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ABSTRACT

Currently, the development of information technadsgfor construction processes in
earth work is focused on sensor systems, machingatpand building information
modeling (BIM). These systems have been developddpendently and it seems
beneficial to link and combine the information dahble in these single systems to
enable a global optimization of the production psses.

An integrated system collects and stores data sensor-equipped construction
machines to connect them with information from peenning phase, thereby leading
to a higher level of transparency. This transparenan be used to identify
bottlenecks and unproductive working times suctvaising periods. The system can
provide assistance for the construction manageletect reasons for these kinds of
distractions. Hereby a continuous improvement @mede induced.

This paper will introduce the described system abamvd show the benefits of the
merged use of current developments in informatieohnologies. Moreover, it
represents the ongoing development of a systerotgpa.
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ANALYSISOF EARTH WORK PRODUCTION

From a systematic point of view, a production systonsists of different elements
that interact according to a certain organizatioroider to transform a given input
into a - from the costumers point of view - desi@aput. A production system

consists of multiple smaller subsystems, whichragdein order to reach the desired
outpuf. While the production system is working, differ¢éime- and place-dependent
influences affect the production system. Figurehbws an interpretation of the
common understanding of a production system. (Atnahd Furmans 2009,

Gutenberg 1970, Gunther and Tempelmeier 2009, RE¥8Y)
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This classic transformation view (compare (Koak2000)) could be applied to arbitrary hierarchy
levels of a system.



Kirchbach, Bregenhorn, and Gehbauer

production system exogenic influences

YYVYVVYVYVVYVYVYVVYVYVYYVYVYVYVVYYVVVY

production system

subsystem exogenic

influences

subsystem

—— ]

[_cupsystem exogenic subsystem exogenic subsystem exogenic
—.pre—prod.uct “pr e—pr()d}lct influences influences influences
-information -information sAAAAAAAAAAAAAAA] i AAAAAMAAAAAAAAAAAAAAL
subsystem subsystem subsystem

subsystem exogenic
influences

\_Subsystem I\ ~

-pre-product  \\ -pre-product
-information -information

-pre-product -pre-product
-information -information

-pre-product
-information

[
~N
~
~
~
~ ~
N ~ N
\ ~
\ subsystem
\ :
\ production
\
\ subsystem endogenic influences
S N N N A
\ = =
\\ work
\ equipment
\
\ -products with a organisation -products with a
\ lower stage of’ higher stage of
production production
-information -information
\
\
\
\\ ——) information

Figure 1: production system

The predominance of the transformation view is obsi Despite this predominance,
the figure adumbrates also the meaning of flow.é\neless the obvious remaining
problems are the interfaces between the systems.

There are extrinsic influences that affect the pobidn system (production
system exogenic influences) like e.g., ecologiditipal and social influences as well
as intrinsic influences (subsystem exogenic andysibm endogenic influences).
Subsystem exogenic - but production system endogeimfluences result from the
interactions between the subsystems e.g., waitimg tfor products. Subsystem
endogenic influences evolve from the combinatiorthef production factors (man,
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work equipment, products, information, and orgatiiag. Obviously, the exogenic
influences of the subsystem emerge from endogefflicences of other subsystems
and the organization of the production systemfit3éie influences are as mentioned
above time- and place-dependent. The variabilitthefinfluences cause variations in
performance and thereby generates problems orubisystem interfaces.

According to Koskela (2000) there are differenti@ps to eliminate or minimize
the impact of variability. These are buffering tdws, accepting lower utilization
levels of resources (which equates to acquisitioextra capacity) and accepting lost
throughput. Furthermore, Koskela (2000) shows thatpossible solutions in case of
variability are:

* A production system design with low inherent vaitigb

* A controlling system that avoids the cascade omtpeise deviation of
variability to other tasks and minimize the unnseeg penalties for variability

» Continuous improvement (locate sources of varighéind try to minimize the
impact)

The second and third option are the main focushisf paper, and within them the
improvement of the information flow. A better infoation flow is required to

achieve a better management of the constructien(Kitziltas et. al. 2009, Howell

and Ballard 1997, Womack and Jones 2003). The aimardioned explanations lead
to the following hypotheses:

1. The longer the cycle time of information flow isetmore likely becomes a
divergence between planning (which implies forecast reality.

2. Due to the high inherent variability in earthwomopesses, short cycle time of
information exchange is needed to reach the negessansparency for
management.

