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Introduction

1 INTRODUCTION

1.1  If the construction industry was making cars

If the construction industry was to produce cars the same way as they are build-
ing houses the price of cars would be ten times higher. The most prestigious
SUV model produced by VOLVO would have cost 550 000 € compared to the
market price of 55 000 € and still they would have a much lower profit margin
compared to the automotive industry.

VOLVO XC90 T6
Executive 272 Hp

Figure 1.1 The result of producing a VOLVO XC90 T6 using the same meth-
ods as the construction industry.

Of course this is a simplified estimation based on benchmarking the construc-
tion and manufacturing industry in Sweden. However, it still points out the
remarkable difference in the productivity increase’ between these two sectors
over the last decade.

! Statistics from SCB, www.sch.se, reveals that the Swedish manufacturing industry productiv-
ity increases at a rate of 7.1 % every year 1995-2003. The yearly rate for the construction in-
dustry was for the same period -0.2 %.
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Now, many people from the construction industry argue that you cannot com-
pare building of houses with manufacturing of cars. Every building is unique
and made according to the customers requirements. A car model is developed
once and then manufactured in a serial production unit at a factory with con-
trolled environment.

It is true that many vehicles are produced using industrialised methods, but this
does not necessarily mean that all cars are identical. SCANIA, which is one of
the largest manufacturers of heavy vehicles, produces custom-made trucks. Out
of 6000 standardized components they can produce a unique truck according to
the truck-driver requirements and needs. They are greatly dependent on ad-
vanced information management system to support their everyday work proc-
esses.

Now, we will take a closer look at the manufacturing industry. How have their
organisations changed? What are the strategies for implementing new software
tool and how is the production supported by IT and what are the methods and
tools they use to support their product development process?

Many of today’s advanced Information and Communication Technology (ICT)
systems have their roots from the manufacturing industry need for information
management of the product development and the production process.

1.2 From functional organisations to process orientation

Process orientation has evolved from the need to find more flexible organisa-
tions that can focus on workflows and chain of activities that create values for
the customer. If the organisation is purely governed by vertical functions, that
you often finds in a construction project, problems often arises when different
functions need to collaborate in a project, Figure 1.2.

In a process oriented organisation the work is organised in chain of activities
that are delimited from the customer’s point of view. Starting with customers
need and containing all relevant activities to fulfil the individual customer’s
satisfaction. It is these processes that create the profitability in the organisation,
not the individual worker, department or function in the company.

The processes is often divided into a main process that create the actual value
for the customer and a number of support processes (e.g. management, supply
chain management et cetera) that is necessary for the main process to function,
Figure 1.3.
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Figure 1.2 A vertical functional oriented organisation.
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Figure 1.3 A process oriented organisation.

A process can further divided into sub-processes that describes activities in
more detail, inputs and outputs and necessary prerequisites and resources
needed to perform an activity. IDEFO is a simple and standardised method to
graphically develop, analyse and communicate processes. A process is defined
by connecting activities/work methods (boxes) with arrows that represents in-
put and output ( — ), mechanisms ( T ) and control ( 4 ). Input’s represents
information or material into the activity. The output is the result of the trans-
formation. Mechanisms are resources of people and technology needed to per-
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form the activity and control is information or strategies that governs how and
when an activity can be performed, Figure 1.4. More information on the IDEFO
process modelling method can be found in Appendix 1.

Business strategy
IS/IT Strategy
Quality system
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Figure 1.4 An IDEFO description of a business process.

1.3 Business, IS and IT strategies

There are many definitions of the word “Strategy”. For business organisations
the word strategy often means an overall action plan to accomplish the business
goals and objectives. An IT strategy often separates the Information System
(1S) strategy from the Information Technology (IT) strategy.

IS is a formal system that connects input with output information through proc-
esses that stores, process and analyse the data in an organised and structured
way. The opposite of a formal system is an informal system where the informa-
tion process is uncontrollable, unstructured and non-repeatable. Example on
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informal systems is information processes through human talk, written docu-
ments etc.

The IS strategy for a business organisation describes the supporting informa-
tion flow necessary to guide and carry out the business strategy.

IT on the other hand, describes the hardware and software in form of computer
systems, communication networks, operating systems and application software.
The IT system can support both formal (IS system) and informal communica-
tion processes. If the IT system shall support a formal IS system the informa-
tion must be machine-interpretable. Therefore, IS systems supported by IT
must be based on an information model or a schema that describes the rules for
how the information shall be interpreted. Software for handling of salaries,
invoices, spread sheets are all examples of IT tools that support formal infor-
mation systems. Word processors, e-mail, 2D CAD are examples of applica-
tions supporting informal systems. Figure 1.5 shows the relations between the
business, the IS and the IT strategy.

Possibilities of ~ BUSINess strategy

IS/IT systems - Strategic decisions Where? (should we go)
* Goal and direction

* Process change

Support ‘ \Direction

IS strategy

* Value for the process What? (is needed)
* Focus on needs

 Application oriented

Services & Needs &
infrastructure priorities

IT strategy

* Support of applications
* Focus on technology

How? (can it be delivered)

Figure 1.5 The relation between the business strategy and the strategies for
the information system (IS) and the information technology (IT),
adopted after (Bjornsson 2003)

Based on the business strategy, the IS strategy shows what is needed and the IT
strategy how it can be delivered, (Ward 2002) and (Wilson 1989)

Note! An organisation IS strategy does not necessarily need to rely on IT.
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1.4 IS/IT systems in the manufacturing industry

The most important processes in the manufacturing industry are the production
process, sale and product support, product development and supply chain man-
agement. These processes are supported by IS systems consisting of several

software packages often abbreviated with three letters, Figure 1.6:

- PDM, Product Data Management in the product development process

- MRP, Manufacturing Resource Planning in the supply chain and pro-

duction process

- CRM, Customer Relation Management in the sale and product support

processes

- SRM, Supply Relation Management in the supply chain process.

PDM

MRP
CRM

1onpolid

CRM

N
‘Customer Sale roduction Delivery Customer
a
S|

P

SRM

Supplier

Figure 1.6  Processes and their IS/IT support systems in the manufacturing
industry.
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The product data management (PDM) is focussed on organisation, storage and
distribution of product related information during the product development
process. The PDM system stores the information in a hierarchical structure that
reflect the parts and components that the product is made of, the so called
product structure. The original of product structure is stored in a database, a
secure “vault” to guarantee the integrity and to make changes and updates in
the product information traceable. Copies of the original structure or parts of
the structure can be distributed for design, analysis or approval. When a revised
version of the product structure (or parts of it) is signed and dated, the original
can be updated and locked in the vault together with a copy of the old structure.

Approval

Design change Design changes signed

Figure 1.7 PDM system functionality: Part of the product structure is
checked out, revised, distributed for approval and signing. When
the new design is checked in, a new version of the product struc-
ture is created.

The manufacturing resource planning system (MRP) is responsible for con-
necting the product information with resources such as material and compo-
nents in stock, personal and production units to optimize the production in the
factory (throughput) according to the demand. The first step after a new prod-
uct is developed is to explode the product structure into Bill of Materials
(BOM). Each article in the BOM is assigned a unique article number to be used
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in the supply chain management process, such as purchase of articles, articles
in stock and articles needed in different production units.

The last two systems CRM (Customer Relation Management) och SRM (Sup-
plier Relation Management) take care and follow up relations with customers
and suppliers.

Large software vendors like Oracle, PeopleSoft, SAP are now competing with
each other to offer new software solutions to the manufacturing industry that
integrates many of these features into one package. These integrated software
solutions are being called ERP, ERP Il (enterprise resource planning) or PLM
(product lifecycle management). The systems often cost a fortune to install and
operate and only large companies can afford them. However, the systems are
complex and implementing one can be difficult. There have been spectacular
reported failures (100 million dollar IT projects) and IT cortex concluded (IT-
Courtex 2006):

- A (large) IT project is more likely to be unsuccessful than successful
- About 1 out of 5 IT project is likely to bring full satisfaction
- The larger the project the more likely the failure

The possible explanation of this extremely bad result is that IT is only a cata-
lyst, a technology that can make it possible and reinforce processes in an or-
ganisation. The IT tools must be integrated in the organisation and used by
people with expert knowledge to fully utilize the benefits. Companies with
fragmented organisations and tardy working methods can never take advantage
of an ever so advanced IT system, (Wheelwright 1992).

1.5  The product development process

The product development process in the manufacturing industry has changed
dramatically over the past decades. International competition, increasing de-
mands on customer oriented products and the rapid development of IT has been
the main driving force.

