price
maps for all bid items at once. Thus, such tool can be
used to effectively generate the total construction cost
estimate of a new project.

Finally, the current tool serves as a powerful
visualization tool. However, the tool only accounts for
the spatial factor and ignores other factors such as
project type. Such factors may be incorporated in the
future tool by using pre-filtered data only from the
projects of the same type to generate a more precise unit
price map.

9 Conclusion

This study developed a tool to automate the unit
price map generation process using the bid data
collected by state DOTSs. This tool enables estimators to
utilize their own data for construction market analysis,
visually communicating the market information, and
develop bid item price estimates that can be used to
develop construction cost estimates. The automation
and ease of utilizing the tool will aid in implementation
of the powerful unit price development methodology
that might otherwise be a complicated process for DOT
estimators.
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Abstract -

Production control, especially lean construction
approaches, has necessitated the needs of eliminating
waste onsite. Though the collaborative methods such
as Location-Based Management System (LBMS) and
Last Planner System (LPS) have proven the
improvement of productivities, the process of data
collection has still remained manual, which could
result in inaccuracy and incompletion. Automatically
locating workers has been proposed to enable a
method for production control in construction
projects onsite. Thus, a platform is sought where an
easy and passive tracking system is designed to
enhance the production control processes.

In recent years, Finland is experiencing crucial
transition  from  traditional  production to
digitalization formation while China has been a
model where massive construction takes place as
cities are expanding over the economic booming. The
extensive building activities require a smooth and
automated tracking system that can control and
manage resources onsite to monitor in real time and
examine the productivities more efficiently. This
paper presents case studies in Finnish and Chinese
construction sites where the proposed real-time
tracking system was implemented, and the tracking
data were analyzed for purposes of operations
management. The model combines Bluetooth Low
Energy (BLE) technology and 3G/4G network as
connection methods, and explores the movements
and time information of workers onsite, aiming to
establish an intelligent construction site platform,
which can be used for managing resource flow
within lean principles in Finland and China.

Keywords
real-time tracking, production
construction, China, Finland, case studies

control,
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1 Introduction

Complexity and hazard in construction sites are not
uncommon where coordinating and managing onsite
resources such as labor, material and tools with high
efficiency is usually challenging [1]. To overcome poor
site management performance and improve the
workflow in construction, production control has been
introduced and developed over years from the
perspective of lean construction including Last Planner
System (LPS) [2], Location-Based Management System
(LBMS) [3] and their integration [4]. The approaches
have tested many applications and they are expected to
contribute positively to plan and control production
scenarios [5] where waste reduction and project
duration elimination can be realized through production
control and forecasting [6]. However, the data collected
onsite depend on manual work of information input,
which requires substantial amount of time and resources
and could lead to errors and inaccuracy [7]. Thus, it is
reasonable to believe that current stages of production
control based on manual collection of data have not
reached the full potential of site management [8].

In recent years huge amount of construction
activities have witnessed the growth of the construction
industry in China [9]. However, the risks of project
delays, quality defects, low customer satisfaction, etc.
have been a series of obstacles that Chinese construction
firms have to face [10]. In China, the comprehension
and application of lean approaches have still remained
in early stages and studies of lean methods in
construction are also rare [11]. On the other hand,
Finland has been actively piloting lean methods in
construction. For example, meetings and data
collections were organized by Skanska Finland to
execute LPS phase scheduling and define Locations
Breakdown structure in addition to tasks and logic in
2010 [3]; I.S Makinen Oy as a Finnish turnkey
contractor specialized in cruise ship cabin refurbishment
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applied Takt Time planning in a project to shorten
project duration and improve productivity [12]. Those
applications have seen the enhancement of production
control in construction, but the difficulties of manual
data collection during the process are revealed at the
same time [13]. Thus, China and Finland can be good
candidates to test the real-time platform under different
degrees of lean methods applied and to see if a
standardized tracking platform could be developed to
unify country-specific requirements (e.g. China and
Finland) and enable the potentials of automation of real-
time onsite monitoring in construction.

There are many mature tracking methods that have
been tested in construction industry with a goal to
promote transition from traditional management which
is heavily rely on manual work towards more intelligent
onsite monitoring system where automation plays an
important role of utilizing the input information [14]: (1)
Lin et al. suggested a tracking system to support
analyzing  laborers’ behaviors using ZigBee
technology[15]; (2) Costin et al. used radio frequency
identification (RFID) technology for construction
resource filed mobility and status monitoring in a high-
rise renovation project [16]; (3) Cheng et al applied
Ultra-wideband (UWB) for automated task-level
activity analysis [17]. However, among those
technologies, Bluetooth-based system are examined to
offer high degree of simplicity thanks to its ease of
installation [18]. Olivieri et al. (2017) proposed a
prototype where Bluetooth Low Energy (BLE)
technology was applied to track workers, materials and
tools from the perspective of production control [19].
Furthermore, Zhao et al. (2017) implemented the system
in a laboratory test and proposed the possible use case
scenarios [20]. However, no tracking data have been
analyzed for visualization of worker’s daily movement
or the visualization results from the tracking can be
shown to back up the proposed use cases in practice.

Aiming to solve the gaps of lacking data
visualization results from the proposed tracking system
and visualization-based use cases, we implemented the
model on both Finnish and Chinese cases using the
standardized procedures; then we gathered, analyzed
and visualized the data from a random selected worker
to examine his/her daily movement in all cases; at last
we proposed the potential use cases based on the
visualization results suitable for both Finnish and
Chinese scenarios. The paper is focused to answer the
following research questions:

1. How to implement the proposed real-time tracking
system following standardized procedures in
Finland and China?

2. How is the data visualization of randomly selected
tracking worker in the case studies based on the
proposed system?
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3. What are the use cases of this real-time tracking
system according to the results of data analysis and
visualization?

2 Methods

2.1 Description of the model

Olivieri et al. (2017) have explored the requirements
and solutions of the real-time tracking model within the
scope of production control using BLE technology [19].
This paper followed the same infrastructure of the
system, tried to generate the data visualization and
suggest the use case scenarios according to the results.

Figure 1 illustrates how this real-time tracking
model works in reality. The model is featured with
gateways, beacons and a cloud storage. Gateways are
Raspberry pies that are fixed at different places in
construction sites, and beacons are portable that can be
carried or tagged to track workers, materials and tools.
Beacons passively transmit Bluetooth signals to
gateways and gateways can determine the relative
locations onsite by calculating the signal strength
received from the beacons (link 1, 2 and 3). The
gateways are connected with WIFI or dongles that uses
3G or 4G mobile network to be able to connect to cloud
storage. The cloud processes the incoming data, apply
algorithms and logics in production control, visualizes
the information, and displays the updates of time and
location details of the tracking resources in real time
(link 4 and 5). Thus, the data visualization results can
serve the purpose of onsite management and monitoring.
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Figure 1. Proposed real time tracking scheme in
construction site [19]
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2.2 Implementation of the system in Finland

and China

Case studies were scheduled one in Finland and one
in China. For the Finnish case study, a residential
renovation project was selected; for the Chinese case
study, the onsite mechanical, electrical and plumbing
(MEP) installation project was selected. We aimed to
differentiate the project types and countries in our cases
so we can test if the model can be applied in different
forms and places with a standardized instruction and
guidance. In our research, we aim to invest a platform as
inexpensive as possible and still obtain holistic
visualization information based on our light-weighted
and easy implementation onsite. The cost for tracking
gateways is 55 euro each and beacons for 4 euro each.
Table 1 shows the case study description.

Table 1. Case studies description

Case Companies Tracked Number  Total
participated objectsand  of cost of
beacon gateways the
distribution system
Case 1. Renovation 10 beacons 10 598
Renovation | company toworkers  gateways Euro
project in and 2 to onsite;
Finland foremen;
Case 2. MEP 5 beacons 5 299
Office subcontractor  to MEP gateways Euro
building in workers; onsite
China
1 beacons
to onsite
equipment
2.2.1  Case 1. Residential renovation project in

Finland.

The jobsite is located in Helsinki, Finland where we
put 10 gateways and the warehouse for material delivery
is located in Vantaa, Finland where we put 2 gateways.
The renovation building is 3 floors where we put 1
gateway at entry in ground floor, 4 gateways in first
floor covering each apartment, and 5 gateways in
second floor with 1 additional one in the corridor.
Figure 2 shows the simplified jobsite floor with
gateways marked. The initial system setup time onsite is
6 hours with a few hours per week for maintenance.
However, during the tracking period, the onsite
conditions (e.g., gateway connections and locations) did
not change, thus making the system maintenance work
easy and convenient.

64

2" floor Apartment5
Aparment Apartmants
- R
* Apartment 7
1% floor * sparimenty
* Apstment * Apartent
*Apmemi
Ground floor * entry
Jobsite

Figure 2. Real time tracking case study floor plan in
case 1

2.2.2

We selected an entire floor in an office building of
around 1500 square meters (open space with length of
50 meters times width 30 meters) to test the same
tracking system. The jobsite is located in ShiJiaZhuang,
a city that is about 100 kilometers from the capital
Beijing. The tracking system monitored the work
process of mechanical, electrical and plumbing jobs.
Apart from case 1, 4 gateways were placed at each
corner of the floor facing northeast, northwest, southeast
and southwest. 1 gateway was placed in the middle
closed to the entry of that floor. The setup time for the
system onsite is 7 hours with approximate 2 hours per
week to ensure the gateway connectivity stays valid.
Figure 3 lists a floor plan of the jobsite with gateways
installed.

) P! 3 K : 0 ~ g il |

Case 2. MEP installation project in China

Figure 3. Real time tracking case study floor plan in
case 2

2.2.3

We aimed to provide a standardized instruction for
installation and implementation of the system onsite so

Case selection and standardized instruction
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that we could overcome the country-specific
requirement in practice and make the system function
well regardless the construction site location. We
selected Finland and China as a pilot places for testing
because we wanted to see if the real-time tracking
system serving the purpose of lean construction can be
successfully implemented in these countries where one
started to apply lean construction actively for many
years [3][12] while the other still remained reluctant to
explore the lean approaches [11]. Thus, it would be
beneficial to see if the real-time tracking system under
the scope of lean construction philosophy, because of its
easy installation and automation data collection, can
promote the process of applying lean methods in
countries that are at the early stage.

We standardized the guidance of installation and
instructions of workers in both case studies in order to

timeling

Workers Locations A

movement of workers, the details of random selected
workers and time are listed in table 2.

Table 2. Random selected worker for tracking

Case Random selected  Selected date
worker

Case 1. Renovation Carpenter 2 June 5

project in Finland

Case 2. Office building in | Plumber 4 January 22™

China

3 Results

Start long [June 5, 2018]

Figure 4. Movement visualization of tracking result for carpenter 2 on June 5th in Finnish case

promote the universal solution of onsite system
implementation despite of the location or country
selected. The general system implementation processes
are: (1) determine the number of gateways and beacons
needed; (2) configure file images into each gateway and
activate beacons; (3) register beacons with predefined
work type (e.g. plumber 1) in the tracking system; (4)
onsite gateway installation and mark the gateway
location precisely in the floor plan; (5) notify the
workers of the tracking process and obtain their
consents. (6) Tracking begins.

2.2.4  Data analysis and visualization

The raw data in the cloud storage display thousands
of recorded time intervals, which contains information
including the tracking carrier (e.g. plumber 1), location,
start time, end time and the time duration. Thus, the raw
data is very fragmented and hard to comprehend. We
filtered out large time intervals such as overnight
durations, aggregated them based on site location and
visualized the daily movement of tracking workers. The
results are especially useful for proposed applications of
use cases in different scenarios. To illustrate the
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3.1 Visualization result for the Finnish case

Figure 4 demonstrates the real movement line of the
selected worker in Finnish case on June 5" The
horizontal axis indicates the timeline, and the vertical
axis shows the location details of the time from 6am to
4pm. In the figure, al to a7 are the apartment numbers.

From the figure, we can see that the worker entered
jobsite at 7:44 am and left jobsite at 3:05pm. The
worker spent his/her first 10 minutes near the entry area
and he/she actually first started at the work-related place
(e.g. apartment a3) at 7:14am. He/she probably had a
lunch break between 11lam and 11:30am, and possibly
had several coffee breaks between 9:50am to 10:20am
and between 12:40 pm and 1:05 pm outside of the
jobsite. Since the worker stayed at the second floor the
most time during the tracking period, it is reasonable to
think that he/she did the most work in the area
(especially apartment a6 and a7).
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3.2 Visualization result for the Chinese case

We executed the visualization process following the
same method and obtained the results for the random
selected worker daily movement in Chinese case as in
Figure 5.

The horizontal axis indicates the timeline details
from 6am to 12pm. The worker did not spent time in
northeast area so the system automatically filtered out
that location in the figure.

Sheet /2

Beacon Locations a..

has indicated that the second floor areas in Finnish case
and the southeast area in Chinese case are the main
workplaces that the laborers performed their jobs. Thus,
by aggregating the time durations that workers spent on
workplaces to compare with total time of the day spent
onsite would be a good use application to explore the
value-adding level of the workers.

3.3.2  Safety control

Start long [January 22, 2018]

Figure 5. Movement visualization of tracking result for plumber 4 on January 22" in Chinese case

We can see the plumber entered the jobsite at
6:43am and left the tracking floor at 10:56am. The
visualization figure indicates the scattered movement
for the worker onsite while in schedules they are
typically expected to finish a task in one location before
moving to another. This corresponds to our assumption
of existence of potential construction waste in jobsite.

3.3 Use case proposal based on visualization

Zhao et al (2018) has suggested several use cases
based on real-time tracking system for monitoring the
movement of workers in construction sites [21].
However, the paper has not connected the proposed use
cases with the actual data visualization results so that no
real-life results have yet backed up those use cases.
Because of this, we explored the use cases based on the
data visualization to promote the underlying tracking
system into more practical level.

3.3.1  Waste detection and value-adding activities

Based on the visualization figures, the movement
line of a worker can be displayed. It is clear to see how
much time the worker has spent in different locations
including entry area and offsite. For both cases in
Finland and China, workers have spent quite much time
in entry area, which would be a notable factor to result
in waste on the jobsite. Though it is difficult to judge
accurately if a worker has wasted time in the work areas,
the waste level in terms of time spent on entry and
offsite is obvious and worth noticing for site managers.

Waste level is tied with value-adding activities,
which is an important use case for lean construction
applications. In figure 4 and 5, the tracking visualization
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The visualization helps with jobsite safety control in
an efficient way. Since the visualization results are
classified by location in vertical axis and time in
horizontal axis, it is easy to apply safety control in the
specified jobsite areas. For example, if southeast area in
the Chinese case was alerted as an access-restricted
place, it is straightforward for site managers to check
whether or not and how many times the workers have
entered the area and how much time they spent there.
Since the beacons associated with carriers send signals
passively to gateways, notifications can be sent to
management and worker themselves in real time.

4  Discussion

4.1 Location-based tracking data

visualization improvement

Figure 4 and 5 visualized the selected workers’
movements in one day based on location and time
information from the system. In vertical axis the
locations were listed without real-life connections with
each other. For instance, in Finnish case, the carpenter
first entered the entry then moved to apartment a3 and
the movement line connected both ends in the figure.
However, it cannot give the information that the
workers have necessarily passed through apartment in
between. For better visualization experience in future
research, 3D approaches are recommended to enable the
logics and pathways between tracking locations. BIM
applied in construction would be a good candidate to be
integrated in the real-time tracking system.



36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

4.2  Value-adding activity determination

Time spent on entry area or outside of jobsite during
worktime can be determined as waste or non-value-
adding time. However, it is of difficulties to define the
amount of value-adding time even if the workers are
detected in the workplaces during the worktime. In
further studies, the data visualization process can be
linked with workers’ updated schedule for better
recognition of value-adding activities onsite. If a worker
is scheduled in a place for his/her work, the time spent
in that workplace and captured by the real-time tracking
system is more likely to be value-adding activities
onsite.
4.3 System limitation and country-specific
requirement

To make the tracking system function, gateways
need to be connected with internet and power
throughout the period. This could be challenging for
construction jobsites equipping with all necessary
supporting devices. Besides the system limitation,
country-specific requirement is also important to
observe. For instance, in Finland, it is by law required to
get workers’ explicit consents of tracking and labor
union needs to give a pass too. In China, onsite device
safety protection is needed from stealing when the
tracking gateways are exposed in the open space.
Internet connecting stability is another matter to ensure
the usability of the system in China

4.4 Comparison discussion for future studies

The BLE real-time tracking scheme has been
successfully implemented in both Finnish and Chinese
construction environment and the data results were good
for visualization. Compared with the Chinese case, the
gateway placement in Finland is denser and in
apartment-specific level in contrast of floor level. This
provides an interesting perspective when it comes to the
optimal gateway tracking placement strategy
corresponded to different requirement of detail level of
tracking. Furthermore, the visualization analysis can be
executed in future study where the workflow and
logistic flows can be researched as combination by
tracking multiply onsite resources, therefore meaningful
metrics such as utilization rate, uninterrupted presence
of workers at work location, and material moving times
in the building can be calculated and compared in
Finland and China for its productivity and waste level of
construction projects.
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5 Conclusion

The paper has provided a set of standardized
guidance and instructions on onsite implementation of
BLE technology based real time tracking system. The
model follows the principle of production control in
construction under the scope of lean approaches, aiming
to improve the productivity and decrease the waste
onsite.

The case studies were scheduled for actual
construction projects in Finland and China, providing
time and location information that is recorded in real-
time automatically in the system for data analysis.
Furthermore, the paper presented the data results by
visualizing the movement path of randomly selected
workers in both cases. The visualization backs up the
two proposed use cases in practice where waste
detection can contribute to identifying the value-adding
activities onsite and safety control uses can prevent men
from entering the restricted areas. The contribution of
the research is developing a light-weighted and low-cost
tracking system, suitable for multiply construction
projects, to seamlessly obtain movement and time
information and provide managerial implication to
workers and site managers. In future research and the
further development of the system, the model is
expected to enhance resource flows in construction and
automate the management process in a smart and
effortless way.
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Abstract -

This study was performed to identify the
theoretical attribution of project type that moderates
the impact of project delivery systems on cost
performance. Previous studies have used direct
relationship analysis to evaluate the project
performance (e.g., the relationship between PDS and
its cost performance, or the relationship between
project type and cost performance). These analyses
can cause inconsistent results and need to be
analyzed in a single model. To combine the
relationships between influential factors on cost
performance, a causal model (i.e., moderation model)
was suggested. The objective of this study is to
develop a moderation model and test the statistical
significance of moderation effect between PDS and
cost performance. As a preliminary study, we
established a simple moderation model and examine
the moderation effect of project type. To test the
model, 134 public sector projects completed between
1998 and 2013 in South Korea were utilized. The
dataset consists of both Design-Build and Design-
Bid-Build projects which are the most prevalent
delivery systems. Even though the preliminary test
results were not statistically significant, we can
suggest the better way to understand the causal
relationship moderated by project type between
PDSs and their cost performance. This study is
expected to provide the theoretical basis of the
mechanism by which PDS impact cost performance,
help project participants to select PDS by
considering moderating effects in specific project
types, and evaluate PDS appropriately in terms of
cost performance.