PRODUCTION PLANNING AND CONTROLLING IN EARTH WORK

Like any other production, the first step of counstion production in earth work is

the planning phase. In this phase, the target peteam like costs, deadlines and
guality are set and appropriate production factwesselected. During the definition

of these targets, forecasting of the relevant factof influence is necessary.

Therefore, the planners anticipate the future erites. The longer the forecast
horizon, the more likely becomes a divergence betwbe forecast and reality. This
hypothesis is validated through different intervdewith construction managers,

public clients and project managers. Furthermocaiit easily be explained as follows:
A long forecast horizon implies the estimation bip@ssible project influences. This

means the identification of all parameters as wsllithe knowledge of the overall

impact - which can be dynamic - of the differentgmaeters. Due to this fact it is very
unlikely that long-term planning and reality copesd to one another. This implies
that controlling and subsequent adjustments aressacy (see Figure 2).
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Influences on earth work (e.g. changes in workability
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Figure 2: control cycle

The realisation of construction projects in ternfisagreed costs, time and quality
targets are the daily business of the construatidmistry. Given the dynamics of
construction projects, it is necessary to iderdipropriate controlling mechanisms.

Particularly in earth work, process informationniseded in short time intervals
due to the continuous progress of the construcaod the existing dynamic
conditions (e. g. soil properties and climatic uefhces). The adjustment of the
production network - and sometimes even of the ygtidn method - is necessary if
boundary conditions change. Furthermore, procdesnmation is required to identify
potential for improvement and to initiate the cepending actions of controlling.
The collection of process data is bound to thetemie of a suitable - simple
handling and integration - system. In contrashtogtationary industry, these kinds of
systems do not yet exist in earth work.

A more transparent, resource efficient and fleximeduction is needed in order
to increase quality and productivity, especially éarth work. High degrees of
machine efficiency and traceability are requireditig- and down-times have to be
reduced. The involved operators need appropriatésidea support and suitable
representation of information which can be suppbittg appropriate IT-solutions.
The optimization of information logistics in earttork offers a high potential.

Formoso and Isatto (2009) identified several readon the ineffectiveness of
production planning and control in constructiorgluming:

» The little effort that is spend in gathering rel@bdata and to the dissemination
of information (Laufer and Tucker 1987)

» Exchange of information that is usually focusedsbiort-term decisions and
has no link to long-term plans (Formoso 1991)

* Uncertainty as one of the main sources of problemngreas little is done to
minimize it (Cohenca et al. 1989)

» Construction managers making decisions based anitigition and common
sense, rather than on data systematically colleanteldanalyzed (Lantelme and
Formoso 2000)
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Data gathering seems to be difficult and unsatisfgan construction. The exchange
of information is based on the transformation viemd thereby focused on details
rather than the holistic view. Uncertainty cannetrbanaged without identifying the
underlying reasons and thus data gathering is meduiWithout data of the
production processes, the construction manager snd&eisions based on intuition
and common sense. As a result, better informatigistic is needed.

A better information logistic and thereby a betransparency could be reached
through better generation of raw process data, ongat data preparation and
representation of information - based on the geedreaw data - or shortening and
fastening information flow.

Increased transparency can lead to an improveeégirpgrformance. This can be
explained due to the decrease of missed posshkilfor process improvement e.g.,
the reallocation of production factors. Due to theecific project environment
(weather, soil conditions, changing local work ctinds etc.) earthwork processes
need appropriate real-time process data which esgmted through a suitable
interface. As a conclusion processes variabilipdfeto an increased requirement of
process information. Therefore, both hypotheses lmampreliminary considered as
validated.

This conclusion is supported by the mentioned vieers and an extensive
literature analysis. Furthermore, many current Wgraents in research and industry
concerning earthwork try to improve the informatftow, which implies a real need.

In the next section a new concept of informatioowflis introduced and the
ongoing development of a prototype discussed.

CONTROL CENTER

The technical foundation and requirement for thistem is to equip the building
vehicles with integrated sensors of two kinds; GeB8sors with increased accuracy
(supported by tachymeter and laser scanning) addi@uhal sensors to collect e.g.,
the exact position and orientation of the excavatarket or the dozer blade. Also
technical data like maintenance interval, amountdlieel or engine oil pressure are
known so that a vast data basis exists.