Until 1980, the development of a new car model was mainly a sequential proc-
ess were the order of each design activity was strictly regulated, Figure 1.8.
The model resembled of a relay-race where the design-race “baton” was
handed over to the next actor in the product development chain. Between each
change-over a decision had to be taken whether to continue or not.
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Product W Production W Marketing W Sale
design design

Figure 1.8  Sequential development process (DP = decision point)

This process is a slow and reflects the functional oriented organisations of that
time. Each activity is separated in time and space and leads to deficient com-
munication and conflicts between the different functional teams in the design
relay-race. If a downstream activity discovers errors or flaws in the design, the
responsible design team who left the project needs to be involved again. Any
design iteration in a sequential product developing project becomes long and
tedious.

Simultaneous product development was introduced by the Japanese car indus-
try as a result of a custom oriented process view, Figure 1.9. In a benchmarking
study of the major automotive manufacturers this technique did not only prove
to be faster. The simultaneous design process required less engineering hours,
products better adapted to the production process which in turn resulted in bet-
ter quality on the end product, (Womack 1990). This method of product devel-
opment is regarded to be the “Lean way of doing design” within the frame
work of Lean Production and rely on four fundamental principles; leadership,
cross functional teamwork, efficient communication and the parallel develop-
ment process, (Womack 1990).

YV

Management (0000000
Market B -t -al
Product -—---
Production -—---

Figure 1.9 Simultaneous product development process (DP = decision point)

The development of new and efficient IT applications has also been a key to
the introduction of new and faster product development methods. During the
70-ties, the design process was built-up according to Design — Build — Test.

9
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The introduction of Computer Aided Design (CAD) and Computer Aided
Manufacturing (CAM) system in the product development process, during the
80-ies, lead mainly to an increased productivity for the individual designer.
The documentation works become more efficient. It did not change the devel-
opment process.

With the introduction of a simultaneous development process new IT tools
have emerged especially for the analysis, simulation and optimization of digital
prototypes for rapid prototyping of new products. These tools are integrated
into the product development process for a reasonable low investment costs.
Today, the product can be designed, tested and validated before the first physi-
cal prototype is built. Multiple design solution can be investigated in the com-
puter, which leads to a more rapid design process and a more optimized end
product, Figure 1.10.

]
—{ Design H Analyse }—{ Optimize ]J—[Buildprototype}--'
|
]
—{ Design H Analyse }—{BuildprototypeH Optimize J'--'

—[ Design HBuiIdprototype]—-[ Analyse J——[ Optimize JJ

Figure 1.10 The effect of new IT tools on the product development process.

1990

1980

1970

The simultaneous product design method has been further developed to include
these new types of product development IT system into what is best known as
Concurrent Engineering (CE) or Integrated Concurrent Engineering (ICE).

There are many definitions of the meaning of CE. ESA, the European Space
Agency, for example defines CE as, (ESA-CDF 2004):

“Concurrent Engineering (CE) is a systematic approach to integrated product
development that emphasises the response to customer expectations. It embod-
ies team values of co-operation, trust and sharing in such a manner that deci-
sion-making is by consensus, involving all perspectives in parallel, from the
beginning of the product life-cycle”.

10
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CE is based on five key elements, (1) a concurrent process where (2) multidis-
ciplinary teams develop (3) an integrated design model supported by (4) a
software infrastructure using (5) environments for collaborative work

Figure 1.11 shows the concurrent design facility at ESTEC for the European
Space Agency.

Figure 1.11 The Concurrent Design Facility at ESTEC, (ESA-CDF 2004).

1.6 Lessons learned

There are a couple of lessons we can learn from benchmarking with the manu-
facturing industry:

- The manufacturing industries are abandoning functional oriented or-
ganisations. A construction project is still very much organized accord-
ing to the different functions from architectural design, engineering de-
sign, and installation to different trades on the construction site.

- The implementation of IT systems needs and IS strategy based on the
business process. It must be integrated in the work processes and used
by people with expert knowledge to fully utilize the benefits; otherwise
the risk for failure is high. Can the construction industry with their
fragmented organisations take advantage of new advanced IT system?

- The product development process has gone from a sequential chain of
activities to a concurrent engineering approach where multidisciplinary
teams develops digital prototypes that can be analysed, simulated and
tested from different perspectives. The design process in the construc-
tion industry is still very much a sequential chain of activities with lit-
tle or no exchange of knowledge between the different actors in a con-
struction project.

11
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1.7 Recommended literature

Lean design and concurrent engineering

Womack, J. P., Jones, D.T., Roos, D. (1990). The Machine that changed the World —
The story of Lean Production, New York, USA, Rawson Associates, Simon & Schus-
ter, especially pages 71 — 130.

Ballard G., Zabelle T., (2002) Lean Design: Process, Tools, & Techniques LCI,
White Paper-10, Lean Construction Institute, October 20, 2000. Can be downloaded
from the Internet, Note! You must register on the site (It’s free):
http://www.leanconstruction.org/pdf/WP_10_Lean_Design.pdf

Chachere, J., Kunz, J., Levitt, R. (2003) Can You Accelerate Your Project Using
Extreme Collaboration? A Model Based Analysis, CIFE Technical report (TR 154),
can be download from CIFEs homepage at Stanford:
http://www.stanford.edu/group/CIFE/online.publications/TR154.pdf

Collaborative work

Liston, K.; Fischer, M. and Winograd, T. (2001). “Focused Sharing of Information for
Multidisciplinary Decision Making by Project Teams.” ITcon
http://www.itcon.org/2001/6/paper.pdf.

If you are interested on implementation issues of the iRoom environment read CIFE
publications TR144: "CIFE iRoom XT Design and Use" by Marcus Schreyer, Timo
Hartmann, Martin Fischer, John Kunz:
http://www.stanford.edu/group/CIFE/online.publications/TR144.pdf

Johanson M and Térlind P (2004) Mobility support for distributed collaborative
teamwork, ITcon Vol. 9, Special Issue Mobile Computing in Construction , pg. 355-
366, http://www.itcon.org/2004/25

Larsson, A., Torlind, P, Karlsson, L., Mabogunje, A., Leifer, L., Larsson, T., Elfstrém,
B, (2003), Distributed Team Innovation - A Framework for Distributed Product De-
velopment. ICED 03 Stockholm, august 19-21, 2003:
http://www.cad.ltu.se/intranet/documents/publications/publication_339.pdf

PDM, MRP, PLM, ERP et cetera

There is wealth of information around these three letters on the Internet just type these
three letters on www.google.com

12
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2 THE VIRTUAL DESIGN AND CONSTRUCTION
PROCESS

2.1 Introduction

New IT tools have emerged in the manufacturing industry especially for the
analysis, simulation and optimization of digital prototypes for rapid prototyp-
ing of new products. Many of these tools have started to be introduced in the
construction sector, without considering the need for process re-engineering,
collaborative teamwork over organisational boundaries in building projects.

CIFE - Center of Integrated Facility Engineering at Stanford University de-
fines Virtual Design and Construction (VDC) as “the use of Multidisciplinary
performance models of design-construction projects, including the product
(i.e., facilities), organization of the design-construction-operation team, and
work processes, to support explicit and public business objectives”, (Fischer
and Kunz 2004).

That is, we would like to analyse, simulate and predict:
— The quality of the end product (the building);
- The characteristics of the process to build and operate the product;

In order to be able and truly evaluate different design and construction alterna-
tives against project objectives both the product and the processes must be vir-
tually designed and simulated, before construction commences.

All major decisions affecting quality in time and cost are taken early. The
design process only represents a fraction of the total building lifecycle, design
and build together represent only ~5% of the total lifecycle cost of a building.
The rest, ~95%, are operation costs, of which half are energy costs.

On average, by the time 1% of project costs are spent, roughly 70% of the
lifecycle cost of the building has been committed. By the time 7% of costs
have been spent, up to 85% of lifecycle costs have been committed, (Romm

13



Virtual Construction

1994). The building shape, selected materials, structural system, internal room
distribution, and energy systems, are some of the most important factors that
influence the costs of operation and upgrading throughout the lifecycle, Figure
2.1.

O Operate
5 m Build
.:: @ Design

Real lifecycle costs Determined lifecycle costs

Figure 2.1 The importance of decision taken early in a construction project

The same figures can be found in manufacturing industry. The recent Airbus
A330 and A340 digital design project showed that a design improvement in the
assembly stage is more than 100 times more expensive to introduce than in the
design stage!

Most importantly, the essential challenge for the construction industry is the
change from traditional working methods to a Virtual Design and Construc-
tion process. This transformation cannot be introduced here and there in the
design and construction process, it must start right from the beginning.