Keywords —

Cost management; Project delivery system;
Design-build(DB);  Design-bid-build(DBB); Cost
performance; Change order; Project type;

Moderation effect
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1 Introduction

Evaluating project delivery system (PDS) in terms of
cost performance has been conducted by comparing two
prevalent methods: design—build (DB) and design—bid—
build (DBB) [1-5]. Until the end of 1990s, most studies
had concluded that DB outperforms the traditional DBB
delivery systems in all aspects (e.g., cost, time, quality,
safety and so on) [1-3]. However, adverse results have
emerged in terms of cost performance since the early
part of 2000s [4-7]. They found that DB is superior to
DBB in terms of project schedule, however, cost
performance is uncertain and debatable up to date.
According to the previous studies, the reason why the
comparison results are inconsistent depends on project
type and dataset [7-8]. The explanation about the
inconsistent results have been arbitrary without any
theoretical basis.

To deal with this problem, causal model that
explains the mechanism by which PDS cost effects
operate should be needed. In research design, mediators
and moderators are necessary to solve complex and
unsettled problems in theory development [9].
Identifying and quantifying the mediators and
moderators are useful in making contributions to the
body of knowledge and both variables are the focus of
research design in many situations [10]. Moderation is a
causal model that postulates “when” or “for whom” an
independent variable most strongly (or weakly) causes a
dependent variable, while mediation is explains the
process of “why” and “how” a cause-and-effect happens
[10-12].

For the first step applying these theoretical basis, we
[13] identified and quantified a mediation effect
between project delivery systems and cost performance
through bidding characteristics (e.g., bid price, the
number of bidders). The study suggests that the
previous studies of evaluating PDS cost performance
could be improved when the bidding characteristics are
considered. As a second phase, we explored a
moderation effect that affect the causal relationship
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between PDSs and their cost performance.

The objective of this study is to develop a
moderation model and test the statistical significance of
moderation effect. As a preliminary study, we
developed a simple moderation model and the test of the
significance. The goal of this study is to identify the
theoretical attribution of project type that moderates the
impact of project delivery systems on cost performance.
We use the same dataset as in the previous study [13],
also the same cost performance metric (i.e., change
order rate) is used. With the results, the current study
can provide the theoretical basis on the reason why the
cost performance comparison of PDSs is inconsistent.

2 Related Work

This section describes literature reviews related with
the moderation effect and the influence of project type
on the causal relationship between PDSs and their cost
performance. Moderators is defined as a third variable
that modifies a causal effect, an association between
two variables X and Y is said to be moderated when its
size or sign depends on a third variable of set of
variables [14-15]. Moderation is also known as
interaction. Moderation analysis is typically examined
by testing for interaction between moderator and X in a
model of Y [15]. In construction management discipline,
studies on moderation effects have been rarely
conducted [9, 16-17].

Yang et al [17] tested the moderating effect of
project type by conducting a two-way ANOVA when
examining the relationship between knowledge
management and project performance. A number of
studies indicate that project type affects cost
performance [2, 7, 8, 18-21]. We assume that PDS cost
performance varies depending on the project type.

3 Preliminary Moderation Model

As a preliminary model, we postulated a simple
moderation model

Models were categorized to conceptual and
statistical diagram. Conceptually, the moderation model
is depicted in the form of a conceptual diagram in
Figure 1. The diagram represents a process in which the
effect of PDS on change orders is influenced or
dependent on project type, as reflected by the arrow
pointing from project type to the line from PDS to
change order.

70

Project Type

Project Delivery ]
System (PDS)

A4

Change Orders

Figure 1. Moderation Model as a Conceptual
Diagram

The conceptual diagram is very different in form
from its corresponding statistical diagram, which
represents how such a model is set up in the form of an
equation. As is described in figure 2, the statistical
diagram corresponding to this conceptual model
requires not two but three antecedent variables, and
project type is one of those antecedent.

Project Delivery e
System (PDS) b J
1
1
b
Project Type 2 Change Orders
by
PDS *
Project Type

Figure 2. Moderation Model as a Statistical
Diagram

Statistically, moderation effect is conducted by
testing for interaction between project type(M) and
PDS(X) in a model of change orders(Y). With evidence
that X’s effect on Y is moderated by M, we then
quantify and describe the contingent nature of the
association or effect by estimating X’s effect on Y at
various values of the moderator, an exercise known as
probing an interaction. Equation (1) shows the standard
multiple linear regression model. “ b; ” represents
interaction role between PDS and project type.

Y = b01 + blx + sz + b3XM + ey (1)

The moderation effect is interpreted depending on
both the statistical significance and the sign of b;[22]. If
the model result of b; is statistically significant. The
association between PDS and change orders is various
depending on project type (i.e., moderator).
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4  Experiment and Results

The developed moderation model is being applied to
the construction project of 134 samples from the same
dataset of the previous work. Samples are categorized to
three project types (i.e., residential building, non-

residential building, and road civil work) where the
sample sizes are evenly distributed. Table 1 shows the
descriptive statistics of change orders according to
project types. To examine the effect of moderator, two-
way ANOVA was conducted. The results is shown in
Table 2.

Table 1. Descriptive statistics of project types

Dependent var. Project type (M) N Mean S.E.
Building(residential) 41 13.936 2.753
Change order rate () Building(non-residential) 49 10.304 2.236
Civil(road) 44 19.151 2.919

Table 2. Results of two-way ANOVA

Variable Sum of Squares df Mean Square F p
PDS (X) 349.185 1 349.185 1431 234
Project type (M) 1415.473 2 707.736 2.901 .059
PDS*Project type (XM) 725.054 2 362.527 1.486 230

Error 31231.363 128 243.995

According to the test results, the interaction effect
(XM) of PDS and project type is not significant (p value
> 0.05). Figure 3 shows the moderation effect (i.e.,
interaction effect) of PDS and project type on change
orders.
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Figure 3. Moderation effect of PDS and project
type on change orders

The slopes of non-residential building and civil
projects intersect each other in a cross, then the main
effect of PDS appears wherever it is, and wherever it is
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reversed. That is, the main effect of the independent
variable (i.e., PDS) does not consistently appear, and
other results appear depending on mutual combinations
with other variables. In this case, the model results show
the dis-ordinal interaction.

5 Conclusions

A simple moderation model as a preliminary study
was proposed to examine that project type moderates
the impact of PDSs on their cost performance. This
study is expected to provide a better understanding of
the mechanism by which PDS impact cost performance,
help project participants to select PDS by considering
moderating effects in specific project types, and
evaluate PDS appropriately in terms of cost
performance. The academic contribution of the current
study is to theoretically identify project type as a
moderator using empirical data.

Regarding the limitations of this study, partial
projects were selected from the original database,
various combinations of project type should be applied
to validate the moderation model. Also, value
engineering costs for improvement were not considered
because of data limitations.

For the further studies, conditional process model
that integrates mediating effect and moderating effect in
a single model could be developed. That is, moderated
mediation and mediated moderation model considering
project characteristics and bidding characteristics
simultaneously need to be applied. Those models are to
be expected to enhance the explanation the inconsistent
evaluating results of PDS performance comparison.

Acknowledgement

This work was supported by the Technology
Innovation Program (10077606, To Develop an
Intelligent Integrated Management Support System for
Engineering Project) funded by the Ministry of Trade,
Industry & Energy (MOTIE, Korea).

References

[1] Bennett, J., Pothecary, E., and Robinson, G.
Designing and building a world-class industry:
The University of Reading design and build forum
report. Centre for Strategic Studies in Construction,
Univ. of Reading, UK. Rep. No. ISBN
0704911701, 1996.

Konchar, M. and Sanvido, V. Comparison of
U.S.Project Delivery Systems. J. Constr. Eng.
Manage., 124:435-444, 1998.

Molenaar, K., Songer, A., and Barash, M. Public-
sector design/build evolution and performance. J.

(2]

(3]

72

[4]

(5]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Manage. Eng., 15(2), 54-62. 1999.

Ibbs, C. W., Kwak, Y., Ng, T. and Odabase, A. M.
Project Delivery Systems and Project Change:
Quantitative Analysis. J. Constr. Eng. Manage.,
129:382-387, 2003.

Minchin, R. E., Li, X., Issa, R. R., and Vargas, G.
G. Comparison of Cost and Time Performance of
Design-Build and Design-Bid-Build Delivery
Systems in Florida. J. Constr. Eng. Manage.,
139(10), 04013007. 2013

FHwWA (U.S. Department of Transportation,
Federal Highway Administration). Design-build
effectiveness study. 2006. Online:
http://www.fhwa.dot.gov/reports/designbuild/desig
nbuild.pdf, Accessed: 22/06/2016

Chen, Q., Jin, Z., Xia, B., Wu, P., and Skitmore, M.
Time and Cost Performance of Design-Build

Projects. J. Constr. Eng. Manage.,
142(2):04015074, 2016.
Asmar, M. E., Hanna, A. S., and Loh, W.

Quantifying performance for the integrated project
delivery system as compared to established
delivery systems. J. Constr. Eng. Manage., DOI:
10.1061/(ASCE)C0.1943-7862.0000744,
04013012-1-13, 2016.

Xiong, B., Skitmore, M. and Xia, B. A critical
review of structural modeling applications in
construction research, J. Automat. Constr., 49
(2015) 59-70, 2015.

Baron, R.M. and Kenny, D.A. The moderator—
mediator  variable distinction in  social
psychological research: conceptual, strategic, and
statistical considerations, J. Pers. Soc. Psychol. 51
(6): 1173-1182, 1986.

Kraemer, H. C., Wilson, G T., Fairburn, C. G. and
Agras, W. S. Mediators and moderators of
treatment effects in randomized clinical trials.
Archives of General Psychiatry, 59, 877-883,
2002.

Frazier, P. A, Tix, A. P. and Baron, K. E. Testing
moderator and mediator effects in counselling
psychology. Journal of Counselling Psychology,
51, 115-134, 2004.

Moon, H., Kim, K., Williams, T. P., Lee, H., Park,
M., Son, B. and Chun, J. Modeling of identifying
mediator effects between project delivery systems
and cost performance. In Proceedings of the 35th
ISARC, pages 578-585, Berlin, Germany, 2018.
Wu, A. D. and Zumbo, B. D. Understanding and
Using Mediators and Moderators. Social Indicators
Research, 87, 367-392, 2008.

Heyes, A. F. Introduction to mediation,
moderation, and conditional process analysis: a
regression-based approach, Guilford Press, New
York, 2013.



36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

[16] Aibinu, A. A. and Al-Lawati, A. M. Using PLS-
SEM  technique to model  construction
organizations' willingness to participate in e-
bidding, J. Automat. Constr., 19(2010), 714-724,
2010.

[17] Yang, L., Chen, J. and Wang, H., Assessing
impacts of information technology on project
success through knowledge management practice,
doi:10.1016/j.autcon.2011.06.016, J. Automat.
Constr., 22 (2012) 182-191, 2012.

[18] Jahren, C. T., and Ashe, A. M. Predictors of cost
overrun rates. J. Constr. Eng. Manage.,
116(3):548-552, 1990.

[19] Gkritza, K., and Labi, S. Estimating cost
discrepancies in highway contracts: multistep
econometric approach. J. Constr. Eng. Manage.,
134(12): 953-962, 2008.

[20] Love, P. E. D. Influence of Project Type and
Procurement Method on Rework Costs in Building
Construction Projects. J. Constr. Eng. Manage.,
128(1):18-29, 2002.

[21] Liu, B., Huo, T., Liang, Y., Sun, Y., and Hu, X.
Key Factors of Project Characteristics Affecting
Project Delivery System Decision Making in the
Chinese Construction Industry: Case Study Using
Chinese Data Based on Rough Set Theory. J. Prof.
Issues Eng. Educ. Pract., 05016003, 2016.

[22] Cohen, J., Cohen, P., West, S. and Aiken, L. S.
Applied Multiple Regression/Correlation Analysis
for the Behavioral Sciences. Lawrence Erlbaum
Associates, Inc., New Jersey, 2002.

73



36" International Symposium on Automation and Robotics in Construction (ISARC 2019)

Designing a Reliable Fiducial Marker Network for
Autonomous Indoor Robot Navigation

B. R. K. Mantha? and B. Garcia de Soto°¢

8S5.M.A.R.T. Construction Research Group, Division of Engineering, New York University Abu Dhabi (NYUAD),
Abu Dhabi, UAE
bS.M.A.R.T. Construction Research Group, Division of Engineering, New York University Abu Dhabi (NYUAD),
Abu Dhabi, UAE
‘Department of Civil and Urban Engineering, New York University (NYU), Tandon School of Engineering, USA
E-mail: bmantha@nyu.edu, garcia.de.soto@nyu.edu

Abstract -

Automation and robotics offer significant
potential to address some of the challenges faced by
facility managers to efficiently operate and maintain
indoor building environments. Previous efforts have
focused on deploying mobile service robots for
scheduled and periodic tasks such as monitoring,
inspecting, and collecting data. Localization and
navigation are two of the fundamental capabilities
required for any robotic system to accomplish these
periodic tasks successfully. Most of the existing
approaches for achieving semi/fully autonomous
indoor mobile robot navigation either require dense
instrumentation of the physical space (e.g., Bluetooth
beacons) or are computationally burdensome (e.g.,
Simultaneous Localization And Mapping). To
address these issues, the authors previously developed
localization, navigation, and drift correction
algorithms based on cost-effective and easily-
reconfigurable fiducial markers (e.g., AprilTags).
However, these algorithms were based on context-

specific assumptions regarding the marker
characteristics, sensor capabilities, and
environmental conditions. This study
comprehensively investigates the design
characteristics of a fiducial marker network

localization system to achieve autonomous mobile
indoor navigation. A generalized framework in the
form of a process flow chart is proposed that is
agnostic of indoor building environment application,
marker category, robot, and facility type. That is, the
proposed framework can be used to systematically to
design the desired robot, required sensors, and create
the optimal marker network map. The feasibility of
the proposed approach is explained with the help of a
facility management related example. The outcomes
of this study can be generally applicable to any mobile
robot, building type (e.g., office), and application (e.g.,
construction progress monitoring).
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1 Introduction

Recent advancements in technology have given rise
to the use of intelligent robots for several service
applications. Some of the examples of deployed indoor
robotic systems for professional and domestic service
applications include museum guide robots [1], hotel
butler robots [2], vacuum cleaning robots [3], and
surveillance robots [4]. As per a report published by the
International Federation of Robotics in 2018, the annual
growth rate in service robots is about 21% [5]. In addition,
Baeg et al. [6] emphasized the significance, usability, and
the potential of service robots for everyday activities. It
can thus be reasoned that intelligent robots will soon be
ubiquitous and there is a strong need to explore the
potential of robots to improve autonomy in the operation
and utilization of today’s buildings.

Two of the fundamental capabilities robots need to
possess to enable such autonomy are localization (i.e.
identify and orient their location in the physical
environment) and navigation (i.e. direct to the respective
locations of interest). Previous approaches and methods
either require dense instrumentation (e.g., bluetooth
beacons) of the physical environment (i.e., significant
upfront costs, suffer from low accuracy (e.g., wireless
local area network), or made application-specific
assumptions (e.g., marker-based systems). To address the
limitations of existing studies, the authors propose a
general framework for marker-based localization and
navigation systems in the form of a process flowchart that
is agnostic of the indoor building environment
application, marker category, robotic platform, and
facility type. The proposed framework is general, not
domain specific, and can be used for several single and
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swarm indoor robotic system applications. The use and
feasibility of the proposed framework are illustrated with
the help of several built environment examples.

In the context of this paper, localization is defined as
the robot’s ability to identify its current location in a
given indoor environment setting [7]. For example, a
robot being able to recognize that its location is in room
201, or knowing its location and orientation in the global
coordinate reference system. The robot’s navigation can
be briefly defined as the robot’s ability to plan a course
of action to reach the destination location while
accurately localizing itself in its frame of reference at
strategic locations [7].

Several indoor localization and navigation techniques
have been explored previously. Literature suggests that
every method has advantages and limitations. Some of
the previous approaches explored for robot localization
include Wireless Local Area Network (WLAN), Ultra-
Wide Band (UWB), Bluetooth, Cameras, and Lasers. Wi-
Fi is an economical solution because most of the existing
infrastructure consists of wireless nodes required for
localization. However, it suffers from a significant error
in localization accuracy [8,9]. Bluetooth based
localization tends to be expensive, time-consuming and
also have space constraints because of the requirement of
wireless infrastructure deployment indoors [8,10].
Similarly, UWB-based systems require a large number of
receivers making it inconvenient and infeasible (due to
space constraints) indoors [11,12].

Laser scanner based techniques eliminate the need to
instrument the physical space but they are highly
expensive, sensitive to obstructions and require high
computational capabilities [1,13-17]. To summarize,
common disadvantages affecting a majority of the
reviewed methods include low accuracy, significant
upfront investments, high computational requirements
and complex instrumentation of the indoor environment.

Vision-based methods using fiducial or natural
markers are particularly immune to the disadvantages
mentioned above. This is because, markers offer high
accuracy in estimating the relative three-dimensional
pose in an environment, require relatively less computing
capabilities, are cost-effective, and are easy to install [18-
20]. In addition, fiducial markers can store virtual
information regarding a multitude of things such as
information regarding physical location (e.g., room
number), emergency evacuation directions, indoor
navigational information, and inspection-related data
regarding building systems helpful for facility managers
[14]. Feng and Kamat [14] demonstrated how markers
having virtual information and navigational directions
can help humans navigate indoors.

To take this further, Mantha et al. [21] showed that
the wvirtual location information (for localization),
navigational direction (for navigation), and 3D pose
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estimates (for drift correction) can be used to achieve
autonomous behavior of the mobile robot. However, this
was just a proof of concept which used a specific type of
robotic platform, camera, marker type, marker size, and
facility type which cannot be generally applicable to
other scenarios or built environment applications.