Thus, to realize a short-term feedback of vehigdgfggmance data, an improved
and expanded data flow from and to machines isimediuAll recorded data shall be
saved and distributed by a consistent communicatiatiorm. It is used directly on
the construction site, stores position and origanadf building vehicles among other
things in a database and allows its real-time dehaard distribution. There is also a
need for the development of a dynamic building nhéoleearth work, a standardized
description of geometry/terrain, which shall be bamed with a construction process
model to gain a holistic 6D-model (geometric dathedule, costs and quality) of the
construction site.

INFORMATION TRANSPARENCY

The basic idea is to use transparency to reducéewoskela 2000, Tezel et al.
2010). The area of earth work is connected withnigant uncertainty and

characterized by a high degree of dynamics. Neegkyss, the principals of
transparency are still applicable for a continupuscess improvement. In order to
implement these principals a new instrument has loeeated: A control center that
combines all the information and offers more tramepcy to all the involved parties.
By using this control center, information from taetual situation can be combined
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with those from the planning phase, leading toghéi level of transparency. This
construction site control center may make a dedétatontribution to the area of
“Visual Management” (Tezel et al. 2009).

Via a construction wide communication platform tiwatrol center gathers all the
information of the sensors-equipped building vedggbrocesses and presents them by
virtual reality (VR). Virtual reality is an intertige type of human computer interface
and provides opportunities of an ergonomic anditiwly visualization of these
information (Biocca and Levy 1995, Sherman and C28i03).

Planning and monitoring a construction site isemy a spatial complex problem
but also strongly multidisciplinary shaped. Manyopke from several different
disciplines and educational backgrounds and witfer@int amounts of information
have to work together. VR (and also Augmented Rgadee next section) is able to
make a significant contribution to achieve this. Byng VR visualization techniques
an ergonomic and intuitive layout is possible, vahjzofessionally supports all types
of users.

This control center makes it possible to find tle®idtions between planning and
execution phase at shorter intervals, thereforevigreg a basis for consequent
analysis of these deviations and allowing to idgrthie root causes by e.g., the 5-
Whys-Method (Ohno 1988). This enables an implentemtaof a continuous
improvement process.

Based on a visualization of the differences betwtbenplanning and executional
phase (respectively comparing actual versus tagdormance), an improvement of
the construction site at two different areas issjime:

1. Changes through the dynamic of the constructiorrge® (change of the soil
class, weather conditions, etc.) can be discoveradl a faster response is
possible by using a decision support system.

2. Improved constructive cooperation and coordinafmyg., reduced waiting or
unproductive times) ensures that potentials will eogloited and a value
maximization achieved.

The sensor-equipped building machines send thédr athe control center, where
combined with the planning and BIM data a holigtimstruction model is created.
This model will be visualized by virtual reality. Buman-computer interface allows
the site manager to interact with the system. Ldnkéth information of the planning

phase an automated variance comparison can bempeddy the control center. An
easy-to-follow traffic light system represents #itiation at the construction site in
real-time and furthermore it is able to alert tlie snanager in case of a critical
threshold value exceed. Thereby it fosters the tooction manager and helps him
managing the flood of information by filter-mechsmi. In order to understand more
precisely what happens in such unclear alert-sitnatontext-sensitive information

can be called and retaliatory actions taken. A lgeg overview of the control

center’s architecture can be found in Figure 3.
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Figure 3: control center architecture

Referring to the current situation on the constanctite, comparing performance
data of construction machine teams, time schedntk aosts of the construction
system, the control center is able to make a palpies a new allocation of the
building vehicles. The site manager is able to iconthis suggestion, enter some
changes or, based on his experience and greatewldage; assign the
implementation of another possible solution.

Moreover tasks with an added 3D-target-terrain-rhoda be sent to the building
machines, where it can be used for a 3D machindgraoaf the actuators. For
example, the shield of a dozer can be automati@ajysted in height to build the
target terrain as accurate as possible. Also tHeated sensor data allows an
automatic generation of the updated digital ternmiadel. Furthermore, the task-
information is displayed to the machine operatorhs is well informed about his
task. He is also able to request further infornmatio open a communication channel
to speak directly to the staff.

In addition the control center offers a simulatimodule. Based on the actual
performance data of the machines it allows foredasshorter intervals and is
therefore showing more precisely how current taskapare against the plan. During
the planning phase this component can also betosgain a well adapted initial plan.
Using average performance data instead of the lacheaand a 3D model of the
construction site for instance the optimal amouhtdampers according to an
excavator can be identified by simulation.