But first, we will take a closer look at what type problems a typical construc-
tion project is trying to solve.

2.2  The “wicked” project

Horst Rittel and Melvin Webber made a distinction between “tame” and
“wicked” problems, (Rittel 1973). While a tame problem is well defined and

14
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has a solution that can be objectively evaluated, wicked problems are ill-
structured, hard to define with no right or wrong solution.

A tame problem (Conklin J. 2005):
1. has a well-defined and stable problem statement,
2. has a definite stopping point, i.e. when the solution is reached,
3. has a solution which can be objectively evaluated as right or wrong,

4. belongs to a class of similar problems which are all solved in the same
similar way,

5. has solutions which can be easily tried and abandoned,
6. comes with a limited set of alternative solutions.

The solution to a linear equation system, square-root of 6542 and repairing a
car are all examples of tame problems. Still, a tame problem can be technically
complicated and difficult to solve.

The classical approach to solve a problem is based on the assumption that the
problem-solving process can be organized into a stepwise process with distinct
phases, such as: understand the problem, analyse and formulate requirements,
workout solutions and finally implement them, Figure 2.2. In fact, this is a
“blueprint” for classic project management practices to organise and control
complex projects in many industries.

Understand
PROBLEM &=

Analyse

Solve

EEEEEEEEEEEEEEEER ll>

Implement

SOLUTION ‘IIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII’

TIME

Figure 2.2 A classical approach to problem-solving.

15
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A wicked problem possesses the following characteristics, (Rittel 1973):

1. You don’t understand the problem until you have developed a solu-
tion. Formulating the problem and the solution are essentially the same
thing. Each attempt to create a solution changes the understanding of

the problem.

2. Wicked problems have no stopping rule. Since you cannot define the
problem, it is difficult to tell when it is resolved. The problem is solved

when resources are depleted or stakeholders loose interest.

3. Solutions to wicked problems are not right or wrong. They are simply
bad or good or good enough from the stakeholders’ point of view. It can
be challenging enough to get all stakeholders to agree on a common

point of view.

4. There is no immediate and no ultimate test of a solution to a wicked
problem. Solutions generate consequences, and it is impossible to know

the impact of all consequences.

5. Every implemented solution to a wicked problem has consequences.
You cannot learn about the problem without implementing the solution.
Once the highway is built it will have consequences on the traffic flow,
the environment, et cetera. The implemented solution can not be re-

verted.

6. Wicked problems do not have a given set of potential solutions. Wicked
problems can have none or many possible solutions. It is a matter of
creativity to create possible solutions and judgement to select the one

that should be pursued.

7. Every wicked problem is essentially unique. There are no ‘classes’ of
solutions that can be applied to a specific case. “Part of the art of deal-
ing with wicked problems is the art of not knowing too early what type

of solution to apply” (ibid.).

8. Every wicked problem can be considered a symptom of another prob-
lem. A wicked problem is a set of interlocking issues and constraints

which change over time, embedded in a dynamic social context.

9. The causes of a wicked problem can be explained in numerous ways.
Stakeholders will have various and changing ideas about what might be

a problem, what might be causing it, and how to resolve it.

16
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10. The designer/planner has no right to be wrong. A scientist is expected
to formulate hypothesis, which may or may not be supportable by evi-
dence. A designer/planner doesn’t have such a luxury, they are ex-
pected to get things right.

These criteria are not definitions; they are intended to describe what contrib-
utes to the “wickedness” of a problem. Examples of wicked problems are loca-
tion of a new highway, a new car design or project definition of construction
projects, (Whelton and Ballard 2002).

The wickedness of a problem increases with the number of involved stake-
holders in the project. Furthermore, trying to solve a wicked problem using a
step-wise problem-solving process will makes things worse.

In a study of a new design of an elevator system for office buildings the de-
signers were asked to think out loud while they worked on the design,
(Guindon 1990). These design sessions where videotaped and analysed in great
detail. The result of the study, Figure 2.3, showed that the problem solving was
not stepwise that follow the tradition wisdom of problem-solving. The design-
ers jumped from understanding of the problem, into formulating potential solu-
tions and back up to refining their understanding of the problem. This jagged
process was unique for each of the studied designer and the understanding of
the problem continued even up to the implementation phase.

Conklin (Conklin J. 2005) called this jagged line “opportunity driven because
in each moment the designers are seeking the best opportunity for progress
toward a solution”. It also reflects an iterative learning process of the problem
and the domain of possible solutions.

A / Opportunity driven
. rolem-solvin
PROBLEM 1' U=nderstan;1 y p . g
:' Analyse "'
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Figure 2.3 Solving a wicked problem does not follow the traditional concept
of a stepwise process towards the solution.
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According to (DeGrace and Stahl 1998) the appropriate way of tackle wicked
projects is to:

Step 1. Recognize that this is a Wicked Project. The first is to recognize them —
admit that they are there. If the project has to satisfy stakeholders who
do not agree on fundamental issues surrounding the project, then it is
definitely a wicked project.

Step 2. See if the project can be tamed. A wicked project is not easily tamed.
You need to get executive support, a clear problem definition that all
stakeholders can agree upon.

Step 3. Use Adaptive Processes. Wicked problems are resolved through discus-
sion, consensus, iterations, and accepting change as a normal part of the
process. In fact, it if the problem cannot be tamed, this might be the
only way out, since classic processes like the waterfall method have
such a poor track record in controlling wicked projects

In the next section we will look into today’s practice of organising building
projects and the consequences it brings.

2.3 Atraditional building process

A building project involves a number of stakeholders in the building process.
From the future owner of the building and its tenants, the designers responsible
for the architectural design, load carrying framework, the electrical and HVAC
installations, to the building contractor and its supplier and subcontractor’s
responsible for the construction work at the building site. There are also several
other stakeholders that are not directly involved, but will be affected by the
building project; e.g. the neighbours, the local community, workers union, etc.
The society often sets up general rules, norms and legislation that create a na-
tional framework for the design and execution of building projects. The local
community can often control the specific building project by granting a build-
ing permit after examining the “building permit documents”. Affected
neighbours are often giving the opportunity to appeal against the building pro-
ject before the building permit is granted.

A traditional building project starts with the project definition known as the
programming phase where the client or a commissioner of a building project
defines the project together with an architect, Figure 2.4. The project definition
is documented in the building permit documents.
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Figure 2.4 The conceptual image of a building project as a relay race

After the building permit has been approved by the local government the build-
ing project is sent out for procurement. The project is often procured by the
lowest bidding construction company who become the prime contractor and
responsible for the means and methods to be used in the construction of the
project in accordance with the contract documents. The contract documents
usually include the contract agreement, the general (country specific) and spe-
cial (project specific) conditions and the building requirements and plans. Re-
quirements and plans are often prepared by the architect in the programming
phase. In many cases, prime contractors will delegate portions of the contract
work to subcontractors.

After the programming phase the detailed design of the building commences
and will often involve subcontracted consultants, such as structural and HVAC
engineers. These consultants make shop drawings to be used in the construc-
tion phase of the building process.

However, before the actual construction work commences, resources (material,
equipment, crews and costs) and construction work must be estimated and

19



Virtual Construction

planned (crews, material, equipment and costs). Bill of quantities of material
and components are extracted from 2D-drawings and procured. Equipment
such as cranes, office and crew cabins, et cetera are often rented and installa-
tion work subcontracted by the main contractor. Site plans, time plans, delivery
plans and safety manuals needs to be established for the construction work on
the construction site.

The site manager is responsible for the construction work and supply chain on
site where the work done by subcontractors and trades (carpenters, bricklayer,
concrete workers, painters et cetera) needs to be coordinated and followed-up.
The construction work is often supervised by an appointed building inspector
working for the client.

The building project is divided into a sequential chain of activities where the
result is handed over to the next group of stakeholders in a relay type of race
until the building is handed over to the client. This type of design, bid and
build projects, often called prime or general contracting project, are very com-
mon in the construction industry. The typical signs of wickedness in these pro-
jects are manifested by:

— A large number of stakeholders with different views on the project re-
sult. The stakeholders have various ideas and often conflicting objec-
tives with the project.

- The design intents as formulated in the project definitions are based on
documents and 2D drawings that can easily be misinterpreted. This
leads to different interpretation of the project intents from the various
actors.

- The number of dynamic and complex projects is increasing where the
initial project program, upon which the selection of the contractor is
based on, often has to be revised due to dynamically occurred changes.

- A vertical oriented project organisation, where different specialist and
trades have their own culture.

This leads to:

- A fragmented project where the different actors are pulling the projects
apart.
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- Long chains of design iterations, where changes in the, e.g. architec-
tural design affects the downstream structural and HVAC design,
Figure 2.5.