1.1  Importance of the Research

Robots have become increasingly pervasive in our
day to day lives, with global experts predicting that
intelligent robots will soon be ubiquitous [22]. Baeg et al.
[6] emphasized the usability of service robots for
everyday activities. Building Service Robots have
numerous advantages such as a) high productivity: can
perform tasks significantly faster without getting tired
(e.g., laying bricks) [23], b) improve safety: can work in
harsh and unsafe environments where humans are
unwilling or unable to work (e.g., gas pipe inspection)
[24], c) reduce cost: cheaper than human counter parts
(e.q., it is very cheap to deliver items in hospitals/hotels
with robots) [2, 25], d) improve quality: robots can be
more precise and accurate than humans (e.g., structural
monitoring) [24], e) provide better quality of life: can
help the people with restricted mobility or handicaps with
several mundane tasks (e.g., help blind people navigate
indoors) [26]. The demand for Building Service Robots
is also reflected in the exponential increase in the venture
capital investment in robotics [27]. More importantly, the
world robotics executive summary released in 2016
estimates around 23 billion USD in sales for the
professional service robot installations between 2016 and
2019. In addition, a study published by McKinsey shows
that the price of these robotics systems continues to drop
(almost halved), whereas, the labor costs have
consistently increased [28].

Thus, there is a strong need to investigate the
potential of these systems, especially for facility
management applications. Most of the existing service
robotic systems still rely on expensive sensors,
computationally intensive methodologies and complex
instrumentation for semi and fully autonomous
navigation. In addition, these systems are particularly
disadvantageous for temporary or one-time applications
such as air quality assessment, retrofit decision making,
occupant schedule detection, and structural health
monitoring [21]. On the contrary, marker-based systems
offer significant potential since they are easily
reconfigurable, cost-effective (can be printed on paper),
and computationally efficient [14].

Different types of markers have been developed and
studied in the recent past. For example, Xu and
McCloskey [29] developed a 2D barcode-based
localization system. Though this is an economical
solution when compared to the previous alternatives, 2D
systems fail to provide 3D orientation information. This
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is particularly important for successful indoor robot
navigation. Olson [20] developed AprilTags that can be
printed on a regular paper but have the capability to
determine 3D relative pose information.

Feng and Kamat [14] used these markers for indoor
wayfinding applications. Furthermore, Babinec et al. [19]
showed how a mobile robot can be localized using planar
markers. Extending this further, Mantha et al. [21] used
these markers for mobile robot navigation. However, all
these aforementioned methods were just proof of
concepts with context-specific assumptions regarding
marker size, marker placement, and camera type. On the
other hand, several other studies focused on improving
individual marker characteristics such as successful
detection rate, performance of the detection algorithm,
size of the marker, and camera configurations. For
example, Romero-Ramirez et al. [18] compared the
speed performance of detecting different markers such as
ArUco, Chili tags, AprilTags, and ArToolKit+. Lundeen
et al. [30] compared the accuracy performance of
different marker sizes, relative marker camera distances,
and its relevance to the operation of an autonomous
robotic excavator. However, none of the aforementioned
studies, nor other existing studies, integrate, investigate,
and identify the appropriate selection of marker networks
for autonomous indoor robot navigation. That is, none of
these studies establish a procedure to determine the
optimal marker network design characteristics (e.g.,
marker camera configurations) based on a given set of
inputs (e.g., facility type, and application objectives).

Thus, the objective of this research is to develop a
general framework that can be used by facility managers
or stakeholders to identify optimal camera marker
network design characteristics based on different inputs
(e.g., application objectives). The proposed framework is
applicable to single or multiple robotic systems with and
without constraints such as performance speed,
occlusions, and lighting conditions. The feasibility of the
proposed framework is explained in detail with the help
of a facility management related example involving a
variety of robotic platforms and marker types.

2 Proposed Framework

The framework is divided based on four main roles
namely facility manager, real building, robot, and
markers of the whole camera marker network design
process for the autonomous robotic navigation. Each of
these directly or indirectly influence, possess or are
responsible for certain tasks and/or actions. Figure 1
shows the proposed framework including each of the
aforementioned roles, their tasks, actions, processes, and
sub processes. The different tasks of the proposed
framework are illustrated using the example of ambient
robotic data collection presented by Mantha et al. [21]. It
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has to be noted that for simplicity and easier
understanding of the reader, tasks are described as sub
sections of each role rather than in the chronological
order of the process flow shown in Figure 1.

2.1 Facility Manager

One of the important roles of this framework is the
facility manager who is responsible to define the
objectives pertaining to the application context and the
corresponding inputs. The objectives can be derived from
the targeted action or intended tasks that need to be
performed. In the example considered, the objective is to
monitor ambient parameters in buildings. Therefore, the
intended action is to gather data regarding ambient
parameters such as temperature, relative humidity, and
lighting, and compare it with the standard parameter
range or the occupant preferences. Other relevant inputs
can be the locations in the building and the frequency at
which the data needs to be collected.
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Figure 1. Design of marker network map for
autonomous indoor robotic navigation.
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2.2  Built Environment

Service robotic systems are designed to navigate in
the built environment and perform the assigned tasks.
Hence the built environmental attributes along with the
users (or occupants) actions will significantly influence
the design parameters of the robotic navigation system
(marker network system in the context of this paper).
Each of these categories is described below in detail.

2.2.1  Select Attributes

Attributes primarily represent the physical properties
and characteristics of the built environment such as
facility type, floor plans, equipment, surface geometry,
flooring type, thermal zones, lighting, acoustics, and
other services. In the previous ambient parameter
monitoring example discussed at the beginning of section
4, some of the relevant attributes can be indoor
temperature, relative humidity, light intensity, sound
levels, and indoor air quality.
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2.2.2  ldentify Occupants Actions

Occupants are users of the built environment who
directly or indirectly interact with the robotic systems.
Though this task is not part of a technical process flow as
can be seen in Figure 1, this can impact the characteristics
of the markers (i.e., marker placement in particular) and
determination of sensors (e.g., camera in this case) on the
robot. Thus, identifying occupant actions is important as
they have the potential to impact the successful
accomplishment of the goals and objectives. Some
examples of the behaviors and actions of the occupants
include their movement, schedule, use of the built
environment, and routine. In the example case considered,
occlusions due to occupant movement and their
interaction with these systems to provide feedback in the
form of a questionnaire regarding their preferences are
some of the most important factors to be considered.
Further details regarding the significance of occlusions is
described in the marker placement section of this paper.

2.3 Robot

In the context of this paper, three important tasks that
encompass the role of an indoor robot are the type of
platform, sensors (e.g., camera for detecting markers),
and navigation performance (e.g., error accumulation).
Though other elements such as task allocation, path
planning, and motion planning for task execution are
critical, they are not considered in the scope of this study
and hence are not elaborated. However, interested
readers are referred to [30,31] for further information.

One of the other considerations which did not receive
much attention in the past is the cybersecurity
implications of these intelligent autonomous agents [32].
This is particularly important in this case because of the
potential human-robot collaboration and the accessibility
of these robotic systems in these facilities. It has to be
noted that the cyber threats are not just limited to data
breaches but can cause some serious safety concerns to
the infrastructure and the occupants [33,34]. So, with the
increasing popularity of artificial intelligence enabled
autonomous mobile robots, it is necessary to keep a check
on the cybersecurity aspects, safety standards, and risk
assessment of the robot chosen.

2.3.1 Determine Platform

As the name suggests, the goal of this step is to
determine the ideal robotic platform based on the defined
objectives (refer to section 4.1). The classification of
robots can be dependent on several things such as the
type of work, mechanical structure, or morphology [35].
Here, the goal is to determine the mechanical structure of
the robot whether it is a mobile robot with wheels, legs,
wings, tracks, or any other existing automated platform.
In the example application, since the mobile robot needs
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to collect data and get occupant feedback, a mobile robot
with wheels and a display platform for interaction might
be ideal. Though a legged locomotion-based robot might
also serve the purpose, a mobile robot with wheels might
outpace the legged robots and can be more efficient
(faster) in collecting data.

2.3.2

Though several sensors will be required on the robot,
in the context of this paper, the sensor (camera) for the
purpose of localization and pose estimation is discussed.
One of the advantages of marker-based pose estimation
systems is that they do not require expensive cameras.
The type of cameras available on mobile phones these
days can be used. Typically, most of the robotic systems
come with a built-in camera. These cameras are of
sufficient quality to be used for the purpose of marker-
based localization and pose estimation [18].

2.3.3

One of the most important factors that have a direct
impact on whether the robot will successfully navigate to
desired locations or not, is the relative pose error
accumulation of the robot. This is because there is always
a difference between the robot’s actual and ideal pose. It
is important to estimate this at regular intervals and
rectify it accordingly. Relative pose between camera and
marker can be determined by a total of six components,
three of which correspond to translation (e.g., X, y, and z)
and three of which correspond to the rotation (e.g., roll,
pitch, and yaw angles). This is represented in the form of
a homogenous transformation matrix (H) in which R (3*3)
denotes a rotation matrix and T (3*1) denotes a
translation matrix (Eg. 1). However, depending on the
type of application, only some of these six components
might be required. For example, in case of ambient data
collection, only the lateral distance (distance between the
camera and the marker) is extracted and hence the pose
error is estimated only using the variance of this
parameter with respect to the ground truth values.

R11 R12 R13 Tx

H= R21 R22 R23 Ty
R31 R32 R33 Tz
Where,
H is part of the Homogeneous transform matrix
R (3+3): Rotation matrix
T (3+1): Translation matrix
A generalized procedure of the sub process for
estimating the pose error is shown in Figure 2. First,
assume a zero yaw angle (as shown in Figure 3) and
determine the camera marker distance range. That is, the
minimum and maximum lateral distance between the
marker and the camera (i.e., robot) to be able to detect the
marker. Then, identify the ideal marker to camera
distance to maximize the allowable error accumulation

Determine Sensors

Estimate Pose Error

M)
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based on the environmental attributes and robotic
platform. Further discussion regarding the reason for
maximizing the allowable error is provided in section
4.4.3. If further optimization is required for the pose error,
relative camera marker orientation can be varied to
achieve the same. Though it might seem counter-intuitive,
it is possible that a non-zero yaw angle (e.g. -15 degrees)
gives better results than a zero yaw angle [30].
Estimate Pose Error

" Determine
Camera Marker
Dlstance Range

Start

Calculate Pose | (Relative Camera|
End Error and Marker
\Accumulation/ L Orientation )
(" Estimate |
Th_reshold “No
Distance
DIk

Figure 2. Sub-process to estimate pose error

Marker Yaw
w|=

Camera X

z

Figure 3. An illustration of marker yaw

For example, in the case of ambient robotic data
collection, the robot’s ideal path is along the centerline of
the corridor to maximize allowable drift as shown in
Figure 4. This is because, if the robot’s ideal path is closer
to the wall, the allowable drift accumulation will be very
less (compared to the robot’s path being on the centerline
of the corridor) to avoid the robot colliding with the wall.
The allowable drift accumulation, in this case, will be
less than half the width of the corridor considering the
width of the robot.

2.4  Markers

A fiducial marker is an artificial landmark with
prescribed geometry and features to distinguish itself
from the naturally occurring objects and other markers.
The detection is usually done by capturing videos of
markers using optical cameras and subsequently
analyzing the image to determine the relative camera
marker pose [30].

Unique fiducial markers are required to be placed at
strategic locations along the navigational path of the
robot (e.g., corridors, entrances to rooms, etc.) to form a
Marker Network Map (MNM). These markers will act as
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landmarks, and the strategic locations can be the end of
the corridors, the intersection of hallways, and entrances
to the rooms. A graphical network G = {N, E} can then
be generated where N represents nodes representing
locations of markers and E represents edge links
connecting these nodes (e.g., corridors and stairs). The
network formed henceforth can be used to determine the
optimal paths in the building and subsequently for the
autonomous navigation of the robots. The subsections
below provide further discussion regarding different
marker characteristics (e.g., type and placement),
detection of markers (e.g., placement), and threshold
marker distance (i.e., maximum distance between two
consecutive markers).

Corridor

Legends:
d Tdeal distance from wall

A Desired location

dth

0 Actual location
l Markers
- Desired Path

LAY

= Actual Path
.- Desired Headed Direction

&di - Drift at each location

-

Figure 4. lllustration of drift accumulation and
marker to marker distance for an indoor mobile
robot (adapted from [21])

2.4.1  Determine Characteristics

At this stage, the building attributes are known and
the robotic platform was chosen. This section describes
the selection process for different marker characteristics.
Type, Size, and Library Size

One of the significant factors that drive the selection
of the marker type and size is the error tolerance range
and the type of pose requirements for the intended
application based on the identified objectives. Several
different types of markers were developed and studied by
researchers such as planar markers, 2D bar codes,
ARToolKit, BinARyID, AprilTags, ArUco, and
ChiliTags [18,20,36,37]. Some of these markers are
shown in Figure 5. Based on the accuracy, detection, and
library sizes, ArUco and AprilTags are currently the best
for marker detection [18,30].

The marker library (or dictionary) size is the number
of unique markers available in chosen given marker type.
For example, AprilTags have more than 4,000 unique
codes, whereas ARTags have about 2,000 [20]. Therefore,
it is important to check for the size of the library for the
chosen marker to ensure that it meets the corresponding
application before proceeding further (Figure 6). That is,
estimate the number of unique markers required for the
type of application and compare it with the available
marker size. For example, in the monitoring example, the
number of unique markers is approximately equal to the
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number of distinct notable locations (e.g., in front of a
room, end of the corridors, and elevators) along with
other possible places where data needs to be collected
inside the building.

O

2D Bar Code ARToolKit AprilTag ArUco

Figure 5. Different types of markers
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Figure 6. Sub process to determine marker
characteristics

In addition, some of the built environment attributes
such as surface geometry can influence the marker type
and size selection. For example, if the built environment
does not have planar surfaces, then larger size planar
markers cannot be used because of field-of-view issues
in the detection of the markers. In the ambient data
collection example, the facility type is buildings with
mostly planar surfaces, limited number of locations, and
require relative 3D pose requirements. Thus, it is
reasonable to assume that AprilTags are suitable because
they are planar markers, have a decent library size, and
can be used for determining 3D relative pose [20].
Placement

Different marker placement techniques such as wall
mounted, ceiling mounted, and floor mounted have been
explored for built environment settings [21,38,39].
However, it has to be noted that each of these methods
has their own advantages and disadvantages depending
on the built environment attributes such as ceiling heights,
occlusions, and occupant actions such as occupant
movement.

Floor mounted markers have shown promising results
in a structured industrial/warehouse setting where Kiva
robots manage the entire storage area of the warehouse
[39]. Horan et al. [40] used a tape-based path sensing
method for mobile indoor robot navigation. A similar
study was performed by the National Institute of
Standards and Technology (NIST), in which additional
boundary markers were introduced along with the tape
line [38]. However, the aforementioned floor based
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marker mounting techniques would suffer from frequent
wear and tear in an unstructured building environment
with frequent occupant movement. Ceiling mounted
marker-based techniques were explored in warehouses as
an alternative to the laser triangulation method [38].
However, in the context of ambient data collection,
Mantha et al. [21] suggested that the ceiling heights
(especially near the atrium areas) might have a significant
effect on the pose estimation of the robot. Hence a wall
mounted technique is ideal in this scenario or a
combination of wall and ceiling mounted if multiple
cameras placed on the robot.

2.4.2 Marker Detection

The immediate next step after selecting the marker
characteristics is to develop a corresponding marker
detection algorithm. In general terms, the marker
detection algorithm works as follows. First, images are
captured at a very high rate and are analyzed for the
presence of a marker. This process is called segmenting.
Second, the computer decodes the information from the
markers in the form of 1s and Os and determines the
unique identification of the marker by cross-referencing
(matching) with the library of markers. Further details
regarding the detection algorithm can be found in [14,18].

Two of the important factors to be considered in the
marker detection are false positive and false negative
rates. False positive rate implies the rate of falsely
reporting the existence of a marker in the captured image
when there is no marker present in reality. On the
contrary, false negative implies that there is a marker
present in the image but the algorithm does not detect the
maker. It is particularly important to check these rates
before finalizing the marker type and size. Though the
comparison of rates sometimes depends on the library
size, an acceptable rate can be anything less than 0.1%
[20,42]. If these rates are not acceptable, it is
recommended to alter the aforementioned categories
until desired results are obtained.

2.4.3  Estimate Threshold Distance

At this stage, the robot’s camera can detect markers
(landmarks), localize itself in the built environment, and
navigate based on the relative pose. Since there will be
errors accumulated along the navigational path as
discussed previously (for e.g., as shown in Figure 4), it is
necessary to place the markers at strategic locations to
rectify the errors and ensure the robot reaches its next
intended destination without drifting too much (e.g.,
colliding with the wall as shown in Figure 4). So, in
addition to placing markers at the locations of interest,
additional markers need to be placed along the way.

The objective of this specific task is to determine the
threshold distance (dw) between any two successive
markers. That is, determine the maximum distance
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between two consecutive markers along the navigational
path of the robot. This is a result of the maximum
allowable drift of the robot and hence a direct measure of
the camera marker distance and drift accumulation
pattern of the robot. To calculate the threshold distance,
several robot runs should be performed to estimate the
distance the robot will travel with an allowable drift (less
than or equal to the maximum possible drift). The
threshold distance is the minimum of these distances
travelled for that particular case. Figure 7 shows the
representative flowchart of the sub-process estimate
threshold distance. This is subject to change depending
on different factors such as flooring type (e.g. wheeled
robot) and payload (e.g. drones). It has to be noted that
the density of the markers and threshold marker to
marker distance are inversely proportional. The density
of the markers is basically the number of markers per area
(e..g., m?) or length (e.g., running meter). So, higher the
threshold distance, lesser the density.

Estimate Threshold Distance

Start

" Estimate
Threshold
Distance (d

Other Yes
Modifications

B
Marker Platform

Sensor
Mod|f|cat|0ns Modifications|

Modifications
*17 B —

*17

Figure 7. Sub process to estimate threshold
distance

If d;, needs to be optimized, then the following
modifications to the existing system such as a) sensors
(on robot), b) markers, and c) platform (robot) can be
explored. For example, multiple cameras (e.g. pointing in
different directions as shown in [43]) instead of a single
camera can be used to overcome occlusions and avoid
more frequent placement of markers. 3D markers (i.e.,
multiple planar markers in the shape of a book used as a
benchmark marker in [43]) can also be explored to
improve visibility, optimize pose error, and subsequently
optimize threshold distance. Further to that, multiple
small markers instead of a single big marker can also be
used to achieve the same. Finally, platform changes (e.g.,
other wheel types) can also be explored to optimize the
error accumulation and hence d;j,.