The use of this control center leads to a transpas®rking environment with
disciplining effects. In addition, discrepanciesvizen planning and execution phase
(e.g., changed type of soil) are documented. Thightrbe the base for a fair change-
order-management in case external influences uctxgly cause delay. The quality
of the earth work is proved by the visualizatiortlué automatically generated digital
terrain model - the actual produced terrain - camegbdo the target-geometry.

The control center information does not only shbe/direct environment but also
vehicles working far away, which allows not justoaal but a global optimization.
Consequences of changes in the sequence of operatie automatically adjusting
the time schedule. The impact will be shown disecThe same applies to the
interaction of costs, so the site manager is kndgéable at his best. In this manner
an overview of the entire site can be taken anidegtdmanagement is possible.
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ON-SITE USE CASE AND PROTOTYPE

The augmented reality (AR) technology can be usedupport the construction
manager. AR expands the real-world with virtualnteat-sensitive information
(Azuma 1997, Milgram et al. 1994). Bowden et aDQ@) and Dunston and Shin
(2008) also see AR as the adequate technique bmiaptprocesses at construction
sites and recommend the use of mobile devices.

In detail, the construction manager is able to se@®ntext-sensitive information
via his mobile device in dependence to his actuaditipn and view (through a
camera on his devices, compare also (Behzadan anmthk2007)). By overlaying a
digital terrain model, variance comparison is passi It is easier, even for
experienced workers, to recognize 3D models inst#achentally abstracting 2D
drawings of a complex building project (Issa et 2003). Also occlusions from
virtual objects by real ones are realizable (Behmadnd Kamat 2010). At a site
inspection the construction manager can be suppdijefaster information on a
reliable database.

Visual tools can easily create an “easy to seeusmigrstand” work environment
even for untrained and inexperienced workers (Tetal. 2010). With use of mobile
devices and improved and faster information a puiiciple of building vehicles can
be implemented. Based on the dynamics in earth syovkriability in capacity
utilization are the norm rather than the exceptiime mobile devices provide a high
adaptation potential to this situation as they banused for specific information
forwarding. Consequently this increases flexibibty the building machine operators
are able to provide regular feedback reports ad@rorg (pull principle) e.g., new
material (in case of a dozer) or another dumpecgse of an excavator).

On the base of a requirement analysis, performethteyviews of experts and
future users, a prototype has been developed. Anotimgr things it was requested
which objects, resources and parameters are impoatad relevant and should be
visualized in which context. At the same time itshhaeen questioned which
interaction, if at all, with the visualized dataoskd be reasonably conducted.
Additionally necessary action and animations, kk&ms, were identified. Based on
these interviews, a human-computer interface has plemented that fulfills the
requirements and is tailored to the needs of thesuirchbach and Runde 2011)

For test purposes exemplary a virtual construcsibe has been drafted and, in
order to achieve a more realistic test environmardonstruction site mock-up (“in-
house sandbox”) was built. First tests at the &lrionstruction site as well as at the
site mock-up have been carried out. The experiemage in these tests underlines,
that using the way of retrieval of information biget control center and mobile
devices through VR and AR has been very sufficient.

Further tests and presentations in front of fuwsers will be performed and the
prototype based on test results revised. A finstl && a “real” construction site is in
the planning phase.

CONCLUSION AND FUTURE WORK

Despite of an increasing access to information, tise of information is still
unsatisfactory due to the effort in indentifying damombining the applicable
information. Furthermore, the different sourcesndbérmation are in most cases not
compatible. However, combined information is regdito allocate the production
factors. A direct integration and processing ofsthalata provides an enormous
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potential for improvement. Especially in earth waihke locally gathered raw data on
construction vehicles can be used for active cdiintgpand continuous improvement.

In this paper it could be shown, that a betterrimfation flow in earth work is
necessary. A better information flow can lead toiatreased transparency and
therefore enabling the identification of possii@kt for process improvement. The
identification of improvement potentials leads te @&duction of continuous
improvement. Furthermore the paper presents theemurdevelopments of an
ongoing research project. A prototype has beenldped and is currently being
tested. The results are very promising and the ugedmation technology enables
the production processes to be made more trangpéoerconstruction workers.
Information transparency is a great opportunitatoenhanced performance even in
the highly dynamic area of earth work and promgrest benefits.

Further work is required to define in detail thagens that cause the variability in
earthwork construction processes as well as thegilesand impact on the overall
production process. Especially the quantificatibhe above mentioned relations is
necessary.
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