- An error prone information flow, where necessary revisions of e.g. shop
drawings do not propagate to the building site.

The complexity and the need for an adaptive project definition is also believed
to be one of the biggest sources for litigation, since most construction projects
are based on a fixed price, (Toolanen, Olofsson and Johansson 2005).
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Figure 2.5 The sequential chain of activities leads to long iteration loops.

An in-depth study of seven Swedish construction projects reveals that a con-
struction worker spends only 15-20 % of the time on direct work. Approxi-
mately 45 % is spent on indirect work (preparations, instructions, getting mate-
rial, etc.). The remaining 35 % is spent on redoing errors, waiting, disruptions,
etc., i.e. a complete waste of time, (Josephson 2005).
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WORK

Figure 2.6 Waste and design errors on a construction site. The left pie dia-
gram shows the value adding activities of a construction workers
daily activities and the right photographs typical design errors
that have to be resolved on the construction site, (Josephson
2005). Photos by Per-Erik Josepson.

Typical errors that have to be resolved on the construction site are caused by
collisions between different design team (structural — HVAC, structural -
architect) and components that are not within prescribed tolerances.

In summary; many construction projects are complex and embedded in a dy-
namic social context, creating interlocking issues and constraints which change
over time. The project is organised according to a traditional sequential relay
type of problem solving process to work-out solutions that fulfil requirements
from stakeholders with divergent and conflicting objectives.

This leads to a fragmented building process with no agreed upon common
strategy, an error prone information flow between stakeholders creating nu-
merous errors in the design phase that will create unproductive work in the
construction phase. No wonder that stakeholders in building projects of this
kind so often wind up in court.
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Next, we will propose a new strategy for the building process, a re-engineered
process that can take advantage of the latest development of ICT technology.

2.4 The virtual design and construction process
The virtual design and construction process can:

- Give a clear picture of design intents to all stakeholders (client, end-
users, local government, designer, contractors, construction workers et
cetera)

- Evaluate the product performance against common targets

- Enhance design coordination between different design teams in the pro-
ject in order to avoid propagating design errors to downstream activities

- Support the process of cost estimation, construction planning and sup-
ply chain management

- Support coordination of subcontractors and trades on the construction
site on a day-to-day basis

- Support handover for facility management

There are three main factors to consider, when implementing a virtual design
and construction process:

- Project environment. The “rules of the game” is essential, because it
sets the framework for the process design. The client selects a suitable
framework depending on variables such as, time criticality, uncertainty
in product design, access to resources and strategic considerations
(Toolanen, Olofsson and Johansson 2005).

- Process design. There are a number of possibilities to design the proc-
ess according to a specific project environment. Project complexity in
size and time and social complexity, (the number and diversity of actors
involved in the project), are important parameters in the design of the
process.
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- ICT technology. The selection of the tools to support the process design
involves investigation of participants’ qualifications, access to technol-
ogy and the introduction of new tools in the project organisation.

24.1 Project Environment

The framework for the process design in the construction process depends on
the choice of contractual form, the selected remuneration and cooperation
model, (Toolanen 2004). Table 2.1 shows some of the most common contrac-
tual forms and remuneration and cooperation models.

Table 2.1  Contractual forms, remuneration and cooperation models in the
construction industry.

Contractual forms Remuneration models | Cooperation models
Construction manage- FP - Fixed price. The Traditional, e.g. no special
ment. Client/owner re- compensation is bas-ed | form of cooperation is im-
sponsible for design and on a fixed price when plemented.

coordination of the project, | the contract is signed.
building contractor(s) re-
sponsible for the execution.

Design-Bid-Build, Cli- Cost reimbursable or | Partnering, Collaboration
ent/owner responsible for transparent cost model. | model to define and reach
design, building contrac- The compensation is common objectives in a pro-
tor(s) responsible for the based on actual costs ject. The model was invented
execution and coordination | that the contractor have. | in UK and has spread over the
of the project. world.

Design-Build, The client Cost reimbursable Strategic partnering or vir-
distributes the responsibil- | with incentives The tual enterprise. The project

ity of design, project coor- | compensation is based | organisation functions like a
dination and execution to on actual costs + a bo- single enterprise. Strategic
the contractor(s). nus if project targets are | and long term collaboration
reached between stakeholders in the
construction process.

A combination of contractual forms and models for remuneration and coopera-
tion with white background are called transactional contracting whereas com-
binations of forms and models with grey background are called relational con-
tracting. In the article “Contracting for Lean performance: contracts and the
Lean construction team”, Miles and Ballard (1997) discusses the needs of de-
veloped contracting models facilitating and supporting the need of achieving a
more behaviour oriented construction process (relational contracting). The au-
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thors have also the hypothesis that complex, uncertain projects under time
pressure require a development towards relational contracting in comparison
with simple, certain and slow projects, Figure 2.7. This has implications on
production task, the production system, the organization structure and also for
the contracting models, (Miles and Ballard 1997).

Slow, Certain Quick, Uncertain
and Simple and Complex
[ Production Task ]
e I I >
[ Production System }
e e e e s e s s e e e e e e s s - ———- >

Transactional Relational
Contracting Contracting
Figure 2.7  The project spectrum, after (Miles and Ballard 1997).

This hypothesis was further strengthened by (Toolanen, Olofsson and Johans-
son 2005) who conducted in-depth interviews where 32 professional clients in
Sweden were asked to act as advisors in different contracting situations. The
situations ranged from projects with no time pressure slow (slow), simple
building projects (certain and simple), to complex, fast-track projects with lots
of uncertainties in the actual design. A majority of the clients recommended
transactional contracting in the case of slow, certain and simple projects and
relational contracting for fast-track, uncertain and complex project where the
risk is much higher. Also in cases of strategic considerations, the relational
contracting was recommended.

To conclude, there are two kinds of project environments that will affect the
climate of collaboration, transactional and relational:

- The transactional contracting environment will strengthen the forces of
fragmentations. Any change in the project will be resisted since the re-
muneration is fixed. There is no incentive for collaboration and creative
solutions in the process. Therefore, it is not meaningful to implement a
virtual design and construction process in a typical transactional project
such as the Design-Bid-Build where there is no incentive to use new
and more effective design and construction methods.
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- In a relational contracting environment, it is necessary to involve all
stakeholders, formulate common targets and have a strategy to develop
trust and sharing of information to reduce project risks. Changes bene-
ficiary for the project targets will also be beneficiary for the stake-
holders and can therefore be implemented without re-negotiation of the
contract. In this type of environment, the cost of introducing new ICT
tools and methods and the benefits they bring to the project can be
shared.

2.4.2 Process design and ICT technology

In chapter 1, we discussed the manufacturing industry’s transformation of the
product development process from a sequential chain of activities to a simulta-
neously product development process. This transformation has taken place at
the same time as the modelling methods have become increasingly sophisti-
cated, Figure 2.8.

Process
A
Integrated
Sequential Semiparallell Concurrent Concurrent Knowledge
Engineering Engineering Engineering Engineering Engineering?
—] —] —]
(I (I (I
—] | — —]
| | | -
| I I >
70 80 90 00 10
Computer 2D 3D Digital Product Semantic
Aided drawing models Mock-up Models Models?
Drawing
v
ICT

Figure 2.8 Development of product development processes and modelling
methods.

A major paradigm shift took place in the nineties when concurrent engineering
was introduced. To support this process change, a modelling method known as
“Digital mock-up” was developed. Digital mock-ups are virtual reality models
(VR) of the product assembled from all design teams’ 3D CAD models (geo-
metrical data). The digital mock-ups are use to coordinate the design work and
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to communicate design intents to stakeholders, (Woksepp 2005). Figure 2.9,
shows an example of a digital mock-up of a large process plant in the MK3
project.

Figure 2.9 A digital mock-up of large process plant under construction,
(Olofsson, Toolanen, Woksepp, Jongeling and Simu 2006)

An integrated concurrent engineering process (ICE) requires an even tighter
integration between different design disciplines. Co-located design teams
working on the same data have inspired the CAD developers to engineer prod-
uct model servers, where the designer works in a common model environment.

The next step according to many scientists is a knowledge engineering process
supported by a semantic modelling method, i.e. the model objects have mean-
ing and knowledge of their own performance.

Two cases are presented below, to exemplify the process design of a concur-
rent engineering construction project supported by advanced ICT methods. The
first example provides an indication of a “to-be process” of property develop-

27



Virtual Construction

ment projects. Several parts of this process has been demonstrated in the pro-
ject VIPP (Jongeling 2006). The second example shows a real case of a large
industrial project where the whole plant been designed and modelled in 3D and
coordinated using digital mock-ups (VR) as a communication tool.