3 Conclusions and Future Work

A generalized framework to design a reliable fiducial
marker network for autonomous indoor robotic
navigation is proposed. The framework is general and
can be applied to different robotic platforms operating in
the built environment. Four key roles affecting the design
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process such as facility manager, built environment,
robot, and markers are identified. The corresponding
tasks and actions by these key roles that influence the
marker network design characteristics such as marker
type, size, library size, environmental attributes,
occupant actions, robotic platform, camera marker
configurations, threshold marker to marker distance are
established and described in detail. In addition, four
process flow diagrams are proposed that describe a step
by step procedure of the proposed theoretical framework.
The feasibility of the proposed framework is explained
with the help of a real-world built environment example.
That is by relating each of the integral task elements in
the framework with an autonomous maobile robotic data
collection case study. Future work aims to design two
different marker network systems using AprilTags and
ArUco for autonomous navigation of a specific robotic
platform (e.g. Turtlebot3) in a real-world setting. The
objective is to compare and analyze different design and
performance factors such as threshold distance, marker
density, error accumulation, optimal camera and marker
configurations. Results of this study are generally
applicable to any indoor robot, building type (e.g., office,
retail), and application (e.g., environmental data
collection). Other potential applications include
construction progress monitoring, on-site worker safety
identification, and real-time inventory management.
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Abstract

Recent advances in the development of Internet-
of-Things (10T) devices have enabled researchers to
apply such on building automation systems (BAS).
Especially in existing BAS, one big challenge is the
diversity of communication methods. In such systems,
gateways are required to connect various devices.
However, while there are very few loT-gateways able
to interface a wide variety of common sensors and
actuators, those often implicate high costs, entailing
inacceptable investments for larger field tests.

To overcome this issue, we prototyped a low-cost
plug-and-play and freely programmable loT-gateway,
which supports common analog signal interfaces like
0-10 V or 0-20 mA current loop, and digital ones via
RS-485 serial communication. The gateway is based
on the ESP32-PICO-KIT development board, a fully
functional board with a microcontroller and
embedded WiFi. Accordingly, we enhanced this
board by adding custom-designed peripherals and
developing the required firmware for acquiring
sensor data and driving actuators.

In order to validate the functionality of the
interfaces, we conducted an experimental test series.
The experiments comprise measurements of inputs
and outputs for either the loT-gateway or the
connected sensors and actuators. The results show an
average relative error for analog interfaces of 7 %,
hence being sufficient for building automation
applications. The RS-485 was successfully tested with
a Modbus RTU slave device.

Therefore, the prototyped loT-gateway is directly
applicable to both analog and Modbus-based sensors
and actuators, shows acceptable errors in analog
readings and can be manufactured at a relatively low
price, facilitating test benches containing several
plug-and-play gateways.

Keywords —
IoT, Gateway, Building Automation, Wireless
Communication, ESP32
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1 Introduction
In Germany, potential energy savings due to building
automation system (BAS) improvements estimate

roughly 20% [1]. Additionally, in existing non-
residential buildings, wireless 10T devices constitute a
promising resource to enable BAS without causing high
expenses due to elaborate cable installations. However,
the beneficial installation of radio-based devices only
applies if the configuration effort is not as high as in
conventional systems on the other hand. Furthermore,
local wired automation systems are well-known and
widely adopted due to their reliability. However, there is
no comprehensive study on a real BAS yet, which is
completely operated via 10T devices. Hence, our research
is focussed on the stability and properties of such systems
utilizing several 10T devices.

When investigating loT applications in BAS, the
most cost-efficient approach is to use an existing
infrastructure. Instead of exchanging sensors and
actuators, gateways can be used. With BAS often
comprising sensors and actuators with various
communication interfaces, there are only few loT-
gateways directly applicable to all these devices. Some
of the most popular communication interfaces used are 0-
10 V and 0-20 mA analog signal transmission and bus-
based communication e.g. via Ethernet, BACnet, LON,
KNX and Modbus [2]. Some examples for multi-
communication gateways are the BASremote at a price
of 350 € [3], the EWIO-9180-M at 425 € [4], the UCM-
316 at 325 € [5] and the WISE-4470-S250 at 400 € [6].
All these examples are rather edge controllers than
decentral plug-and-play loT-gateways. These edge
controllers imply high costs when used for each sensor
and actuator individually or limit one to research
activities on decentralized summarized data processing.
By contrast, already available open-source platforms like
Controllino, PiXtend and UniPi Neuron, just to name a
few, prove to be still expensive or not versatile enough
for single transducer interfacing.

We thus identified the need to design an loT-gateway
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that features only the necessary characteristics to enable
10T on single devices without causing inacceptable costs.

The rest of this paper is structured as follows: Chapter
2 starts with the deduction of requirements for the loT-
gateway, followed by a detailed description of the
electronic design as well as the software implementation.
In chapter 3, the conducted test series is described,;
chapter 4 summarizes the validation results and discusses
the purchase cost. Finally, chapter 5 concludes with a
summary and future possible improvements.

2  System requirements and design

From our experience with designing and operating
BAS, we define the following properties for the loT-
gateway as mandatory requirements to allow for an
accurate operation of BAS. These properties were mainly
derived by the current technical building equipment,
which was planned and used by the Institute for Energy
Efficient Buildings and Indoor Climate for their new test
hall.

e  Timescale — Due to fluid and thermal inertia, but
also delay of moving actuators, we suggest a
physical and interpretation delay of maximum 1 s.
Storage — Since the gateway will be connected to a
wireless or local area network with constant access
to online database storage systems, a limited
internal storage capacity is requested for buffering
purposes.

Interfaces — For a start, we focus on analog signals
and serial communication and thus omit the
Ethernet-based communication. The gateway shall
at least support 0-10 V signals, 0-20 mA signals and
communication over RS-485.

Resolution — Actuators such as valve actuators,
volumetric flow controllers or pumps commonly
receive their values in percent. Therefore, the
analog output should at least resolve integer values
ranging from 0-100, which represents a resolution
of at least 7 bit (27 = 128 discrete values). Analog
inputs are often used to receive signals from
temperature sensors like resistance temperature
detectors (RTDs) and negative temperature
coefficient (NTC) thermistors. Assuming a range of
140 K, the gateway should at least read for one
decimal, resulting in a minimum resolution of 11 bit
(2 = 2048 discrete values).

Network connection — The gateway requires a way
to connect to a local area network or the internet,
e.g. via WiFi.

Time tagging — For some control applications, it is
necessary to tag each data measurement with a
synchronized time. Hence, the loT-gateway should
offer a chronometric and time-reading possibility.
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Software development — In order to test different
configuration setups, local or agent-based control
strategies, remote service and maintenance
concepts as well as different security and
encryption functionalities, the gateway needs to be
freely programmable. As Python is the most
frequently used programming language at our
institute, we require Python language support for
our gateway.

Power supply — The gateway should connect to
existing sensors and actuators that are often
supplied with industrial voltage level of 24 Vdc.

We use the ESP32-PICO-KIT [7] as a base for our
loT-gateway. The ESP32-PICO-KIT is a relatively cheap
system on a chip by Espressif, yet providing solutions to
several of the defined requirements. A detailed overview
is presented in Table 1. ESP32-PICO-KIT properties

Table 1. ESP32-PICO-KIT properties [7]

Feature/requirement ESP32-PICO-KIT

Timescale (physical, 01~1s
interpretation delay)
Storage 520 KB SRAM

Interfaces/resolution 12 bit ADC (0-1.1 V),
8 bit DAC (0-3.3 V),

UART TTL (serial)

Network WLAN/Bluetooth
Time tagging RTC (internal real
time clock) + NTP
(network time
protocol)
Software Micropython support
Power 5 Vdc, 3.3 VVdc

2.1 Electronic Design

From Table 1, we can derive the required adjustments:

Power supply voltage level,

0-10 V reading and writing voltage level,

0-20 mA current to voltage and voltage to current
conversion and

UART to RS-485 conversion.

211 Power Conversions

The loT-gateway will be connected to 24 Vdc. As the
ESP32 runs on a nominal power of 5 Vdc, we use a low
dropout voltage regulator (LDO) to provide the requested
conversion while being able to supply a current up to
1.5A. Due to the 5V operation, the ESP32 cannot
provide a voltage output up to 10 V. Therefore, we also
use a 10 V voltage reference (VREF), which serves as the
upper reference for the 0-10V output loop. The
sensors/actuators and the loT-gateway share the same
ground.
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212 0-10V Input

As shown in Table 1, the ESP32 has a 12 bit ADC
with an input voltage range of 0-1.1 V. This range has to
be mapped to a sensor output ranging from 0-10 V.

The easiest and most cost-efficient solution to reduce
voltage to a specific range is a voltage divider circuit (see
Figure 1). This circuit converts the input signal according
to Equation (1). Since the ESP32 ADC input impedance
is not provided by the manufacturer, an operational
amplifier (OPA) in buffer configuration is used as
precaution to decouple the voltage divider from the ADC,
thus avoiding measurement errors due to load effects.

1213

Vapc = Vin R T R.
14 13

(1)

As the ESP32 is a low-cost device, its ADC is not of
the best quality. It is only assumed to be linear in a range
of 100 mV to around 950 mV [8]. Therefore, we selected
the resistors so that input voltages of 0-10 V match ADC
input voltages of 0-0.91 V. Note, that this reduces the
effective resolution of originally 12 bit to about 3400
discrete values, which is still considerably higher than the
required 11 bit resolution.

2.1.3  0-20 mA Input

The 0-20 mA input current loop requires a conversion

from current to voltage so that the ADC can read its value.

The easiest solution is to use a single resistor providing a
voltage following Ohm’s law (see Equation (2)). Again,
we add a buffer to decouple the load resistor R from the
ADC and select the resistor so that the ADC input
voltages match 0-0.91 V for input currents of 0-20 mA.

O]

Vapc = Iin " R3
214 0-10 V Output

The DAC of the ESP32 has a maximum output
voltage of 3.3V. In order to achieve higher output
voltages, this voltage has to be amplified. For this
purpose, we use a rail-to-rail OPA in non-inverting
amplifier configuration, as shown in Figure 2. By
adapting the resistor values, the gain, and hence the
output voltage is adjustable, as long as it is below the
power supply. The OPA drains a current of just 160 pA,
allowing to be powered with a high precision voltage
reference (see Section 2.1.1). Whilst the internal voltage
supply of the ESP32 is 3.3V, the DAC may output
maximum voltages of 3.2 V. Adopting a conservative
approach, we select the resistors to map the DAC output
voltage of 0-3.15V to an output voltage of 0-10.1 V.
Because this output is used to control actuators, the
output voltage must exceed 10 V, for instance to ensure
that the actuator is actually capable of fully closing a
valve. The resistor values can be derived by Equation (3).
Regarding the effects on the final resolution, the safety
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margin causes a negligible loss of 12 discrete values.

_ Ryy
Vour = Vpac - |1+ R (3)
10

Figure 1. Voltage divider circuit of our loT-
gateway, transfers 0-10 V to 0-0.91 V
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Figure 2. Voltage amplifier circuit of our IoT-
gateway, amplifies 0-3.15 V to 0-10.1 V
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Figure 3. Current loop driver of our loT-gateway,
converts 0-3.15 V to 0-21 mA

2.15 0-20 mA Output

We realize voltage to current conversion by resorting
to the XTR117 by Texas Instruments, a commercial
precision current driver that can be configured both in
true and live zero configurations at a very low cost. Since
both the DAC and the XTR117 share the same ground,
the driving block is isolated from the control block by
means of an optocoupler. However, since the relation
between the current flowing in the diode and photo-
generated current in the bipolar junction transistor is non-
linear, the linear control on the former does not result in
an equally linear control of the latter. The circuit
illustrated in Figure 3 follows the characteristic described
in Equation (4), which we derived by measuring the
driver current for different values of control voltage.
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(4)

_ b
Iout =a- VDAC

2.1.6 UART TTL to RS-485 Conversion

The Universal Asynchronous Receiver Transmitter
(UART) interface is an interface used to transfer serial
data asynchronously. The asynchronous communication
does not require a clock signal but rather expects a start
and an end of a transferred message [9]. On the ESP32,
the UART runs on 5 V. A further difference is the line
driver, which converts single ended UART signal to a bi-
directional differential signal resulting in two data lines,
Data A and Data B. The signals for RS-485 usually range
between +/- 1.5 V [9]. For the signal conversion, we use
a commercially available UART to RS-485 converter,
which also features automatic flow control. Without
automatic flow control, a digital control signal is required,
in order to assign one line the for communication, as it is
not possible to transfer data over both reading and
transmitting line at the same time. This, in particular,
complicates timing the communication, hence we
decided to use a module with automatic flow control.

2.1.7  Reference Voltage Calibration

The ADC and DAC lack quality in terms of linearity
that are mainly due to noise and varying reference
voltages between different microcontrollers. Hence, we
perform an automatic ADC and DAC calibration by
calculating two points used for linear interpolation.

A reference voltage for the ESP32 is set, emitted and
redirected to two ADC pins, after the voltage is reduced
to 1/3 and 2/3 of the reference voltage, respectively. With
this construction, the ADC is calibrated. Afterwards, the
DAC redirects its output to an ADC pin, reading the
provided voltage from the DAC.

2.18

Input and output stages are low pass filtered using
first order RC filters to reduce the noise. The adopted
bandwidth of 15 Hz is selected to allow all signals in
timescales down to 1 s without significant delays and
attenuations.

219 Summary

The ESP32-PICO-KIT is expanded by adding a
24 Vdc power conversion, 5 circuits for each of the
individual communication interfaces and a calibration
circuit. Figure 4 depicts a view of our finished prototype.
The schematic and Printed Circuit Board (PCB) layout
can be examined on the publicly available GitHub
repository [10].

Low-Pass Filter
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from our defined requirements

2.2  Software Design

We programmed the firmware in Python code.
However, the microcontroller could also be programmed
with other languages like Arduino or C++. The storage
space on the ESP32 is limited, therefore we use
Micropython, which is a lean Python implementation and
was especially developed for microcontrollers [11].
Because the basic Micropython firmware does not allow
for setting a reference voltage, we used the LoBo
Micropython implementation, that is freely available on
GitHub [12]. The GitHub page also contains some
instructions on how to flash the firmware onto the ESP32
(we use the esptool for flashing the firmware and ampy
to transfer files over serial connection). Following the
instructions, the ESP32 accommodates a file system, so
the software can be written with any Python
programming environment or plain text editor and be
transferred onto the ESP32.

When booting the ESP32 with Micropython firmware,
two files, boot.py and main.py, are always executed one
after the other. The following sections explain the
individual parts of the software in more detail.

221 Main.py

In this file, an instance of the board class is created.
All functions, which are used for addressing the analog
signal transmissions and Modbus communication, are
implemented within the board class. The functions may
be called from the instance within a Python shell that is
available on the ESP32 when e.g. connecting via serial
connection.

2.2.2  Board.py

The board.py is the main file for interfacing the
different communication interfaces and provides the
corresponding functions. In this file, a class “board” is
defined. All parameters are stored within the class object.
The following methods are available:

e init_ (self): This function is called when creating

an instance of the board class. Parameters are
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fetched from the parameters.py and assigned to the
attributes. In addition, the ADC and DAC pins for
0-10 V input and output as well as 0-20 mA input
and output are assigned. After this, a Modbus
instance is created. Finally, the methods for setting
a reference voltage and executing the calibration are
called.

set ESP_referenceVoltage(self): This function sets
the reference voltage to the predefined pin (in our
case 1027, see schematic [10]).

calibrate(self): This function calls the ADC and
DAC calibration.

calibrate_adc(self): In this function, the ADC
regression parameters are calculated and slope and
intercept are returned.

calibrate_dac(self): In this function, the ADC
regression parameters are calculated and slope and
intercept are returned.

Four methods for either ADC or DAC conversions
between digital and voltage values: This allows an
incremental and consistent calculation for the
reading and writing functionalities, but also
requires to define the ADC and DAC characteristic
at least once.

Four methods for either reading or writing analog
voltages and currents: The reading and writing
methods contain the relations described in chapter
2.1.

Modbus-related functions are callable by the
Modbus instance.
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This file contains all predefined parameters. E.g.:

Parameters.py

Pin numbers

Predefined digital and voltage values for calibration
Parameters of the relations described in chapter 2.1.
Modbus-related parameters: Definition of the
physical serial port and other specific parameters
like the baudrate of the connected device, the
Modbus slave address and register lengths.

2.2.4  Modbus

For Modbus, the modules uModbusSerial.py,
uModbusFunctions.py and uModbusConst.py are
available. These files are slightly adjusted versions of the
uModbus package for Micropython [13]. The
uModbusSerial.py being the main file provides a class
with standard reading and writing functionalities for
registers and coils. Our changes mostly concern reading
the UART interface.

2.2.5

Summary

The software implementation features a board class
that provides the interfacing methods for reading and

86

writing analog voltages and currents as well as receiving
and sending Modbus signals. At current state, no
automatic sensing or control and logging routines are
implemented. When booting the ESP32, a “board”
instance is created. This board instance is used via
console from serial connection. Modbus-specific
functions were taken from the Micropython uModbus
module. Parameters may be accessed and changed in the
parameters.py module. The complete software
implementation is available in the GitHub repository [10].

3 Test series

In order to validate the functionality of the interfaces,
a test series is conducted. For the validation of analog
reading and writing, we use a test setup consisting of a
Programmable Logic Controller (PLC) and terminals for
0-10 V input and output as well as 0-20 mA input and
output. With these terminals, it is possible to provide
constant voltages and currents or read those generated by
the loT-gateway. We validate the RS-485 interface with
a Modbus RTU slave device — an electric valve actuator
[14]. The Modbus protocol works with digital values
stored in registers and coils; a description of the Modbus
registers is provided by the manufacturer [15]. Table 2
provides an overview of the used testing hardware
components.

Table 2. Test series hardware

Tested gateway Testing device

interface
- CX5130 (PLC)
0-10 V input EL4008
0-10 V output EL3008
0-20 mA input EL4018
0-20 mA output EL3048
RS-485 LM24A-MOD

3.1 Setup

We investigate the analog reading and writing
functionality by providing predefined voltages and
currents with either the PLC terminal or the loT-gateway
and measuring the corresponding value on the other side.
For 0-10 V, we therefore varied the voltage with a step
width of 0.5V, for 0-20 mA we used 1.0 mA steps.
Accordingly, we compared the loT-gateway’s signal to
the terminal’s signal. Because of noise, the signal may
vary at equal conditions. Therefore, we read 1000
samples and calculate the average value.

The Modbus communication is validated by simply
writing a set point to a register, waiting for the actuator
to move and reading its corresponding actual value
afterwards. We wrote on register 1 a value of 2500 and
7500 and read the related value on register 5. Register 1
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is related to the positional set point, which ranges from
0-10000, where 10000 corresponds to 100 %. Register 5
reads the actual position, again ranging from 0-10000.

3.2 Calibration issues

With the proposed calibration method, the ADC and
DAC results show severe deviations from expected.
However, the problems with noise and accuracy due to
different reference voltages are known issues to the
manufacturer of the ESP32, Espressif, that provide in
their own software development kit and programming
guide some useful calibration functions that depend on
the internal reference voltage.

For chips produced after the beginning of 2018, the
internal reference voltage is measured and directly fused
to each chip and hence the calibration can be automated
easily. Since the chips of our ESP32-PICO-KITs were
produced in 2017, their reference voltage cannot be read
directly from the chip. Therefore, in order to use the
calibration functions provided by Espressif, we measured
the reference voltage and calculated slope and intercept
for the linear regression. The calibration functions by
Espressif lead to results that are more accurate;
consequently, we use their calibration method over our
two-point regression. The next section gives an overview
of the validation results with this calibration applied.

4  Results and Discussion

The validation results for 0-10 V input and output are
summarized in Figure 5, Figure 6 illustrates the
corresponding results for 0-20 mA input and output.
Table 3 summarizes the maximum and average
deviations for the analog communication.

Even with the calibration functions given by Espressif,
the results show significant errors for both small voltage
and current values. On the one hand, the internal ADC
characteristic typically exhibits a negative offset of
almost 75 mV that results in the impossibility of reading
any value below that threshold, i.e. approximately
750 mV and 1.5 mA for the voltage input interface and
the current one respectively. On the other hand, the DAC
characteristic shows an offset of almost 300 mV, thus
resulting also in this case in a reduced effective range.

With regard to control purposes, the DAC should
always be able to apply a zero voltage; besides that, the
DAC deviations are probably negligible, since, in many
applications, control algorithms rather rely on differences
between set and actual values to produce a specific output
for an actuator, for instance in case of simple
proportional—-integral—derivative (PID) control. On the
contrary, the ADC readings should be accurate and hence
improved on the whole range. This, for instance, applies
in case of cascaded PID control where different single
sensor errors could add up to significant gain errors.
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However, the minimum range limitation rather affects
actuator position feedback, as e.g. temperature or
humidity sensors normally operate far from the minimum
of the range. Besides that, following the example of
simple PID control, the sensor data acquisition
inaccuracy would lead to a different gain, but would not
change the general behavior. In order to fully evaluate the
limitations for BAS operation, a detailed study is
required addressing specific criteria like cyclic
communication times, packet size, delays et cetera to
guarantee the system’s controllability.

At this stage, excluding the error below the 20 % of
the input/output range, maximum absolute errors are
0.08 V and 0.16 mA, respectively, which shows that the
device is usable for operating with standard voltages 2-
10 V and standard currents 4-20 mA for control purposes.
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Figure 5. Validation of 0-10 V input and output

Measured value

[ T ST S = (O« -
1 1 L L L

B 10 12 14 16 20
Pradefined value

Figure 6. Validation of 0-20 mA input and output
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Table 3. Analog relative (er) and absolute (ea)
maximum, minimum and average errors

Interface  0-10]2-10 0-10[2-10 0-20j4-20 0-20[4-20

Vin V out mA in mA out

[%] [%] [%] [%]
ermax  49.54.19 48.6]10.1 50.0/3.88 7.64]4.32
€r,min 0.42/0.42 0.36/0.36 0.53|0.53 0.77|0.77
Eravg 4.35|1.45 6.39|2.43 4.29|1.44 2.76|2.32

[Vl \Y| [mA] [mA]
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amsx  0.75/0.08 0.29/0.20 1.5(0.16 0.46/0.46
€amn  0.040.04 0.03/0.03 0.11/0.11 0.080.12
€amg  0.11/0.07 0.120.09 0.22]0.14 0.21/0.24

For the Modbus device set point of 2500, we read a
value of 2501, for 7500 we read 7502 on register 5.
Modbus is a digital communication, hence not causing
any deviations. The very small deviations may occur due
to the accuracy of the actuator position.

From the validation results, we conclude following
assertions:

e  Due to varying internal voltages between different
ESP32 modules, the proposed calibration method
did not show the desired improvement on the ADC
and DAC accuracy. A different method should be
proposed in the future to calibrate the conversions
between analog and digital values automatically.
Within the range of 2-10 V and 4-20 mA, the loT-
gateway was able to read analog voltages and
currents at an average error of 1.45 % and 1.44 %,
respectively. The maximum deviation amounted to
4.19%. In the same range, writing of analog
voltages and currents accounted for average errors
of 2.43 % and 2.32 %, respectively. The maximum
deviations for writing amounted to 10.1 %. For
smaller voltages and currents, the ADC is not able
to dissolve them. This issue should be addressed in
the future, since reading the actual value accurately
is important when calculating a specific output. The
writing  functionality yielded an acceptable
accuracy.

The PLC terminal EL3048 has an input impedance
of about 85 Q. The current output loop was tested
with different loads and showed that a maximum
load of 250 Q can be handled. Further research on
input impedances of BAS devices is necessary to
assure a general suitability for BAS applications.
Communication via RS-485 was tested with a
Modbus device. The set point register was written
and the actual value register read with success. Very
small deviations occurred, probably due to the
electric motor accuracy.

The loT-gateway transmitted signals within 1 s for
all tested interfaces.

The technical requirements are met. However, one
question remains: How much does this multi-gateway
cost compared to the commercially available devices?

4.1 Prices

With the assumption, that a larger field test would
require around 50-100 loT-gateways, we examine the
prices for all used components. Figure 7 shows the cost
distribution: except for the RS-485 converter, all
component prices are fetched from www.mouser.de [16].

88

This diagram shows that the ESP32-PICO-KIT costing
8.73 € accounts for almost half of the total costs. The
circuits for 0-10 V in- and output as well as 0-20 mA
input are equally distributed with costs of about 1 € each,
the RS-485 module falling little behind with 1.18 €.
Because of the high precision reference voltage for the
OPAT05, the power supply costs 4.34 € and thus causes
the second highest costs in total. Since the OPA705 is the
only part in need of 10 V, this design should be revised
in order to further reduce the costs. However, this
component could also help utilizing and improving an
automated ADC calibration. The current output loop
yields the fourth highest costs and should be revised as
well, in order to allow for devices with higher input
impedances. The total component price is 23.57 €.

In addition to the components, the PCBs have to be
produced and all parts have to be assembled. The costs
for 100 PCBs including assembly and shipping account
for roughly 400 € corresponding to 4 € per piece. In total,
the purchasing costs for one loT-gateway at quantities of
100 amount to about 28 €. From a vendor’s perspective,
this price could obviously be reduced by purchasing the
components in larger amounts or entering special
contracts with manufacturers. However, aside from
researching aspects, a single-gateway would probably be
more suitable for industrial BAS applications.

rs485

esp

Figure 7. Cost distribution of the loT-gateway;
costs per gateway in € for 100 pieces ordered

Summary and Conclusion

In this paper, we designed an loT-gateway for
research on applications in BAS. From our experience,
we derived technical requirements for an loT-gateway in
BAS applications. More specifically, we defined:

Timescales for physical and interpretation delay
Storage and resolution requirements
Commonly used signal transmission interfaces
Software requirements

Network and time-tagging requirements


http://www.mouser.de/
http://www.mouser.de/
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Common industrial power supply in BAS

Utilizing the ESP32-PICO-KIT as a base module
satisfies several of the defined requirements such as
network connection and time-tagging abilities, ADC and
DAC functionalities with appropriate resolution or
enough storage capacity for buffering purposes. In order
to provide the required interfaces, we designed the
additionally necessary peripheral circuits accordingly to
allow for analog as well as bus-based communication via
RS-485. The ESP32 is a freely programmable WiFi
controller; the software addressing all interfaces was
written in  Micropython, however, it could be
programmed with different languages either.

To validate the designed circuits for the different
communication interfaces, a test series was conducted
comparing target values to measured values. In the
validation, analog readings showed severe issues when
reading very small values. The average relative errors
were around 4.3 %. The analog writing functionality
resulted in deviations that were higher than the deviations
in reading. In BAS, control algorithms often use
differences between set and actual values to calculate an
output, hence we conclude that the reading functionality
requires improvement. However, further investigations
should aim for specifying the exact limitations for BAS
operation. Besides that, the analog writing functionalities
require small changes in order to at least ensure reaching
both upper and lower limit. Additionally, the current
output loop is only able to produce a current for devices
with resistances up to 250 Q. For RS-485, we
successfully tested a Modbus device. This interface could
also be utilized to realize BACnet communication.
Further development should focus on extending the
firmware and testing BACnet support. In general, the
technical requirements could be met showing some
restrictions.

Additional improvements include logging routines
and streaming of measurement results over WiFi as well
as the implementation of control loops.

As regards purchase costs, the total costs amount to
roughly 28 €, hence being far below comparable 1oT-
gateways like a shielded Raspberry Pi with a retail price
of 100 €, a Controllino at 200 € or edge controllers at
300-400 €.
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Abstract -

In recent years, terrestrial laser scanners have
been introduced to enable efficient as-built modeling.
Since heating, ventilating, and air conditioning
facilities often include many pipes and ducts packed
into small spaces, it is difficult to manually
determine optimal scanner placements that can
capture their surfaces with high accuracy and
quality and with few occlusions.

To solve this problem, we propose an optimal
scan planning method based on mathematical
programming that uses a coarse 3D model obtained
from structure-from-motion as prior knowledge of
the objects to be scanned. Integer programming
enables us to identify optimal scanner locations that
maximize scan coverage while satisfying general scan
constraints. The proposed method can outperform
experienced operators in terms of scan coverage and
modeling accuracy. In addition, we extend our
original method to address additional objectives and
constraints encountered in practice, such as ensuring
full scan coverage, minimizing travel time, and
guaranteeing point cloud registration. We also
confirm our methods’ effectiveness via computer
simulations.

Keywords —
Laser scanning; scan planning; Structure-from-
motion; Next-best-view; As-built; Plant renovation

1 Introduction

Recently, increasing numbers of building facility
renovations are being conducted in the heating,
ventilating, and air conditioning (HVAC) industry.
Laser scanning with terrestrial laser scanners (TLSs) is
being used to reconstruct as-built three-dimensional
(3D) models of these facilities, enabling shorter survey
periods and in-depth construction planning. To
reconstruct such 3D models to the precision required for
renovation, the TLSs must be positioned appropriately
and the scanning process must consider several different

91

objectives and constraints. First, with a TLS, the
scanning error depends on the scanning range and the
incidence angle between the scanning beam and the
surface to be scanned [1]. Second, the acceptable level
of scanning error can vary for different parts of the
facility depending on the scan’s purpose. Finally, the
aim is to maximize the scan coverage, with as few
occlusions as possible, while respecting the first and
second constraints.

Currently, however, the TLS positions are generally
determined manually by experienced operators, so there
is no guarantee that the scanner placements will satisfy
the above scanning objectives and conditions.

To deal with these issues, in this paper, we propose a
new optimal laser scan planning method for TLSs that
utilizes a coarse 3D model reconstructed via a structure-
from-motion (SfM) technique as prior knowledge. It
uses integer programming to find optimal scanner
placements that maximize scan coverage while
satisfying the beam incidence angle and scanning range
constraints. We also propose ways to address three
further objectives and constraints encountered in
practice: providing full scan coverage, minimizing
travel time to increase scanning efficiency, and
guaranteeing point cloud registration. To achieve this,
we develop three extensions to the original method.
Finally, we evaluate our methods’ effectiveness via
experiments and computer simulations.

2 Related Work

In the reverse engineering and robotics fields, the
problem of automatically determining optimal sensor
placements and measurement sequences is known as the
next-best-view (NBV) problem [2]. NBV problems can
be divided into two types: ones with prior knowledge
about the objects to be scanned and ones without. It is
known that better sensor placements can be found in the
former case [3] than in the latter.

Several NBV problem studies have considered
optimal laser scan planning problems involving prior
knowledge. Soudarissanane et al. [4] and Ahn et al. [5]
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proposed scanner placement estimation methods that
maximize the building’s measurable wall length using
greedy methods, based on 2D drawings of the building’s
interior and exterior. However, since their methods treat
scanner placement as a simple two-dimensional (2D)
optimization problem, it is difficult to ensure the
scanner placements provide sufficient scan coverage,
minimizing occlusions, when applied to scanning plant
facilities involving complex, 3D structures with TLS.

Turning now to 3D optimization approaches, Kitada
et al. [6] and Zhang et al. [7] proposed methods for
deriving optimal scanner placements that maximize
scanned surface coverage. These apply integer
programming [6] or full search [7] to a 3D model of the
building’s exterior, but they do not consider the beam
incidence angle and scanning range constraints. In
addition, these studies did not compare the optimal
scanner placements found by their algorithms with those
determined by experienced operators in terms of
scanning efficiency and quality for as-built modeling.

In our previous study [8], we also proposed a
method of solving the optimal TLS planning problem
that uses the mesh model representation of an SfM
model as prior knowledge. Our method formulates the
problem of maximizing the number of measurable
surfaces while satisfying the incidence angle and
scanning range constraints as a 0-1 integer
programming problem, deriving the optimal scanner
placements from its solution. However, this method
cannot provide full scan coverage, minimize travel time,
or guarantee point cloud registration.

To address these issues, in this paper, we extend our
previous approach [8] so as to derive the additional scan
positions needed for full scan coverage, optimize the
scan sequence to minimize travel time, and generate
scanner placements that guarantee point cloud
registration.

3 Planning Optimal Scans Using Mesh
Models And Integer Programming

3.1  Algorithm Overview

In this section, we provide a brief overview of our
previous planning algorithm [8]. As shown in Figure 1,
the first step is to generate a coarse 3D SfM model from
photos of the facility to be modeled. Next, since the
required scan quality can differ substantially depending
on the area and construction type, we assign a “scan
significance level” to each region to specify the quality
needed, which is later used to determine the constraint
level. Each of the SfM model’s surfaces is assigned one
of three scan significance levels: high, medium, or low.

During the second step (Figure 2) the space
enclosing the SfM model is decomposed into a set of
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Figure 1. Outline of our optimal scan planning
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voxels with a spatial resolution of [,, and any voxels
that include one of the SfM model’s surfaces have their
space occupancy attributes set to occupied. Next, rays
are cast from each camera position toward the centroid
of the outermost voxel P,,; included in that camera’s
view frustum. Based on these results, the space
occupancies of the remaining voxels are set to one of
the remaining three types: free, possibly_occupied, and
possibly_unknown. Then, as shown in Figure 3, based
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on the voxels’ space occupancy classifications, a set of
candidate scanner positions v, is extracted from the
voxel space enclosing the SfM model.

The final step is to reduce the optimal scan planning
problem to a 0-1 integer programming problem. First,
we calculate the observation matrix 4 = {a,_}, where
a,, s indicates whether surface f of the SfM model is
visible from scanning position v, . To efficiently
determine the visibility, we render the sections of each
surface of the SfM model in different colors on a
spherical image generated from v, (Figure 4). Then,
surface f is visible if the color used to render it remains
in the image produced by the graphics processing unit
(GPU). If f also satisfies the incidence angle and
scanning range conditions, it is labeled as
observable (a,,; = 1). By repeating this process for
all v, € V, we can generate the observation matrix A.

Finally, we derive the optimal scanner placements
by integer programming, where the indicator variables
represent whether or not a scanner should be placed
at v.. Here we use the Numerical Optimizer [9] package,
with the branch and bound algorithm.

3.2 Performance

We compared the performance of our original
method with that of experienced operators for a room
containing a machine acting as a heat source (12.1 x
14.1 x 4.6 m®) in terms of the number of scans, scan
coverage ratio, modeling accuracy, and processing time.
The scanning conditions and threshold constraint values
were as shown in Tables 1 and 2, respectively. The
optimal laser scanner positions found by both methods
are shown in Figure 5.

These results confirm that the proposed method
yielded higher scan coverage than the human operator
could achieve. The geometric errors in the point cloud-
based model captured with the optimal scanner
positions were less than 5 mm, sufficient for practical
use, while those in the model captured using the
operator’s placements were more than 7 mm and it is
too high for the model to be useful. Furthermore, our
method was able to generate optimal scanner positions
in only a few minutes, giving it a significant advantage
for use in practical scanning tasks.

4 Addressing Practical Constraints

4.1  Issues and Resolutions

Unfortunately, several issues still remain when
applying the original optimal scan planning algorithm
(Section 3) in practice, namely the following.

e  When scanning complex facilities, the use of 2D
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Table 1. Scanning parameters

Parameter Value

Scanner height (hgcqrn) 14m
Scanner base radius (5cqn) 0.3m
Vertical field of view 320°
Horizontal field of view 360°

Vertical and horizontal scan pitch 0.072°

Table 2. Scanning constraints

Scanning significance level

Constraint High  Medium Low
Max. incidence angle  45° 90° 90°

Min. scan range 0.3m 0.3m 0.3m

Max. scan range 50m 8.0m 20.0 m

E High-significance region

@® Scanner positions obtained by
the mesh-based integer programming
method

@ Scanner positions obtained by
the experienced operator

Figure 5. Scanner positions in a room with a
machine-based heat source

candidate scanner positions, with the scanner
placed at a constant height on a tripod, means that
un-scanned SfM model surfaces often remain near
ceilings, regardless of the scanner positions used.

e Since the sequence in which the scans are
performed does not affect the coverage or scan
quality, the sequence used is left to the operator’s
judgment. However, when scanning large-scale
facilities, it is difficult for unskilled operators to
move from one position to the next efficiently
without getting lost.

e  Since no constraints are imposed on the overlaps
between point clouds from different scans, the
scanner positions generated do not necessarily
ensure point cloud registration.

To address these issues, in this study, we extend our
original method in the following ways, then evaluate the
effectiveness of these extensions in computer
simulations.

1.  We formulate an additional planning problem
using integer programming to derive additional
and optimal 3D scanner placements that can
achieve full scan coverage with the minimum
number of scans.
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2. We formulate an optimal scan ordering problem,
deriving the shortest distance needed to travel
among the scanner positions from an instance of
the traveling salesman problem.

3. We formulate scan planning as a constraint
satisfaction problem to derive optimal scanner
placements that guarantee point cloud registration.