Figure 2.10 shows the outline of a concurrent process of the residential prop-
erty development project, VIPP. The project is divided into three main proc-
esses; the market process, the design process and the construction process. This
is a typical design and build project in Sweden where the residential developer
and the building contractor is the same company.

Two major milestones exist. The first milestone is the approval of building
permit after which the detailed design and planning of the construction com-
mences. The second milestone is when 30-40% of the flats/offices are
sold/rented after which the construction of the block of flats starts.

Building permit 40% sold

Cost estimation, supply chain, production plan, follow-up

Figure 2.10 Outline of a concurrent property development project.

The next figure, Figure 2.11, shows the potential of today’s ICT tool in such as
process. The benefits can be summarized as follows

- The process of acquiring a building permit process becomes much
faster. Visualisation of the overall design improves communication and
clarification, resulting in less complaints and misunderstandings of the
layout and effects on neighbouring environment.

- The sale process improves in early stages of the project. Selective price
tags on attractive flats can much easily be determined by the developer.
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Potential customers can get a visual impression of the layout and the
view from the flat before they sign the contract.

- Life cycle cost can be estimated early and design changed to meet de-
sign targets.

- Early procurement of critical components with long delivery times,
such as windows, can be made earlier with lower prices as a result.

- Integrated structural and installations design leads to fewer collisions in
the design and hence, less re-work on the construction site.

- Integrated design and production planning (4D), improves the build-
ability of the design, the site layout and work-flow on the construction
site with less waste on the construction site as a result.

- Integrated design, bill of quantity take-off, cost estimation and supply
chain management reduces the waste related to waiting for and storage
of components and material on site.

- Handover of as built model for e.g. facility management increases the
value for the owner.

Architectural Building Marketing Structural V Installation Facility

design approval design design management

RKET PROCESS

NOILVYHd3IdO

-E“FJ‘ eatill] l‘l‘l

Life cycle cost Cost estimation ~ Procurement Production Design check Supply chain
Indoor quality budget planning planning  collisions, buildability management

Figure 2.11 ICT driven property development project.

The second example concerns the design and planning process of a new pellet-
izing plant (MK3) in Malmberget, northern Sweden, (Woksepp 2005). The
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Swedish state owned mining company LKAB has recently decided to invest
€280 million in a new plant which is planned to be operational by October
2006. Contractors are expected to employ about 250 in connection with the
construction of the plant, while some 150 consultants and engineers are en-
gaged in the design phase. Since time to market is a crucial factor for LKAB,
the contractual agreements for co-operation was a design-build contract, with
cost reimbursable remuneration in combination with incentives on project tar-
gets and partnering as collaboration model. This project environment support
collaborative working methods such as concurrent engineering, open informa-
tion flow and introduction of innovations in the design process. The complexity
of the project, the number of actors involved and the desire to involve end us-
ers such as industrial workers responsible for the future plant operations in the
design make VR and digital mock-ups an excellent enriched source of commu-
nication in the design coordination and review process.

Normally, the spatial needs govern the preliminary plan in a construction pro-
ject. However, the design in the MK3 project is affected by the following pa-
rameters:

1. The design of the manufacturing process
2. The plant layout (the plant and its surroundings)
3. The construction of the plant

This leads to a situation where the focus is on the assembling and functionality
of the machinery in the plant instead of the actual building. All separate design
processes including construction, HVAC, electrical installations, et cetera oc-
curs simultaneously in a concurrent design approach.

Most of the information that makes up the VR prototypes used in the design of
the plant originates from 3D CAD models developed by groups of multidisci-
plinary design teams. These teams work together with a common goal to fulfil
the client’s design intents of the pelletizing plant. The cabling for the electrical
installations are modelled in 2D and later re-modelled into 3D CAD.

Apart from forming the base for the VR prototype, the 3D CAD models are
also being used for other purposes such as: spatial planning, extracting 2D
CAD drawings and further processing in order to extract more detailed 2D
CAD drawings as well as for updating 2D CAD drawings. The 2D CAD draw-
ings are only used for production purposes.
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Figure 2.12 outlines the concurrent and iterative design process in the MK3
project. The project coordinator is responsible for the overall design process
while the design teams here denoted 1 to n, are responsible for the design of the
subsystems in the plant, i.e. process equipment, building structure, installations
et cetera. All design teams are also responsible for providing correct and up-
dated input data to the "VR database". An independent VR consultant, working
for the client, manages all the VR data and also makes updated and corrected
VR prototypes accessible for everyone to use in the project.

The provided VR prototypes, denoted VR1 to VRN, are also used in the design
review meetings that take place once every fortnight. Errors discovered during
these design review meetings are immediately delegated to the design teams
concerned. All errors that have been addressed are logged and later confirmed
in the next meeting. Decisions on major changes in the design are taken after
conducting a risk analysis on the three goals in the project; the capacity, the
time and the economical impact. These decisions are always taken in the risk
management group consisting of the client and the main subcontractors in the
Partnering contract.

Data Convert Gather Create | Distribute | Design | Decisions | Impact &
sources | todwg | & optimize| VR models | (Share) review liability

i Design team 2 VR2 Design review 2

] Design team 3 databacs VR3 Design review 3

Design team 4 VR4 Design review 4

Design team n VRn Design review 4

Design changes

Figure 2.12 An iterative design review process using VR models (digital
mock-ups) in a concurrent design situation.

However, the greatest value for the customer comes from the ability to super-
vise, interact and provide input to the design teams in the design reviews dur-
ing the entire design and construction process.
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Figure 2.13 Benefits from the design process in the MK3 project, (Olofsson,

Toolanen, Woksepp, Jongeling and Simu 2006).

32



The virtual design and construction process

2.5

Lessons learned

There are a couple of lessons that we can learn from this chapter:

2.6

In this context a virtual design and construction process is defined as
the analysis, simulation and prediction of the quality of the end product
and the characteristics of the process to build and operate the product.

Construction projects in general show several typical signs of being
“wicked”. The way to tackle a wicked project is first admit that it is
wicked, secondly create mutual project targets that all stakeholders can
agree upon and finally, use adaptive processes in the project.

The typical construction project is organised in chain of sequential ac-
tivities, a relay run, that leads to fragmentation, long chains of design
iterations and an error prone information flow causing a lot of waste of
material and resources in the construction phase.

There are three main factors to consider in the implementation of a vir-
tual design and construction process, the project environment, the proc-
ess design and the ICT technology to use.

Relational contracting in combination with a concurrent engineering
process and advanced ICT tools can provide the base for an adaptive
virtual design and construction process needed to tame “wicked” con-
struction projects.

If a strategic new process is to be introduced in a project that previously
not been tested in the organisation, two actions is recommended. First,
the performance and the number of successful implementations in other
projects need to be investigated. Secondly, a fallback plan, plan B, must
be devised in case of failure.
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3 3D DESIGN MODELLING STRATEGIES

3.1 Introduction

The introduction and adaptation of Computer Aided Design (CAD) systems in
the AEC (Architecture, Engineering and Construction) industry started in the
‘60s and ‘70s where electronic drawing boards speeded up the 2D drafting
work of engineers. Applications were already available at that time for basic
3D modelling, including functionality for quantity take-off and generation of
drawings. The applications were running on expensive mainframe computer
systems and were thereby only available for major engineering offices that
could ensure maximum utilization of the systems. The transition from main-
frame computer systems to personal computers (PCs) in the ‘80s allowed for a
wider spread of CAD applications in the construction industry. At that time the
applications were mainly used for the production of 2D drawings. The devel-
opment and adaptation of 3D modelling emerged in the late ‘80s and early
‘90s. Since then developments of software and hardware have resulted in in-
creasingly sophisticated CAD packages that today can run on laptop computers
for relatively little cost.

Today’s CAD systems can be applied for much more than 3D modelling and
the generation of drawings. However, the potential of these systems is often not
fully utilized and application is limited to generating and exchanging tradi-
tional documents, such as 2D drawings, in a digital format. The traditional way
of exchanging information in the construction industry is document centred.
Examples are 2D drawings, written specifications, manually calculated bills of
quantities, etc. Although computers offer substantial help today in the produc-
tion of these documents, the data exchange and management procedures are
still focused on documents, which have an important legal status.