4.2
421

Full-Coverage Scan Planning Algorithm
Generating Additional Scanner Positions

First, based on the constraints given in Table 2, we
define a view frustum (Figure 6) such that the viewpoint
is located at the centroid £, of the unmeasured surface,
with the view direction directed toward the surface’s
normal vector n;, the vertical and horizontal fields of
view being 26, and the near and far planes being d;i
and d,,,q, respectively. Then, free or possibly_occupied
voxels whose centroids are included in the view frustum
are extracted as additional candidate scanner
positions v € V;canner-

4.2.2  Checking Visibility and Generating the

Observation Matrix

As with the original method [8], we formulate the
problem of planning additional scans as a 0-1 integer
programming problem. Therefore, we again need to
generate an observation matrix B = {by, , } , where
by, », indicates whether or not the un-scanned surface f,
is observable from scanning position vy.

To efficiently evaluate these element values, we
generate spherical images of the SfM model’s surfaces
as seen from each position v, as before, labeling each
surface as observable (b , =1) or unobservable
(bfu.vs = 0) using pixel-wise visibility checks and scan
quality checks that consider the beam incidence angle
and scan range. By repeating this process for all v, €
Vecanner» We Can generate the observation matrix B.

4.2.3  Generating Additional Scanning Positions

Using the observation matrix B (Section 4.2.2), we
formulate the additional scanner placement problem as
the following 01 integer programming problem.

minzilglize Z zvs(l + ah,,s) (1)-1
VsEVg

subject to Z bs, vZv, = 1 (fy, € ) (1)-2

Vs€Vscanner (1)_3

2y, € {0,1} (vs € V5)

Here, the terms are defined as follows:
v € V;: a candidate additional scanning position,
fu € E,:an unmeasured triangular SfM model surface,
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Figure 6. Generating additional scanner position
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Under the flange
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Figure 7. Distribution of the unmeasured high-
significance surfaces

W Initial optimal scanner positions
u Addition scanner positions

Figure 8. Distribution of additional scanner

positions

(1 if vg is used as a scanning position,

Zos = {0 if vg is not used as a scanning position,

! if f is measured,

Xr = {0 if f is not measured,
and
h,: z coordinate of v;.

Here, the objective function (Equation (1)) aims to
minimize both the number of additional scan positions
and their z-coordinates, so lower v, positions will tend
to be selected as additional scan locations.

Finally, we derive the solution to this optimization
problem by integer programming. The centroids of the
voxels v, for which z, =1 are adopted as additional
scanning positions, and added to the set of scanner
positions Z,,, derived in Section 3.

424  Results

We applied the above algorithm for planning
additional scans to the room used for the previous
evaluation (Section 3.2). Figure 7 shows the high-
significance surfaces that could not be measured using
only the previous scanner positions. The parameters and
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constraints were as before (Tables 1 and 2, respectively).

Here, 2,258 additional candidate scanner positions
v were considered, from which the proposed algorithm
extracted the five positions shown in Figure 8. These
included several high locations, needed to scan several
pipes installed near the ceiling. We were able to confirm
that the scan coverage reached 100% with these
additional scanner positions added. The time required to
solve the optimization problem was 9.6 min, which is
reasonable for on-site planning.

The TLS unit used for these experiments weighed
9.8 kg, and its body was 170 mm wide, 286 mm deep,
and 286 mm high. This made it difficult to position at
the heights required on a tripod due to instability.
Therefore, for these additional scans, another laser
scanner would be needed that is smaller, lighter, and has
a tripod capable of greater extension.

4.3 Optimal Scan Ordering Algorithm
43.1

First, the areas of the SfM model through which the
operator can travel are extracted using the voxels’ space
occupancy attributes (Section 3.1).

This is achieved by approximating the shape of a
human body as a closed cylinder Cp,yman With a radius
of Thyuman (Figure 9), and determining the minimum
connected voxel set Vi, man that can include Cyman- AS
shown in Figure 9, if the ratio of the area of the
projected floor voxels (M) to that of V. man Projected
along the z-axis (N) is greater than the threshold
value T,qce, the floor voxel is classified as passable.
This condition can be represented as

M/N = Tplace: (2)

Estimating the Passable Areas

where we set 7,4, = 0.80 in this paper.

4.3.2 Constructing the Path Graph

Generating the optimal scan ordering that achieves
the shortest possible travel distance among the given
scanner positions can be formulated as an instance of
the traveling salesman problem. In this problem, the
costs, namely the distances dist;; between pairs of
scanner positions i, j, have to be evaluated and assigned.
With this in mind, we construct candidate operator
routes as path graphs.

First, as shown in Figure 10, the passable voxels are
projected onto a horizontal plane and the centroids of
passable voxels are designated as nodes, with pairs of
adjacent nodes connected by edges. Then, the set of
optimal scanner positions Z,,, is projected onto this
horizontal plane and the closest nodes are regarded as
the scanner nodes. Finally, the shortest path between
each pair of scanner nodes, i.e., the path that minimizes
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Figure 10. Constructing path graph

the distance between them, is evaluated using Dijkstra’s
algorithm. Here, the distances between scanner nodes
are calculated in terms of the Manhattan distance. This
enables us to define all the distances dist;; between
pairs of scanner nodes.

4.3.3  Calculating the Shortest Path and Optimal
Scanning Order
The optimal scan ordering problem can be

formulated as the following traveling salesman problem.

minxiir;lize Z Z dist; j x; j (3)-1
i€Vopt JE€Vopt

subject to Z X =1 (Vi € Vopt) (3)-2
J€Vopt

Z X, =1 (V) € Vopr) (3)-3
iEVopt

ye=yj+ (= 1x,; <n-2
(Vi,] € Vope \ {1},i % ) (3)-4
x;; € (0,1} (Vi,j € Vope) (3)-5

Here, the terms are defined as follows:

[ € Vope: a scanner node,

v = {1 if the path traverses from nodes i to j,
L 0 otherwise,
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dist; ;: the distance from nodes i to j,
and
y;: adummy variable.
Finally, we can solve this optimization problem
using integer programming.

434

We used the above scan ordering optimization
algorithm to plan the scanning sequence for the machine
room example considered in Sections 3.2 and 4.2.4. The
eight scanner nodes shown in Figure 11 had previously
been derived using the original method [8]. Here, the
numbers indicate scanner position IDs. In this case,
since the entrance and exit were located at the lower left
of the room, this was selected as the start point S, and a
route derived that started and ended at S. For this
experiment, we used Thuman = 0.3 m and hyyman =
1.6 m.

The optimal route is shown in Figure 11. Conducting
the scans in the order S>1—-5—7—6—4—>3—>2—S
gave us a minimum travel distance of 35.1 m.
Constructing path graph process (Section 4.3.2) took
309 s, and the optimization process (Section 4.3.3) took
0.4 s, meaning this approach could also be used for on-
site scan planning.

Being able to calculate such optimal routes could be
very helpful in practice, as it could enable unskilled
operators to complete scans efficiently without getting
lost.

Results

4.4  Planning Optimal Scans that Guarantee
Point Cloud Registration
441 Problem Setting

Point cloud registration is the process of aligning
overlapping scanned points or point clouds with
common target markers. It is essential to ensure point
cloud registration in laser scanning to create as-built
models, so we must generate scanning plans that
guarantee point cloud registration. In this paper, we
simplify this problem by using target markers to assist
with point cloud registration when planning the scans.

In particular, we enforce the following two
constraints to enable point cloud registration.

1. Asshown in Figure 12, at least two common target
markers must be visible from any two different
scanner positions.

2. The registration graph must be fully connected.
This graph defines the scanning positions as nodes,
and has edges between positions that satisfy
Condition 1.

Here, the proposed scanner placement method only
attempts to satisfy Condition 1 because it is almost
satisfied during the scanning of an open room with
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plenty of planes. Conversely, when aligning plurality of
rooms, second Condition 2 must be satisfied. Therefore,
we plan to deal with Condition 2 in the future.

4.4.2

First, the operator interactively designates planar
areas in the SfM model as target markers, and assigns
each one a marker ID.

443

Selecting Planar Regions

Checking Visibility and Generating the
Registration Matrix

Again, our approach is similar to that used for the
original method [8]. First, we construct an observation
matrix A = {a; s} describing whether or not the surface
f can be observed from the candidate scanner position i,
in the same way as in Section 3.1.

In addition, we also calculate the registration matrix
G ={g;} describing whether or not given pairs of
scanner positions i,j enable registration between their
point clouds. Here, we first calculate the marker
observation matrix E = {ei,m} describing whether or not
marker m can be observed from scanner position i. Next,
as shown in Figure 13, if the marker plane f,, passes the
pixel-wise visibility check (Section 4.2.2) then it is
labeled as visible. If £, also satisfies the incidence angle
and scanning range conditions given in Equations (4)
and (5), it is labeled as observable.

ang{l(fm’ i), nf(fm)} < Hm
dmmin < diSt(fmt i) < dmmax

(4)
(®)
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fm/FM 2 Tm (6)

Then, as described in Equation (6), if the ratio of
observable plane elements f,, to the complete set of
plane elements F,, constituting the marker is larger
than t,,,, we sete; ,,, to 1, i.e., observable.

Next, we calculate the inner product of the row
vectors e; and ey in the marker observation matrix E,
which correspond to the i-th and i’-th scanner positions.
When e; - e;; = 2, the point clouds scanned at these two
positions have at least two markers in common, so point
cloud registration is possible and we set g, ;» = 1:

1if e;-ey =2,
e M)

0if e;-ey <2

444  Generating Optimal Scanner Placements

that Allow for Registration

Using the registration matrix G (Section 4.4.3), we
can generate optimal scanner placements that ensure
point cloud registration as follows.

ma;(fl,rzrzlze Z Xf (8)-1
feF
subject to Z z;<T (8)-2
iev,
z ai_fzi = Xf (Vf € F) (8)'3
i€V,
Z zizp g 2 1 (Vi' €Vp) (8)-4
iev,
z; € {0,1} (Vi € V) (8)-5
xr €{0,1} (Vf EF
s €01} (Vf € F) 05

Here, the terms are defined as follows:
i € V: a candidate scanning position,
f € F:atriangular surface with high significance in the
SfM model,
T: the upper limit on the number of scans,
(1 if position i is adopted,
%= {0 if position i is not adopted,

(1 if f is measured,
Xr = {O if f is not measured,
(1 if f is observable from i,
dif = {O if f is not observable from i,
and
(1 if positions i and i'are aligned,
Gur = {0 if positions i and i’ are not aligned.

In the formulation of 4.2 and 4.3, as the objective
function and constraints can be expressed as linear
functions, 4.2 and 4.3 can be handled as an integer
programming problem. Therefore, an optimal solution
can be derived through the simplex method. In contrast,
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as the registration constraint in the formulation of 4.4
needs to be expressed by a quadric function, it cannot be
handled as an integer programming problem. Therefore,
we treat it as a constraint satisfaction problem, and
derive a solution using tabu search, which is a
metaheuristic [10], [11]. This algorithm solves the
problem of minimizing total penalty for the violation of
each constraint. Because this algorithm is an
approximate solver, even if there is no solution that
satisfies all constraints, we can derive a solution that
satisfies the constraint to the maximum possible extent.
Finally, the scanner positionsi for which z; = 1
were added to the set of optimal scanning positions Z,,..

445 Results

We again applied the algorithm to the machine room
used in our previous evaluations (Sections 3.2, 4.2.4,
and 4.3.4). As shown in Figure 14, eleven planes were
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chosen as being representative of the given area,
excluding the floor, and were selected as target markers.
The same parameters and conditions were used as
before (Tables 1 and 2). In addition, since the target
markers had to be scanned with high precision, the
conditions for Equations (4) and (5) were taken to be
0., = 45° dmin = 0.3 M, dimax = 10.0m, and 7,,, =
0.8.

We compared the scanner placements obtained by
the proposed method (Case 2) with those obtained via
the original integer programming method (Section 3)
that does not consider registration, with T = 7 (Case 1).

The resulting scanner placements are shown in
Figure 15. The scan coverage of the high-significance
areas was 85.0% in Case 2, which was 3.2% lower than
in Case 1 (88.2%). We also confirmed that the proposed
scanner setup (Case 2) yielded a fully-connected
registration graph, with every point cloud pair including
at least two markers that were visible from both clouds
and it being possible to connect all the point clouds to
each other by a sequence of registrations. By contrast, in
Case 1, the registration graph was not fully connected
and the scanner positions were divided into two
connected components, making it impossible to register
point clouds in different components.

5 Conclusions

In this paper, to ensure that the laser scans used for
as-built modeling are sufficiently complete, efficient,
and reliable for use in plant renovation, we have
proposed three optimal scan planning methods that
extend our original method.

First, we confirmed that we could achieve 100%
scan coverage using the additional scanner positions
generated by our extended planning method. Next, we
confirmed that we could derive the scan order that
minimized the total travel distance using our scan
ordering method. Finally, we confirmed that the scanner
positions generated by our registration-aware method
ensured that every pair of point clouds included at least
two markers that were visible from both clouds and that
all the point clouds could be connected via a sequence
of registrations.

In future work, we plan to introduce conditions on
the scan overlap to ensure global registration in the
optimal scan planning problem, and also to develop a
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navigation system that can present the scanner setup
positions without requiring any survey instruments.
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Abstract -

The explosion of high-rise building projects has
increased the awareness on the importance of the
planning and management of vertical transportation
systems (i.e., tower cranes, construction elevators
and concrete pumps). Although researchers have
made beneficial efforts in several aspects of vertical
transportation systems (e.g.,, optimal design
capacities and layouts), the estimation of demands on
vertical transportation systems (i.e., the quantity of
construction resources associated with location, trip
date and vertical transportation mode) has not been
fully integrated. Currently, this process is still done
manually. Building information modeling (BIM)
provides the possibility to automate this process,
decreasing the time it takes to gather that
information and reducing errors associated with
manual collection and quantification. This paper
proposes a BIM-based framework to generate the
vertical transportation demands during the
construction of high-rise buildings. It consists of six
parts: (1) determine the vertical transportation
information of building materials, (2) generate the
vertical transportation information of temporary
construction materials, (3) link the project schedule
with construction materials, (4) generate the vertical
transportation information of construction workers,
(5) determine the vertical transportation mode for
construction materials, and (6) generate the vertical
transportation demands. A prototype tool, in the
form of an add-in using Revit API, has been
developed to demonstrate the functionality of the
proposed framework through testing the BIM model
of a 36-story high-rise building. The findings show
that the framework allows to exploit BIM to
generate the information needed to determine the
vertical transportation demands quickly and
effortlessly.

Keywords —
BIM; Vertical transportation demands; Vertical
transportation systems; High-rise buildings

1 Introduction

In recent years, the number and height of high-rise
buildings have increased significantly [1]. According to
the Council on Tall Buildings and Urban Habitat
(CTBUH) [2], the total number of 200-meter-plus
buildings in the world was 263 in 2000. This number
increased to 1,319 in 2017, a 402% increase from 2000.
The average height of the world’s 100 tallest buildings
increased from 285 meters in 2000 to 372 meters in
2017, a 31% increase.

The vertical transportation of resources required in
construction  projects is becoming increasingly
important, especially in the case of high-rise buildings
[3]. During the construction of high-rise buildings, there
are not only more resources to be transported, but also
transportation distances are longer, making the vertical
transportation efficiency an important factor when
considering the progress of construction projects [1].
For this reason, vertical transportation systems,
including tower cranes, construction elevators and
concrete pumps (Figure 1), are attracting more and more
attention from both academia and industry.

Figure 1. Tower cranes and concrete pumps used
in the early stages of the construction of a high-
rise building (source: the authors)
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Some researchers have made beneficial efforts in
several aspects of vertical transportation systems, such
as optimal design capacities [1] [3] [4] and layouts [6]
[7]1 [8]. These studies require vertical transportation
demands (i.e., the quantity of construction resources
(e.g., weight and volume of materials, number of
workers) associated with location, trip date and vertical
transportation mode) as the basis for analysis and
calculation. However, a main challenge is to obtain the
required information because the current estimation
process is still being done manually, making this
process time consuming, tedious, and prone to errors [1]
[9].

As a rapidly developing digital technology in the
AEC industry, building information modelling (BIM),
has made it possible to solve some of the above
problems due to its rich information stored (e.g.,
quantity and location of building elements), with the
potential of automating the estimation process [10] [11].
Some researchers have made beneficial attempts to
estimate the vertical transportation demands using BIM.
In their research, the quantity, weight, dimension,
coordinate and level of building elements in the BIM
model were extracted to determine the load and
destination of each transportation for tower cranes [4] [9]
[12]. Each building element was categorized according
to its material under the same family name and
associated with schedule information [4] [9]. In order to
estimate the vertical transportation demands of
temporary construction materials, formwork and
scaffolding were created in the BIM model [9].
However, these studies still have some application
limitations.  First, manually creating temporary
construction materials is inefficient, it has been showed
that the total modelling time doubles or more according
to previous project experience [14]. Second, the
researchers have not yet developed a method to link the
objects explicitly according to their characteristics due
to the discrepancy between the model break down
structure in the BIM model and the work break down
structure in the project schedule [13]. Although some
BIM tools, such as Autodesk Navisworks, can link

BIM model Project schedule

L]

Construction consumption codes

project schedule information with building elements
semi-automatically [5], they are still inconvenient due to
the need to create the corresponding collection of
building elements in the BIM model according to tasks
in the project schedule. Third, construction workers
have a greater impact on the transportation performance
of construction elevators than construction materials [1],
nevertheless, construction workers are difficult to
capture in the BIM model, and have not been included
yet in the previous studies. Fourth, there is a variety of
vertical transportation modes (e.g., tower crane,
construction elevator, and concrete pump) to be used in
high-rise building construction, the researchers have not
yet allocated transportation resources to different
vertical transportation modes available.

In order to address these limitations, this paper
proposes a BIM-based framework to generate the
vertical transportation demands during the construction
of high-rise buildings. The remainder of the paper is
organized as follows. First, each part of the framework
is explained in detail. Subsequently, an example is
tested using a prototype tool to validate this framework.
Furthermore, the benefits and limitations of the
framework are discussed. Finally, conclusions and
ongoing work are provided.

2 Proposed Framework

Based on the use of BIM authoring tools (e.g.,
Autodesk Revit), a framework to generate the vertical
transportation demands is proposed (Figure 2). It
consists of the following six parts: (1) determine the
vertical transportation information of building materials,
(2) generate the vertical transportation information of
temporary construction materials, (3) link the project
schedule with construction materials, (4) generate the
vertical transportation information of construction
workers, (5) determine the vertical transportation mode
for construction materials, and (6) generate the vertical
transportation demands. These six parts are explained in
the following subsections.

Design drawings & Project construction plans
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and location of
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Figure 2. A BIM-based framework to generate the vertical transportation demands



36" International Symposium on Automation and Robotics in Construction (ISARC 2019)

21 Part 1: Determine  the  vertical
transportation information of building
materials

In Part 1, the information of components is extracted
from the BIM model, including building elements (1D
number, category (e.g., columns, walls, beams, slabs,
stairs), type (e.g., rectangular beam, special-shaped
beam), floor, material property (e.g., material quality,
density) and dimension (e.g., height, length, width)),
building areas (ID number, floor and area), and building
levels (ID number, level and elevation). This
information is used to determine the quantity (i.e.,
weight and volume) and location of building materials,
and to gather the information required to generate the

vertical transportation information of temporary
construction materials in the next part.
22 Part 2: Generate the vertical

transportation information of temporary
construction materials

During the construction of high-rise buildings, the
quantity of temporary construction materials (i.e.,
formwork and scaffolding) to be transported is large. It
becomes critical when deciding vertical transportation
cycle-time [15]. Part 2 is to generate the vertical
transportation information of temporary construction
materials, including quantity and location.

In the construction industry, there are existing
construction consumption codes to estimate the quantity
of temporary construction materials. For example,
according to the consumption code [16], the quantity of
formwork is based on the type (e.g., rectangular beam,
special-shaped beam, lintel) and dimension (e.g., height,
length, width) of building elements to be constructed, as
well as the type of formwork to be used (e.g., bamboo
plywood formwork with steel shoring). Similarly, the
quantity of scaffolding is based on the building structure
type (e.g., frame structure, shear wall structure),
building height and area, as well as the type of
scaffolding to be used (e.g., steel pipe scaffolding). In
this part, the construction consumption codes are used.
Figure 3 shows the process to estimate the quantity of

Project Schedule

|
[ I I

Main Structure MEP

|

Sub-Projects
[ I I
Floor 1 Floor 2 Floor 3

|
[ I I
Install Rebar ~ Erect Formwork

|

[ I T

cotn wa
@)

Foundation

Place Concrete

temporary construction materials using the consumption
codes. It consists of three steps. First, obtain the
information required by the consumption codes from the
BIM model and project construction documents (i.e.,
design drawings and project construction plans). Then,
determine the unit quantity of the corresponding items
in the consumption codes according to the information
obtained, including the unit quantities of formwork for
different building elements and the unit quantities of
scaffolding for different building areas. Finally,
calculate the quantity of temporary construction
materials. Meanwhile, the location of temporary
construction materials is determined from that of
corresponding building elements (in the case of
formwork) and building areas (in the case of
scaffolding). Through using the BIM model and
applicable  consumption  codes, the  vertical
transportation information of temporary construction
materials is generated without creating them directly in
the BIM model.

Obtain the information Determine the unit quantity Calculate the quantity of
required by the of the corresponding items temporary construction
consumption codes in the consumption codes materials
Start End

Figure 3. Process to estimate the quantity of
temporary construction materials

2.3 Part 3: Link the project schedule with
construction materials

Part 3 is to link the information from the project
schedule (i.e., start and finish dates) with construction
materials. This information will be used to quantify the
number of construction workers and determine the trip
date of construction materials and workers in the
subsequent parts (Part 4 and Part 6).

The work break down structure of the project
schedule typically has four levels (Figure 4 (a)),
including sub-projects (e.g., foundation, main structure,

BIM Model

Structural Column

Structural Wall Structural Framing

I I T
Type 1 Type 2 Type 3

Wall 1 Wall 2 Wall 3

(b)

Figure 4. Work break down structure of the project schedule (a) and model break down structure of the BIM

model (b)
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MEP), locations (e.g., floors), activities (e.g., install
rebar, erect formwork, place concrete), and categories
(e.g., column, wall, beam). While the BIM model is
generally broken into three levels (Figure 4 (b)), with
categories, types, and elements. The discrepancy
between the work break down structure in the project
schedule and the model break down structure in the
BIM model, leads to considerable time and efforts
spend in matching and linking construction tasks and
building elements [13]. To address that, a naming
structure for tasks of the project schedule is proposed, as
shown in Figure 5.

1/0(0({30|20]1
1 2 3 4 5 6 7 8
[ L] Lﬁ
o R ] D R
! Floor Number | | Category Number: | Activity Number :
_______ 1 L = L =

0001: Floor -1 01: Structural Column 01: Install Rebar

1001: Floor 1 02: Structural Wall 02: Erect Formwork

1002: Floor 2 03: Structural Framing 03: Place Concrete

04: Structural Floor 04: Remove Formwork

Figure 5. Proposed naming structure for tasks of
the project schedule

The naming structure consists of three parts, namely
(1) floor number, (2) category number, and (3) activity
number. The floor number indicates the location of
tasks. The category number is defined based on building
element categories in the BIM model. The activity
number represents the work scope of tasks. For example,
a task with a “1003-02-01” name, as shown in Figure 5,
means (read backwards) installing rebar for the
structural walls in floor 3. According to this information,
the task links all the structural wall rebar located on
floor 3, meanwhile, the construction workers installing
the structural wall rebar will also be connected in Part 4.

24  Part 4 Generate  the  vertical
transportation information of
construction workers

Ensuring that construction workers can be

transported to destination floors on time, has a great
influence on the construction progress, in some cases, it
is more critical than transporting construction materials
[1] [17]. Therefore, having a good understanding on the
vertical transportation demands of construction workers
is very important. In Part 4, the number and location of
construction workers are generated.

The number of construction workers are calculated
based on the quantity of construction materials, the
duration of tasks (i.e., start and finish dates), and the

construction productivity (Equation (1)).

Q (1)
(F-S+1)xP

Where, N represents the number of construction
workers per day for a given task; Q indicates the
quantity of construction materials, with units depending
on the type of materials (e.g., rebar (kg), formwork (m?),
concrete (m%); S and F are the start and finish dates,
respectively, of the task evaluated; and P, namely the
construction productivity, refers to the construction
quantity per worker per day (e.g., for concrete:
m3/worker/day). For example, if the concrete volume of
a structural column is 17.5 m?, the start and finish dates
of placing concrete are the same day, and the
construction productivity is 35 m3/worker/day, the
construction worker number, using Equation (1), is 0.5.
Meanwhile, the construction worker location is
determined based on that of the column. The total
number of construction workers required at a given date
and location will be aggregated in Part 6.

N =

25 Part 5: Determine the vertical
transportation mode for construction
materials

In the construction of high-rise buildings, different
types of construction materials are usually transported
through specific vertical transportation modes, for
example, rebar is generally transported using tower
cranes. But in some cases, some types of construction
materials may also use different vertical transportation
modes, for instance, concrete is usually transported by
concrete pumps, but sometimes tower cranes are also
used to lift it using concrete buckets. Therefore, Part 5 is
to determine the vertical transportation modes for all
construction materials taking into account actual
planning defined by the project team.

Figure 6 shows the process to specify the vertical
transportation modes to be wused for different
construction materials. It consists of the following three
steps: (1) select the material to be transported (e.g.,
rebar, formwork, concrete); (2) choose the location to
which the material will be transported (e.g., floor 1,
floor 2, floor3); and (3) specify the vertical
transportation mode to be used (e.g., tower crang,
construction elevator, concrete pump).

Start

Figure 6. Process to specify the vertical
transportation modes to be used for different
construction materials

Select the material Choose the location tSPeCifytlht*_? vertic:l
X ransportation m
to be transported of the material Spo oce

to be used End
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Table 1. Quantity output of construction resources using different vertical transportation modes

Quantity output

Vertical transportation mode

Material weight

Material volume Worker number

Tower crane v
Construction elevator v
Concrete pump

v v
v

2.6 Part 6: Generate the vertical

transportation demands

After the implementation of Part 1 through Part 5,
the quantity, location, trip date, and vertical
transportation mode of different construction resources
have been determined. In Part 6, this information is
compiled to display the vertical transportation demands
for each type of vertical transportation systems. If there
are any modifications to the project, the vertical
transportation demands will be regenerated according to
the updated BIM model and construction documents.

In general, the transportation volume of vertical
transportation systems is limited by their loading
capacities and space constraints. For tower cranes, the
loading capacity is the main limiting factor. With
respect to construction elevators, cages impose
constraints on the dimensions of the object being
transported, hence, construction elevators are limited by
both the loading capacity and space constraint
simultaneously. Concrete pumps are different from the
above two types of vertical transportation systems since
their transportation volume is based on the volume of
concrete transported per hour. Thus, the quantity output
of materials to be transported by tower cranes is weight,
that of materials to be transported by construction
elevators is weight and volume, that of materials to be
transported by concrete pump is volume, and workers
are output by number (Table 1).

3 Example

Figure 7. 3D view of the BIM model used in the
example

A BIM model developed using Autodesk Revit 2017
[18] was used to test the proposed framework. The BIM
model consists of a 36-story high-rise building with a
height of 149.6 meters (Figure 7), which contains
columns, walls, beams, slabs, stairs, wall finishes, doors,
windows and glass curtain walls. For simplicity, the
MEP system was excluded. The rebar information was
generated using the Glodon software (GGJ 2013) [19].
Based on the framework, a prototype tool was
developed in C# by using Revit APl [20]. A database
containing 14 tables was created using MySQL [21]
(Figure 9), it can be divided into 4 parts, the blue table
information (i.e., “Building Element”, “Building Area”,
and “Building Level”) was from the BIM model, the
green table information (i.e., “Consumption Code”,
“Construction Productivity”, and “Formwork Content)
was from the construction codes, the yellow table
information (i.e., ‘“Project Schedule”, “Vertical
Transportation Mode”, “Formwork Type”, “Scaffolding
Type”, and “Building Characteristic”) was from the
project construction documents, and the red table
information (i.e., ‘“Formwork”, “Scaffolding”, and
“Construction Worker”) was from the generated
information. A use interface (Figure 8) was developed
to determine the formwork type (i.e., bamboo plywood
formwork with steel shoring), building structure type
(i.e., frame-shear wall structure), scaffolding type (i.e.,
steel pipe scaffolding) and vertical transportation mode
(e.g., tower crane, construction elevator, concrete pump)
used for construction materials. Microsoft Project was
used to develop the project schedule. The vertical
transportation demands were generated as the Microsoft
Excel files (Figure 10 to Figure 14).

Figure 8. Developed user interface
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Figure 9. Database model diagram of the prototype tool

Figure 10 through Figure 14 show the vertical
transportation demands for different types of vertical
transportation systems. The horizontal, longitudinal and
vertical axes represent the trip date, location and
transportation volume, respectively. They provide
valuable information for the project team. For example,
this information shows that the maximum transportation
weight of 765,871.43 kg for tower cranes occurs on
May 24, 2015 and it is transported to floor 1 (Figure 10);
the maximum transportation weight for construction
elevators is 411,943.68 kg (139,232 kg to floor 4 and
272,711.68 kg to floor 19) on October 18, 2015 (Figure
11); the maximum transportation volume for
construction elevators is 385.61 m3 to floor 8 on August
22, 2015 (Figure 12); the maximum transportation
volume to be transported using concrete pumps is
615.57 m? to floor 24 on October 22, 2015 (Figure 13);
238 construction workers (the maximum number) take
construction elevators to floor 2, 3, 8, 16 and 21 on
October 5, 2015 (Figure 14). With the information
generated, the maximum transportation demands for
different types of materials can also be obtained. For
example, the maximum transportation weight for rebar
is 142,613.59 kg (May 24, 2015/floor 1) and the
maximum transportation weight of formwork is
176,658.9 kg (August 2, 2015/floor 10).

In addition to the obvious maximum transportation
demands, the different trends can also be analyzed from
the results. For example, different phases can be defined
by the project manager based on the requirements for
different transportation modes. When looking at the
number of construction workers using construction
elevators per day (Figure 15), from May 24 to August

| 1-la suiding ElemenyFormworkiscaffolding 1D ¥ | Name
|
1

Construction Worker Consumption Code

15+ Consruction Worker 1D ——4 9 Consumption lem 1D

Number

Activity ID o

Construction Productivity

¢ Activity ID

Activity Name

Productivity

20, 2015, the number of construction workers gradually
rises to 149, this period could be defined as Phase 1.
From August 21 to December 28, 2015, the number of
construction workers starts to exceed 150, with the
peaks over 200, this period could be defined as Phase 2.
From December 29, 2015, the number quickly drops
below 100, after that, the utilization remains stable, this
period could be defined as Phase 3. The number and
type of construction elevators to be used can be adjusted
for each phase.

%IHHH!

Figure 10. Output showing the vertical
transportation demands (kg) to be transported by
tower cranes

TR,

lmlH |

Zigm

Figure 11. Output showing the vertical
transportation demands (kg) to be transported by
construction elevators
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Figure 12. Output showing the vertical
transportation demands (m?) to be transported by
construction elevators
I
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Figure 13. Output vertical
transportation demands (m3) to be transported by
concrete pumps

;
"
5

Figure 14. Output vertical

showing the
transportation demands (No. of workers) to be
transported by construction elevators

- Phase 1 + Phase 2 o+

Phase3 —

Figure 15. Output showing the number of
workers to be transported by construction
elevators per day

4  Discussion

This study is beneficial to the information collection
of vertical transportation resources, and it makes three
main improvements to the existing literature. First, the
information of temporary construction materials is
automatically generated without creating them directly
in the BIM model (i.e., the design information model),
as well as that of construction workers, which greatly

enhance the efficiency of the collection process. Second,

the proposal of the naming structure for tasks in the

project schedule breaks the information barriers
between BIM model and project schedule, making no
additional manual operation is required for their
interoperability so that reducing the unnecessary
duplication of work and the loss of information. Third,
the demands on multiple vertical transportation modes
(i.e., tower crane, construction elevator and concrete
pump) are generated simultaneously, not just one mode,
allowing the project team to easily plan and manage the
overall vertical transportation systems for achieving the
global optimal solution. At the same time, the
framework provides a dynamic aspect, generated results
can be easily adjusted to account for changes.

This framework provides a promising solution to
automate the generation process of vertical
transportation demands during the construction of high-
rise buildings, however, there are limitations yet to be
addressed. First, it is common to use some floors as
temporary storage spaces in the construction of high-
rise buildings, hence, it is necessary to account for the
transportation of resources between floors. Second, the
framework does not consider the issue of transporting
construction waste produced during construction down
due to the amount of construction waste is not
negligible in high-rise building construction. Third, it is
normal to use permanent elevators when construction
elevators have to be removed before finishing building
enclosure work, which would reduce the demands on
construction elevators, so the permanent elevator should
be included as a vertical transportation mode. Ongoing
research is carried out by the authors for addressing
these limitations to make the framework more practical
and valuable.

5 Conclusion

The boom in the construction of high-rise buildings
creates some new challenges, such as the planning and
management of vertical transportation systems. It also
indirectly puts forward new requirements for the speed
and accuracy of the vertical transportation demand
collection. This paper proposes a BIM-based framework
to automatically generate the vertical transportation
demands, integrating the construction codes and project
construction documents. The framework has been
validated through an example project consisting of a 36-
story high-rise building using a developed prototype
tool. From the application of the proposed framework,
the construction materials and workers needed by
different types of vertical transportation systems were
obtained quickly and effortlessly, greatly reducing the
collection time. The generated three-dimensional graphs
clearly show the quantity, location, and date of different
vertical transportation demands, they can be utilized by
the project team during the planning and management of
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vertical transportation systems (e.g., determine vertical
transportation period time). The current framework is at
an early stage, it is expected to make the estimation on
vertical transportation demands faster and more accurate
by expanding and extending this basic framework.
Ongoing work is conducted to address the limitations
mentioned above.
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Abstract —

Closed circuit television (CCTV) is probably one of
the most important technologies that is used by
municipalities in order to monitor the structural and
operational condition of sewer pipes. To be useful,
CCTV video footage needs to be collected according
to standards, which make such an operation, time
consuming especially when pipes have operational
issues like debris or tree roots. In this respect,
developing benchmarks for data collection can be an
important source of information that can improve
the efficiency of future surveying campaigns.
Computer simulation is an effective method for
improving the efficiency of maintenance work
schedules. However, CCTV collection data consists
of abundant noise (waiting time or defect inspection
time) due to the characteristics of pipes in different
structural or operational conditions. For example,
crawlers equipped with CCTV cameras could be
blocked by deposits or serious structural issues in the
pipe, which would cost some waiting time for the
crawler to proceed with the inspection. In order to
extract the standard CCTV collection time,
excluding waiting time and defect inspection time a
machine learning based approach is proposed in this
work in the form of an algorithm commonly known
as the Random Sample Consensus (RANSAC). This
algorithm is developed to clean the data
automatically, arriving at a function of CCTV
collection time with two variables (i.e., length of pipe
segment and number of taps in the pipe). The results
can be fed into a simulation model to imitate the
CCTV collection work in future research.

Keywords —
CCTV; Sewer pipes; Time extraction; RANSAC
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1 Introduction

The sewer system plays an important role as a type
of municipal infrastructure that has a significant
influence on the efficiency and quality of our lives.
However, the pipes that make up a sewer system
undergo deterioration due to aging, external force,
excessive demand, and other factors. [1]. This
deterioration poses a great challenge for municipal
maintenance departments since the maintenance is time-
consuming and heavily dependent on capital investment
and operating costs. To perform an efficient and quality
sewer maintenance job, closed-circuit television (CCTV)
is commonly adopted as the pipe condition inspection
technique [2-4]. The wide usage of CCTV for pipe
inspection has been driven by many practical reasons
the most important of which being safety since this
monitoring procedure does not require man entry [2].
Furthermore, since the videos are stored on appropriate
media, they not only can be visualized for the purpose
of inspection or comparison with other techniques (e.g.,
laser-based system, ultrasonic-based sensors and ground
penetrating radar [5]) but more importantly they can
serve as accurate historical data.

The CCTV collection process will be discussed in
the next section. For this research, it should be noted,
we only consider the time period that starting at the
beginning of the video to the end. The objective of this
research is to extract the standard CCTV collection time,
excluding all waiting time, idle time, and other time
delays in the collection process. The results can be fed
into a simulation model to perform schedule
optimization, which is the next stage of our research. In
addition, the extracted standard CCTV collection time
can be viewed as a benchmark for the CCTV collection
process. Management decision can be derived for each
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of the CCTV collection job in the perspective of time
efficiency. For example, CCTV collection time within
in new developed neighborhood should be align to the
standard CCTV collection time; while it could be slower
in older neighborhood theoretically considering the
deterioration of the pipe, since more defects may cause
more waiting time.