A major survey among Swedish architects and engineers, carried out in 2000,
shows that the use of 3D modelling in construction is very limited (Samuelson
2000). 3D modelling packages such as ArchiCAD, AutoCAD ADT and Micro-
station are used by 19% of all architects, Figure 3.1. Those professionals that
have the 3D software do not always use it for 3D modelling, but rather for a
hybrid variant in which the early and rough design work is carried out in 3D

35



Virtual Construction

and the detailed design continues in 2D. The study shows that structural engi-
neers mainly rely on 2D tools (Figure 3.1), with a few exceptions for steel de-
tailing and design for prefabricated concrete elements. The study is planned to
be repeated during 2006 and the results are expected to show a major shift to-
wards the uptake of 3D modelling by architects and engineers.
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Figure 3.1: Application of IT in the Swedish construction industry by architects
and technical consultants (Samuelson 2000)

A number of research and development projects have focused on facilitating
the uptake of 3D modelling and model-based data exchange by defining and
standardizing data schemas. The schemas allow different actors in the con-
struction process to use and re-use data in different types of applications (e.g.
3D CAD, cost estimation, energy analyses, et cetera). Despite the emergence of
neutral file formats the uptake of model-based information exchange is slow
and is still based on traditional documents. Many of the research and develop-
ment projects have been technology-driven, resulting in technical solutions,
such as applications and data standards. These projects focus on technology
and to a minor degree on the value of the technology for the actors in the con-
struction process. From the two case studies presented in the previous chapter
it becomes clear that the uptake and application of IT-tools is facilitated when
actors identify the value provided by the tools and working methods. From the
same chapter it also becomes clear that establishing the right organisational and
contractual infrastructure, including appropriate models for cooperation, can
facilitate the introduction and uptake of innovative solutions, such as model-
based information exchange.
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3.2 Product Modelling

In our discussions so far about IT in construction we have referred to numerous
terms, such as 3D CAD, data schemas and model-based information exchange.
In this section we take a closer look at how different concepts are related to
each other and we present some of the major research and development efforts
in this area.

The development and use of computer-based models for the AEC (Architec-
ture, Engineering and Construction) industry has been discussed within interna-
tional research and development communities for some time (Eastman 1992;
Fischer 2004b; Gielingh 1989; Laitinen 1998). Different terms and concepts
are used in discussions to denote these models and modelling systems. The
most common terms are product modelling and product data technology. Re-
cently, the concepts of a building information model (BIM), nD modelling and
virtual building environment (VBE) have been added to the terminology de-
scribing information models for the AEC industry (Jongeling 2005c¢).

A product model for the construction industry can be described as formal set of
descriptions. Laitinen (1998) defines product data technology as a set of IT
methods, tools and standards for the development and implementation of appli-
cations for the management, exchange and sharing of product data. The prod-
uct data that is stored in the model can be defined as a representation of infor-
mation about a project in a formal manner suitable for communication, inter-
pretation or processing by human beings or by computers (Karstila 2001). This
information concerns both process as product information (Amor 2001a) such
as information on geometry, planning, costs and work-documents.

The structure of a model can be explained by using different levels (or layers),
together forming a total modelling system (Blokpoel 2003). The first layer
concerns the data definition for which often the EXPRESS modelling language
is used, Figure 3.2. This layer provides the basic building blocks for the next
layer in which the data schema is defined. The schema defines how data is
structured and how different concepts are related to each other. The third layer
concerns the data exchange layer. In this layer it is defined how to exchange
model is set up and finally, to access and manipulate the files or databases, an
interface is needed, such as a CAD application.
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Figure 3.2: Outline of different layers of a product modelling system (Blokpoel
2003)

BIM was launched by major vendors of CAD applications such as Autodesk,
Graphisoft, Bentley and Nemetschek. A BIM is a computer model database of
building design information, which may also contain information about the
building’s construction, management, operations and maintenance (Graphisoft
2002). Research and development regarding nD modelling is mainly conducted
at the University of Salford within the 3D to nD modelling research project
(Lee 2004). An nD model is an extension of the BIM, which incorporates
multi-aspects of design information required at each stage of the lifecycle of a
building facility (Lee 2003). A Virtual Building Environment (VBE) is a
“place” where building industry project staffs can get help in creating BIMs
and in the use of virtual buildings (Bazjanac 2004). A virtual building is a
BIM, or an nD model, deployed in software. VBE consists of a group of indus-
try software that is operated by industry experts who are also experts in the use
of that software (Bazjanac 2004).
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Throughout this course literature we use the following terminology:

- A product model refers to data models that contain both product and
process data supporting a building’s lifecycle. Examples of such data
are geometry, planning and cost data. According to this definition we
define BIMs and nD models as product models.

- Product modelling systems are used to access, manipulate and store in-
formation from exchange files and databases. Examples of such sys-
tems are CAD applications, but also project planning software and
product model servers.

- We define the collection of product modelling systems used in a pro-
ject, including the professionals that operate the systems, as the product
modelling environment. We define VBEs as product modelling envi-
ronments.

Although definitions of product models and nomenclature vary within the re-
search and development communities, most actors agree that the main advan-
tage of product models lies in tasks beyond 3D modelling and generation of
drawings for a building (Fischer 2004b).

3.3  The IFC standard

Different systems and standards are available for an array of model-based
working methods. Some of the systems are commercial, whereas others are not,
and some support neutral data schemas, whereas others solely work with pro-
prietary data formats.

One of the main developed schemas for the construction industry is the Indus-
try Foundation Classification (IFC) by the International Alliance for Interop-
erability (IAl 2006). The ALl is an open international consortium of CAD ven-
dors, such as Graphisoft, Autodesk, Bentley, Nemetschek and many other or-
ganisations. The 1Al defines interoperability as an environment in which com-
puter programmes can retrieve data automatically, regardless of the type of
software or source of data (1Al 2006). The eventual goal of the 1Al is to de-
velop product data models for sharing information between software tools,
which are utilised throughout the building industry. This is done by specifying
how the ‘objects’ (products and processes) that a construction project consists
of, such as doors, walls, rooms, et cetera, should be represented electronically.
Each specification is called a ‘class’. The word ‘class’ is used to describe a
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range of things that have common characteristics. For instance, every door has
the characteristics of opening to allow entry to a space; every window has the
characteristic of transparency so that it can be seen through. Door and window
are names of classes. The classes defined by the 1Al are, as mentioned earlier,
termed ‘Industry Foundation Classes’ or IFCs. A wall object created in one
application can be exchanged with another IFC compliant application, which
recognises the wall object and the accompanying specifications.

The work on IFC by the IAI is promising, but there is a need to be realistic
about IFC. It is a system built by many people from many countries during a
relatively short period of time. This fact is strongly reflected in the model; it is
very large and not fully consistent and has a variety of details in different parts
and different solutions to similar problems within different areas. The model is
hard to get an overview of and it takes a lot of time and effort to understand it.
Regardless of these shortcomings, the main impression is that IFC is an effort
in the right direction and that it is steadily improving. Whether or not it will be
named IFC or something else in the future is hard to tell (Ekholm 2000).

3.4  Information Exchange

IFC can facilitate the exchange of model-based information between different
applications, but a lack of IFC compatibility does not have to mean that infor-
mation exchange is impossible. Many applications can write to and import
from proprietary formats by which model-based information can be (partially)
exchanged. Model-based information can be available from exchange files or
directly from an (online) database. Exchange files can be used to exchange the
data directly between various actors or a product model server can be used
from which model data, contained in a database, becomes online available.
Compared to exchange file-based data exchange the use of a product model
server has several advantages, such as version control, partial model load, con-
trol of authorization and access roles, et cetera. Different models for data ex-
change are included in Figure 3.3
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Figure 3.3: Scenarios for exchange of model-based information

— Scenario A represents the current practice of information exchange in
which data is shared in almost a random matter. In such a practice it is not
unusual that the same information is created as much as six times (Laitinen
1998).

— Scenario B is an idealized picture of how different actors work with a sin-
gle model available via a model server. This requires from all actors that
their modelling systems can work with the model server and that all actors
follow strict protocols for data sharing and updating.

— Scenario C displays information exchange by using standardized exchange
files. The picture suggests a sequential work order in which the work pro-
gresses on the whole model from one actor to another. This practice does
not reflect the reality in construction projects in which work by different
design disciplines is carried out in a highly concurrent fashion. The as-
sumed practice of scenario C is also reflected in the IFC model schema,

41



Virtual Construction

which currently does not support versioning per model-object and model-
owner history, thereby limiting the possibility for concurrent work on the
model.

— Scenario D is a hybrid variant of scenario B and C, including some aspects
of scenario A. A common model is shared and available via a model server
and parts of the model are exchanged by standardized and proprietary ex-
change files.