2 CCTV Collection Process

CCTV operators travel to inspect sewer pipes at the
assigned locations as per the schedule set up by the
municipal maintenance department. In general, before
beginning the video collection phase, the pipes to be
inspected are cleaned in advance by means of flushing
equipment, in order to eliminate deposits and obstacles
in the pipes which in turn ensures that the conditions for
data collection are acceptable [6,7]. Following flushing
activities, operators begin set-up work for CCTV data
collection on the ground. The setup includes adjustment
of a remotely controlled robot equipped with a
specialized television camera. Next the camera begins to
record a video for the observed pipe from the start point.
In the process, the operators need to adhere to standards
such as those described in National Association of
Sewer Service Company (NASSCO) in order to obtain
quality information that can be accurately analyzed later
in the process. For instance, four primary categories of
pipe defects are listed based on the pipeline assessment
and certification program (PACP) [8]: that is, (i)
structural defects, (ii) operation and maintenance
defects, (iii) construction defects, and (iv) miscellaneous
defects. While collecting the video, the technologist
controlling data acquisition can decide to spend more
time on serious defect such as those referred to as pipe
broken or substantial deposits. The total CCTV
collection time can be derived by means of Equation (1),
Time, =ael, +beT +W +C+g, (1)
where Time, represents the total CCTV collection time
for pipe segment, n; L, is the length of the pipe segment;
T, is the number of taps of this pipe segment; W, is the
total waiting time, which may include the time for
inspection of severe defects, adjustment of camera, etc.;
C is the fixed time for the CCTV collection process,
which may include time for equipment setup and other
routine processes; and ¢, is an error representing the

uncertainties regarding this process.

From a theoretical viewpoint, if there are no
serious defects or other accidents that hinder the CCTV
collection process observed in one pipe, a CCTV
collection time can be generally described in Equation
@),

Time, =ael, +beT +C+g,

O]
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The waiting time is eliminated in this equation. Time, is
denoted as standard CCTV collection time. The data
points that contain waiting time are the noisy points that
we want to exclude. The standard CCTV collection time
extraction is conducted by the RANSAC algorithm,
which will be described in the next section.

3 RANSAC Model

In order to extract the standard CCTV collection
time, this research applies the Random Sample
Consensus (RANSAC) algorithm to clean the raw data
automatically. RANSAC, proposed by Fischler &
Robert in 1981, is a non-deterministic approach to use
the smallest initial dataset to determine the parameters
of a model, then repeat the process until it reaches the
predefined criterion [9]. Unlike linear regression using
least-squares estimation, which seeks to minimize the
distance from all the data points to the fitted function,
RANSAC model searches for the best fitted function
without considering the outliers (see Figure 1). From
Figure 1. we can see that the solid line constructed by
the RANSAC algorithm is better at describing the trend
for all five points than the dotted line developed by
least-square estimation. The outlier is called a noise
point in this scenario, and it is these noise points that are
supposed to be eliminated in constructing this
regression model.

4
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2.5
2
1.5
1
0.5
0

1 2 3 4

Figure 1. Comparison of least-square estimation
and RANSAC.

The mechanism of the RANSAC algorithm is
presented in Figure 2. The algorithm starts with
selecting X points (where X = number of independent
variables + 1). For instance, two points are needed to fit
a line (2-dimensional problem) while three points are
needed to fit a panel (3-dimensional problem). From
Equation (2), we know that the extraction of the
standard CCTV collection time is a problem with two
independent variables, namely, the length of the pipe
segment associated with video (L), and the number of
taps within the pipe segment (T). Therefore, three points
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need to be selected for each iteration. An objective
function (Y;) can be formed based on the selected points.
Then, the Euclidean distance of each point to the
objective function is calculated. A threshold (t) should
be selected in order to decide whether the point is an
inlier or an outlier. If the distance is within the threshold,
it is an inlier; otherwise, it is an outlier. The number of
inliers (N;) should be counted and compared with the N;.
; (i.e., the greatest number of inliers among all the
historical iterations). If the N;., is bigger, we save the N;.
1 as N;, and Yi; as Y;. Otherwise, we update the N;and
Y; accordingly. The process is repeated until the
predetermined number of iterations (N) is reached. As
for the number of iterations (N), it can be calculated by
means of Equation (3) [10].

‘,/ Start \\‘
\ i=0;Ni:0;Yi=0/
i=i+l

v

Select X points within the data set
randomly. Where X = number of
independent variables + 1

v

Form the function (;) with the X
points

v

Calculate the distance of each
point to the objective function.

v

Calculate how many (N;) points
are within the threshold (t)

4

No—p Yi=Y;i-1

YES
L—YES i<lteration
NO
T
w End )
- %

Figure 2. Flow chart of RANSAC algorithm.
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where X is the number of points needed to construct the
objective function; N is the number of iterations; P is
the probability that at least one of the objective
functions built in all N iterations is constructed by X
inliers; and A is the inlier ratio, which can be calculated
using Equation (4). Although a priori it is an unknown
ratio, it can be updated during the algorithm progress
[11].

1-p=1-A)"=N2>

B Inliers
Inliers + Outliers

(4)

Considering the probabilistic nature of the RANSAC
algorithm, the parameters (e.g., a and b) of the objective
function will vary from one time to another if the
algorithm runs multiple times. Therefore, the
mathematical expectation of each parameter can be
calculated from a large number of run-times of the
algorithm. The mathematical expectation of the
parameters will be used to form the objective function
for the convenience of constructing the simulation
model in the future research.

4  Case study

4.1 Data description

The data used in this research was collected by
EPCOR Drainage Services, which is responsible for the
operation and maintenance of the sewer infrastructure in
Edmonton, Canada. For each pipe segment, the data is
provided in two formats (two types of files), namely,
Microsoft Access (.mdb), and video file (.mp4). The
video duration (in seconds) and length of pipe segment
surveyed (in meters) can be retrieved from the Access
database directly. The number of taps is counted by a
count query (combining all kinds of code associate with
taps, such as Breaking-In/Hammer, Factory-made,
Saddle, etc.) in the database in order to derive the total
number of taps in a given pipe segment. Other attributes
associated with the pipe segment can be derived from
the Access database as well, such as the number of
defects, location, and material type. The CCTV video
serves as the validation function; that is to say, it is used
to check the validity of the data recorded in the Access
database either through manual viewing and analysis of
the CCTV footage or by means of algorithms. In this
research, we consider three attributes— video duration
(s), length of pipe segment (m), and number of taps. 540
data records are fed into the RANSAC model to capture
the relationship described in Equation (2) by excluding
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any data records that contain forms of waiting time as
described above.

4.2 Results and findings

As discussed in section 3, three parameters need to
be determined for the RANSAC model: the number of
points needed to form the candidate objective function
(X), the number of iterations (N), and the threshold (t).
In this case, X = 3 since there are two independent
variables in this model, as per Equation (2). The lower
boundary of the number of iterations, meanwhile, can be
calculated from Equation (3). Considering the positive
correlation between the number of iterations and the
probability of obtaining the optimal results, along with
the size of the dataset and CPU processing time, an
iteration number of 100,000 was selected. As for the
threshold, several experiments were conducted with
different values of t (see Fig 3).

Video Duration: Time = 4.6602L + 0.22177T + 62.8426

From Figure 3, we can see that the objective
function can be plotted as a plane in a 3D space. The
video duration (time) increases with an increase in the
length of pipe segment (L), and number of taps (T), a
finding which aligns with reality, since an increase in
either the length of pipe segment or the number of taps
will increase the CCTV collection time. The red dots
represent the pipe segments classified as inliers; that is
to say, these pipes are in good condition since there are
no severe defects or other accidents that would lead to
significant waiting time during the inspection process.
Similarly, the blue dots represent the pipe segments that
are classified as outliers, which means that these
inspections must have been delayed by some
extenuating circumstances (either sever defects within
the pipe or other accidents such as equipment failure).
The inliers and outliers are tabulated in Table 1.

Video Duration: Time = 3.6125L + 6.2532T + 76.8887

© Outlers| © Outliers
+_Inliers +_Inliers
< - "
L: Length Surveyed/m
L: Length Surveyed/m
Video Duration: Time = 3.8687L + 14.1959T + 34.4625 Video Duration: Time = 4.2481L + 11.7773T + 43.6297
© Outliers © Outliers
+ Inliers + Inliers

L: Length Surveyed/m

t=90s

L: Length Surveyed/m

t=120s

*Note that the red dots are the inliers (within the threshold) and the blue dots are outliers (outside of the threshold).

Figure 3. Results of RANSAC model with different values of threshold (t)
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Table 1. Number of inliers and outliers at different

thresholds.
Threshold 30s 60 s 90s 120 s
Inliers 130 217 285 335
Outliers 410 323 255 205

Comparing the results in Figure 3 and Table 1,
we can see that, as the value of the threshold grows,
the number of inliers shows an increasing trend. The
information in Figure 3 and Table 1 can be
interpreted as follows: with the relaxation of the
conditions, the number of pipe segments classified as
being in good condition increases. A box-plot can be
plotted based on the inliers at the four threshold
values, along with the original video duration in the
original 540 data (see Fig 4). Obviously, the original
dataset has the highest median video duration, while
the dataset has the lowest video duration when the
threshold is set at the lowest value (30 s). The
medians of the last three scenarios (t =60s,t=90s,
and t = 120 s) do not vary significantly compared
with the variation between the first two scenarios (t =
30 s and t = 60 s). Similar relationships for the 75"
quantile of the video duration in the box-plot can be
observed. The threshold selection is subjective due to
the nature of this algorithm. Although a smaller
threshold ensures that all the inliers are classified
correctly, it may lead to the loss of points that should
have been classified as inliers in reality. On the
contrary, if the threshold is greater, it may include
points that should have been classified as outliers in
reality. Identifying the optimal tradeoff between
accuracy and completeness in this threshold selection
process requires several experiments and statistical
analysis at the same time. Ultimately the threshold of
60 s was selected, as it contains the inliers that take
part in around 40% of the total data points, which is
aligned with the empirical judgment from the dataset.

1600 -

1400

1200

1000 -

800

600 [

Video collection time

S
I |

400 -

200 -

Time study 30s 60s 90s 120s

Figure 4. Box-plot of video durations of
inliers in four scenarios, along with original
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dataset.

As discussed in Section 3, due to the probabilistic
nature of the RANSAC algorithm, multiple runs are
needed to capture the distribution of the three
parameters (a, b and C) in Equation (2). Figure 5.
shows the results of 500 runs of the RANSAC
algorithm with the threshold of 60 s. Parameters a
and b are both fitted with triangular distribution, with
the mathematical expectation of 3.84 and 8.34
separately. Parameter C conforms to the uniform
distribution with an expectation of 54.56. Therefore,
the objective function can be summarized as
Time, =3.84e L +8.43eT +54.56 . The statistical

analysis can be interpreted as follows: for one meter
of pipe segment in good condition, it takes 3.84 s to
finish the CCTV collection process; if there is one tap
present within the pipe segment, it takes 8.43 s to
finish the inspection; the fixed duration for the CCTV
collection process is 54.56, which may include
equipment setup time, camera adjustment time, and
other routine processes. With the function derived
from the RANSAC model, theoretical video
collection time can be calculated with the two inputs
(L and T). A histogram (see Figure 6.) can be
constructed to show the performance of the
RANSAC model by comparing the distribution of
video collection time of the original data (inliers) and
the theoretical results calculated from the RANSAC
model. We can see from Figure 6 that the two
histograms are largely co-terminous, which means
that the results from the model are quite close to
reality.

e

| kaicod

sas -
P

Parameter a: Triangular distribution; Expectation (a)
=3.84

Parameter b: Triangular distribution; Expectation (a)
=8.34




36™ International Symposium on Automation and Robotics in Construction (ISARC 2019)

Parameter ¢: Uniform distribution; Expectation (a) =
54.56.

Figure 5. Results of the parameters in
RANSAC model.

This function can be fed into a simulation model
to model the CCTV collection process. In addition, it
can be used as a classifier to distinguish whether or
not a given pipe segment being inspected by CTTV is
in good condition.

80 T T T T
[ Time study>Ransac
70 [ Time study<Ransac | |

Frequency

0 100 200 300 400 500 600 700 800 900
Video collection time

Figure 6. Histogram of RANSAC model and
original time study.

5 Conclusion

Exclusion of noisy data is the objective of this
research, so the RANSAC algorithm is utilized to
exclude all data points that contain noise of any form.
The CCTV collection process is summarized as a
background of this study. Followed by the
interpretation of the RANSAC model, focusing on
the mechanism of the algorithm and the
implementation process. Three key parameters need
to be determined based on the nature of the problem
and the authors’ subjective judgment, namely, the
number of points needed in order to form the
candidate objective function (X), the number of
iterations (N), and the threshold (t). A case study was
performed to show the application of the RANSAC
algorithm. Five hundred-forty data records collected
by EPCOR Drainage Services were utilized to build
the model, leading to a linear function that describes
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the relationship among CCTV collection time (Time),
length of pipe segment (L), and number of taps (T).
The results can be used in a simulation model to
simulate the CCTV collection process in future
research.
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Abstract -

The arrival of Building Information Modelling
(BIM) platforms to the Architecture, Engineering
and Construction (AEC) markets and companies has
led to a significant increase in efficiency in this
economy sector. However, many AEC companies try
to implement BIM as a normal or incremental
change or improvement in technology rather than as
a technological paradigm shift that radically affects
most organizational processes, which may hinder a
successful adoption of BIM with a deployment of its
full potential. This paper aims to present a basic
BIM framework amenable to ensure a successful
BIM adoption in public organizations, particularly
adapted to the Brazilian federal government. Based
on a literature review, we propose to split the factors
into three main groups: project development
procedures, model development procedures and
public governance policies. Some processes were
studied in order to infer which of them is necessary
for a successful BIM adoption. A BIM
implementation is expected to be a success only if all
main groups of factors are well defined and the
established goals for each of them are reached. We
also describe results of two concept proofs related to
actual cases of BIM processes implementation, with
extensive changes in product and governance
management processes. Main results show that any
BIM adoption should consider the close relation
among model management, product management
and governance management groups. All these
groups should be contextualized in the environment
of any public organization.

Keywords — BIM adoption; Collaborative Design;
Building Information Modelling; Public Works.

1 Introduction

The current main paradigm for project process
managing is the Building Information Modelling (BIM).
It can be defined as a set of associated technologies,
processes and policies to produce, communicate and
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analyse constructive models, enabling the stakeholders
to collaboratively design, build and operate a facility [1-
2]. It has been successfully implemented around the
world, becoming a common practice in many countries
and internal markets, whether public or private.

However, while the adoption of BIM is commonly
related to significant increases in efficiency, many
public organizations are unaware that BIM is primarily
a process change that depends on a well-defined action
plan to be successfully implemented.

This work aims to develop a management
framework for BIM adoption in Brazilian public
organizations, which encompasses all main factors that
could guarantee an optimized implementation process.

This paper is organized in five sections besides this
introduction: Section 2, with a literature review on BIM
adoption and all factors related to a successful BIM
implementation; Section 3 with the management
framework enunciation; Section 4 with the description
of two concept proofs in two different public
organizations in Brazil; and a conclusion with the main
remarks about results.

2 Literature review

2.1 BIM adoption in public organizations

Many countries around the world have adopted BIM.
The United States is believed to be one of the
pioneering countries for BIM adoption, and several of
USA  public-sector  organizations in different
government levels have established BIM programs, set
up BIM goals, begun implementation roadmaps and
created BIM standards [3].

Apart the USA, many European and Asian countries
have been implementing BIM successfully. Noteworthy
is the United Kingdom, which published its family of
PAS 1192 standards - in revision and transformation
processes to international standard ISO 19650 [4;5].
Studies on BIM adoption in public environments can
also be highlighted, for example, in Sweden, Finland,
Norway and Singapore [6].

BIM has been implemented in Brazilian public
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organizations since 2010, when the first state action
with public results took place with the development of
an initial version of a BIM component library for state
program “Minha Casa Minha Vida” [7;9]. Several
public and state organizations have been implementing
BIM in their project processes; most adopted use cases
have been quantification take-off, 4D planning and
geometric modeling of civil engineering projects.

Experiences in contracting BIM projects have been
developed in southern Brazilian states, with accurate
BIM mandates with guidelines for projects to be
contracted by the state government. The technical
evaluation of the companies’ proficiency and the level
of development of their projects have been carried out
with the analysis of IFC models with automated routines
of code checking [7].

In an operational point of view, Brazilian Army has
improved real estate management quality by using the
Unified System of Works Process (from the Portuguese
expression "Sistema Unificado do Processo de Obras™,
whose acronym is OPUS), a technology information and
communication system developed by its Directorate of
Civil Works. OPUS is described as an integration of
specialized Enterprise Resource Planning (ERP)
software with construction building information models,
created for supporting built environment lifecycle
management including buildings and assets related to
AEC [8-9].

2.2 Management factors

One can try to figure out the factors that influence a
good BIM adoption in public environments. In this
work, these factors will be classified into three groups
of actions, described below and illustrated in Figure 1.

e  Model management actions, referring to building
information models utilization in  process
management and all related specifications,
including the BIM adoption effort in organizations;

e  Product management actions, referring to product
adequacy to client technical specifications and its
compliance with deadlines and costs; design and
construction methodologies conducted by related
teams are also included in this group;

e  Public governance management actions, which
submits any and all project effort to auditing rules
and all necessary and legal internal and external
governance and auditing rules.

2.3  Model management

All tasks on this group refer to the growing influence
and impact of BIM in project process, from its
implementation in company to supervision of all day-to-
day procedures. Building information model (BIModel)
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turns into the principal database of any architecture or
engineering project:

Figure 1. Management groups in BIM adoption

e  Employer Information Requirements (EIR),
sometimes called “BIM mandate” or “BIM
manual”: document where the contractor declares
what they are after when they ask for BIM [5].

e A BIM Execution Plan (BEP), with an
identification of the objectives and the goals of the
implementation process in answer to the EIR
desired by the organization, as well of the
definition of all supporting infrastructure needed.
This phase can be split in two parts: one pre-
contractual BEP before procurement, containing
the project implementation plan, its schedule, all
information modelling and collaboration goals, as
well the main milestones of the project
information design creation; and a post-contractual
BEP, beyond pre-contractual BEP, it still
encompasses all project management processes
description and to all methods and procedures that
will be followed, as well as all solutions to be
employed in implementation, including software,
hardware, cloud and network solutions [5;11].

e A Project Execution Plan (PEP), with all necessary
guidelines for good work of professionals. It
encompasses all guidelines that make BIM
workflow possible: modelling, file linking, work
sharing, work sets, interoperability between
programs and collaboration among professionals,
information exchange. It also regulates all
deliverables that would be produced (e.g. quantity
take-offs, model templates, model views,
annotations, sheets and model standards) [11-12].
The modelling process itself, that is always related