3.5 Roles and Responsibilities

Common to the generation of information and information exchange in all of
the scenarios in the above is that there should be well-defined and clear rules of
how the different actors should perform these tasks. Product models often con-
tain information that suits the business processes of the client and this informa-
tion should be included when the model is created. Examples of this informa-
tion are specific types of composite walls, structural details and door- and win-
dow types. In addition, there is often more than one model and one version
created in a project. Different design disciplines create information that is rele-
vant to their engineering tasks. The client in its turn, for example a project de-
veloper, checks the models according to a number of criteria and communi-
cates this evaluation back to the modellers via the models or by other means.

The example illustrates that there are a number of different roles that one can
identify:

— Information creators are the professionals from different design disciplines
that carry out the modelling work.

— Information users, or so-called model viewers, are those that use the mod-
els for their business process. This category includes actors such as the cli-
ent, project management agencies, material suppliers, cost estimators, site
managers, planners, et cetera.

— Information administrators help the client or project manager with setting
up the right VBE and ensure coordination of the model work that is per-
formed by different professionals.
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Froese (2004) suggests a Project Information Officer (PIO) as a resource in a
project that acts as an information administrator. Tasks and responsibilities for
the P10 can include (Froese 2004a):

— Setting up requirements for the modelling work by different professionals

— Coordinating and ensuring the use of templates and libraries for modelling
work

— Integration of product models from different disciplines
— Management of the product model server
— Education and knowledge management of (potential) model users

The PI1O can possibly facilitate the uptake and successful use of product model-
ling in projects. The PIO relieves the design- and project manager from tasks
that they are not used to and can successively transfer the required skills to
these managers. Knowing that a PIO possesses the essential knowledge can
facilitate the decision by design- and project managers to conduct the design
work in 3D. A PIO is also a business concept as such that can be of interest for
professionals such as engineers, architects or project management agencies.

3.6  Applications and models

Different systems are available for a variety of model-based tasks in construc-
tion projects. We focus in this course on residential and office buildings, but
we do want to mention that applications are available for model-based design
of civil works, process plants and other types of construction works. Listing all
the possible different applications will results in a long and probably incom-
plete list of software products. Instead, we categorize the applications and pro-
vide a few examples for each of these categories:

— Model creation
— Model use and analyses

— Model servers
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3.6.1 Model creation

To this category belong applications used by professionals to perform the ac-
tual 3D modelling work. 3D modelling includes the modelling of geometric
objects, including the properties of these objects. The applications are typically
used to produce 3D models, 2D drawings and reports of the model, such as
Bills of Quantities. We identify applications for architectural, structural and
building services design.

Applications for architectural design of residential and office buildings typi-
cally distinguish building stories on which building objects can be modelled by
using slabs, walls, structural members, windows, doors, et cetera. These appli-
cations include also more abstract objects such as spaces, areas and grids. The
output of the applications is often a rendered 3D model, generated 2D drawings
and a bill of quantities.

Figure 3.4: A typical architectural 3D model
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Structural design is by some professionals performed, using architectural soft-
ware packages and by others using dedicated structural design packages. De-
pending on the structural system of the building, (e.g. steel, prefabricated con-
crete, cast-in-place concrete) different design systems are available of which
some include functionality for structural analyses. It is common for steel detail-
ing that factory production is directed with model data (e.g. Computer Numeric
Control - CNC). Similar solutions also exist for prefabricated concrete element
production and prefabrication of reinforcement bars.

The applications are also used for clash detection, quantity take-off and the
generation of 2D drawings. The drawing generation for reinforcement bars is a
complicated process. Some 3D modelling systems do not represent all rein-
forcement bars as objects, but rather calculated these objects. In addition, there
exist different (inter)national standards for the symbolic representation of rein-
forcement bars. The process of generating reinforcement drawings is compli-
cated by these factors.

Figure 3.5: Structural models (Tekla 2006)

Building services are often modelled by using dedicated packages for design of
systems for Heating, Ventilation and Air Conditioning (HVAC). Typical for
these applications is that objects are used that correspond to part libraries of
HVAC system suppliers. The applications can also include functionality for
clash detection, quantity take-off and energy and air flow analyses.
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Figure 3.6: HVAC models

3.6.2 Model use and analyses

Applications for model use and analyses are very diverse and thereby difficult
to categorize. The applications are typically compatible with many different
data formats and are aimed at non-CAD users. Some of these applications do
not have a 3D interface of the product model, but rather show the model as
structured table.

We identify the following types of applications:

— Applications for digital mock-up and walkthroughs, to integrate, communi-
cate and review different design disciplines for use within and outside the
project team.

— Model checking- and clash detection software. These applications check
different models according to user-defined rules for tolerances between and
interferences of different types of objects and systems.

— Building lifecycle design applications are software tools for the analyses of
energy use, lighting design, space usage, maintenance planning, et cetera.

— Applications for 4D (3D + time) modelling are used to link the various
models of a project to different types of schedules. These schedules can
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subsequently be visualized in a 4-dimensional environment and enable the
communication of different schedules to actors in the project.

— Applications for 5D (3D + costs) modelling are used for cost estimation
and link the model objects to so-called recipes. A recipe includes methods
(i.e. a number of tasks) and resources (e.g. man hours) needed for a build-
ing component.

3.6.3 Model servers
Model servers are those systems that collect and manage model-based informa-
tion in projects. These systems are used to:

— Define the structure of the models
— Manage model access rights for different users
— Version control and history

— Manage different representations of model objects for different users and
applications

A number of systems are available for the construction industry, some of which
come from other industries, such as the aerospace and defence industry, and
some of which are specifically aimed at the construction industry.
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3.7  Case study

In this section we report the results of a research and development project,
called IT-stomme (IT-structure), in which different modelling applications
were used for file-based and model-server-based information exchange. In ad-
dition to this case study we recommend the product model & 4D CAD report
(Kam 2002) for an overview of model use in practice.

A residential construction project is modelled in the IT-stomme project with an
Internet-based product modelling system developed by Enterprixe Software
Limited (Enterprixe 2002). The system uses a central database in which the
product model is stored. Additional databases containing for example cost data
or documents can be linked to the central database, Figure 3.7.

Microsoft Excel Cost Estimation ArchiCAD

VRML 4D V|ew7 AutoCAD ADT
Microsoft Project /

Model Document
Server Server

Figure 3.7: The product modelling environment of the IT-stomme project. Dif-
ferent software systems can be used to create, edit and use product
model data. Examples of these systems are AutoCAD, Microsoft
Excel, Microsoft Project and a VRML 4D model viewer.

When logged in, a project can be selected from the product model server and
specific client software to view and edit the product model. AutoCAD-based
software and a VRML viewer embedded in an Internet browser are used as
software clients to the product model server in the IT-stomme project. Ex-
change file import and export is used in addition to direct client-server connec-
tion to extend the product modelling environment. For example, IFC files are
imported from ArchiCAD to AutoCAD Architectural Desktop (ADT), which in
its turn is a client to the product model server. IFC objects are uploaded from
ADT to the central database, where they become available for all project par-
ticipants.
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The product model is loaded from the product model server to local computers
and constantly updated when connected to the server. The case study product
model contains approximately 3000 objects. It is possible to load or unload
parts of the product model. The product model server keeps track of users who
create an element or who edit one. Figure 3.8 illustrates the partial model check
out and check in functionality. Product model objects that are checked in ap-
pear as normal elements. Elements that are checked out by the current user
carry a check-mark (). Checked out elements are locked for editing by other
users. Elements checked out by other users, cross-marked ([x1), are locked and
cannot be edited. Modelling work is concurrently carried out by multiple co-
located users within the IT-stomme project. Project participants consider the
partial product model check in and check out a valuable product model server
functionality that reduces the risk for double work and product model inconsis-
tency.

% s 54— Only database hierarchy loaded and not checked out

B Non-beaning
& oo
: ‘x& AR I
. &3 e
=&k Bearing <4——————— Database node is loaded
il Foof ®—— Database node is unloaded
+-&& Floor 3 €——————— Database node is hidden
- Floor 2
7] Concrete Wal 4+—| Element is loaded and checked out by the current user
@ Concrete Wal Element 1s loaded and not checked out

Only database hierarchy loaded, checked out by another user.
The element cannot be modified by the current user now.

Figure 3.8: A tree view of the product model at the product model server. Par-
tial product model check in and check out functionality is used to
reduce the risk for double work and product model inconsistency.

The case study project is called Hotellviken and comprises the construction of
5 buildings containing 5 apartments each of which two buildings are connected
with a parking garage. Figure 3.9 shows a 3D model of the concrete structure.
The bearing structures are cast in place concrete. Facades consist of standard-
ized non-bearing prefabricated plastered elements. Prefabricated lattice girder
elements are used for slabs on which cast in place concrete is poured. Tradi-
tional formwork is used for the inner walls in which concrete is poured on site.
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The Hotellviken project is modelled in parallel to the traditional 2D paper-
based design and construction process. Hotellviken is used to study and de-
velop the following product model applications:

1.

Traditional 2D drawings and documents are partly generated from 3D
models and hyperlinked to these models.

Various types of 3D models from different disciplines are created by using
file-based data transfers and a collaborative client-server environment.

Multiple production schedules are linked to 3D models resulting in 4D
models.

3D models are mapped to cost estimation hierarchies providing a 5" di-
mension.

Model use and configuration by the ready mixed concrete supplier provides
an additional dimension.

The first and second type of model use are discussed below. For a complete
overview of the IT-stomme project we refer to (Jongeling 2005c).

Figure 3.9: Bearing structure of the Hotellviken project.
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Researchers (Lee 2004) and software developers (Autodesk 2002; Graphisoft
2002) envision a database constructed with intelligent objects from which dif-
ferent views of the information can be generated automatically; views that cor-
respond to traditional design documents such as plans, sections, elevations,
schedules, et cetera. As the documents are derived from the same central data-
base, they are all coordinated and accurate.

We identify a number of issues that currently limit the use of product models to
the extent envisioned in the above:

— First of all, generating views from product models is currently partly possi-
ble. Product models do not necessarily contain all information that is re-
quired to produce design views. Absence of information is due to unavail-
ability of adequate modelling tools, required effort to add this information
to product models and the effort to extract the information. For example,
modelling work of certain reinforcement bars is possible in a limited num-
ber of CAD systems. Generating views from these systems is constrained
by national and local preferences of reinforcement bar detailing in shop
drawings.

— Secondly, views of product models differ between actors. For example, a
structural engineer models building objects differently from objects mod-
elled by an architect, Figure 3.10. Generating specific views from a multi-
disciplinary central model that contains all information is constrained by
these different views.

— Thirdly, certain information is associated with a model, but not necessarily
part of a model. Even in the most optimistic scenario for model-based ap-
proaches, the vast majority of current project information exits in the form
of unstructured documents (Froese 2004b). At present there is very little
linkage between information technologies for working with unstructured
document-based technologies and model-based technologies.

— Finally, the number of actors in a construction project that can access and
operate software tools to generate database views is mostly limited to ac-
tual product modellers. In addition to modellers we see a number of actors
that are merely viewers of product models, such as estimators, planners,
suppliers, subcontractors, customers, et cetera. These actors do not neces-
sarily have product modelling systems installed and lack the knowledge to
generate specific views from a product model.
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The following solutions were applied in the IT-stomme project to combine 2D
data with product models and to make this data and product models available
for all project participants:

Separate architectural and structural models were created of Hotellviken
instead of an all-including single product model. Building services design
was partly carried out in 3D and partly in 2D. The architectural model was
modelled in ArchiCAD and exported as an IFC file to AutoCAD ADT. The
IFC file was uploaded from AutoCAD ADT to the central database where it
became available for all project participants. The structural model was
modelled in AutoCAD ADT, used as client-software to the central data-
base. The HVAC systems were modelled with MagiCAD.

Views were generated from 3D models to which 2D geometric primitives
were added in paper space. We call this a hybrid design document type.
The views were saved at the model server and could automatically be up-
dated with product model data when required. 2D data, such as reinforce-
ment bar detailing, could only manually be updated per view.

Product model views and other documents were located at a document
server and were hyperlinked to the product model. Links were added to
specific model objects, but also to parts of an object or to specific sections
of a product model. For this purpose different types of pointer objects were
used in the model that contained links to the document server. Different
pointer objects were available for different disciplines to facilitate informa-
tion management, Figure 3.10.

A model viewer was used as client software to view the product model in
the central database and to browse through hyperlinked data.

52



3D design modelling strAtegies

— e |

w;‘-fan.'mm"'mi’m;.'mim;mA?mnm;mmmwmmmmmmmm - & x|
tXegobBESE 89098 SS9 FPFI a0 & | PR T BIF A | Se
R L T e =] W (@i =] [ tiwe [ bawe <[ (=] r-“..ﬂ*md"‘::mr*m'--...:ﬁn =] &t

AFNLO0L+NPECHREB LN >R - OBIOIENDOL SN

Figure 3.10 (A) A product model in AutoCAD ADT connected to the Enterprixe
product model server. Detail 1 illustrates different views on model-
ling by a structural engineer (B) and an architect (C). (A) Detail 2
is an example of pointer object for a concrete slab to which results
from technical calculations are linked, which are located at a
document sever.

3.7.1 Analysis
Working with separate product models proved to be beneficial, but also

showed limitations. An advantage of a separate product model per design dis-
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cipline was that both the architect and structural engineer could have their own
view on their design practice, which they were familiar with. Legal concerns
by project participants were minimized with this approach, which facilitated
the acceptance and uptake of 3D modelling. A disadvantage of this approach
was the lack of coordination between different models. Updates in the architec-
tural model that affected the structural model had to be propagated manually in
the structural model. Product model clash detection software (Navisworks
2006) or model checking software (Solibri 2006) was not used in the IT-
stomme project, but could have saved time and increased the accuracy in the
process of coordination product models from different disciplines.

The process of generating views from 3D models and adding 2D data proved to
be feasible for the Hotellviken project. Difficulties were experienced when
updates were made in the central product model. Ensuring up-to-date 2D data
in all separate model views of for example reinforcement bars was a process
that did not provide significant advantages compared to the traditional 2D
structural design process.

Project actors that did not have CAD software installed could view and browse
the product model with inexpensive viewing clients. To illustrate: at the start of
the IT-stomme project there was one CAD system available at the project de-
veloper. No experienced CAD personnel was available to operate CAD sys-
tems as product model server clients. Using model viewers facilitated the up-
take of product model use. Model views and other documents, located at a
document server, became centrally available by using product model viewers.
Using the 3D model was believed to add to project participants’ understanding
of to what part of the model the different documents and views were related.

It became clear during the project that there was a need for a central person that
would coordinate and ensure proper linking of the product model with informa-
tion located elsewhere. Research efforts by Froese on the integration of product
models with document-based information (Froese 2004b) and on the definition
of a Project Information Officer (PIO) (Froese 2004a) can be mentioned here
as potential future developments that are relevant to integration and manage-
ment of product models with 2D data.
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3.8  Challenges for the use in practice

As mentioned earlier in this chapter, the use of these different modelling sys-
tems in still limited, but rapidly increasing. The objective of the IT-stomme
study was to illustrate and develop the use of product models in practice be-
yond 3D modelling. Despite the possibilities of different model dimensions
reported in this chapter, the uptake is slow and the comprehensive use is poor.
Most of the modelling and coordination work was performed by a few indi-
viduals outside the core project team of Hotellviken. Motivating participating
companies to commit resources for product modelling in future projects is hard
due to difficulties in explicitly communicating benefits from model develop-
ment and applications in the Hotellviken project.

Difficulties in explicitly demonstrating the benefits of product modelling is one
reason why the uptake is slow, but there is a variety of other reasons why the
comprehensive use of product modelling is limited to date. These reasons, or
rather challenges, were discussed at an international workshop held in January
2003, as part of the 3D to nD modelling project at the University of Salford.
According to (Lee 2004), the five biggest challenges for the use of product
modelling that were listed by workshop participants are the following (in pri-
oritized order):

— Improving education and changing the industry’s culture

— Implementation and integration

— Demonstrating the benefits and value of a product modelling system
— Data issues, such as multiple design perspectives

— Developing a common data standard for interoperability

We will discuss these five challenges in relation to findings and efforts from
the IT-stomme project.

3.8.1 Education and culture

Improving education and changing the industry’s culture were seen as the big-
gest challenges by workshop participants for an uptake of product modelling.
Getting industry convinced of benefits and motivating professionals to increase
their knowledge about product modelling would greatly facilitate the industry
uptake.
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If was found that professionals had difficulties in allocating time for education
and implementation in addition to their ongoing project work. Due to a lack of
education and implemented use cases it was difficult to motivate project actors
to consider product modelling as an alternative or improved practice compared
to their traditional 2D practice. Most of the modelling work and implementa-
tion was therefore performed by a few individuals that limited the learning ex-
perience for the total project team.

We suggest the allocation of resources within organizations, rather than in a
single project to facilitate the uptake of product modelling. Experience and
gained knowledge from product modelling has a bigger chance to sustain
within organizations, than in a project team that in many cases ceases to exist
after a project has been finished. In addition to strategic uptake of product
modelling at a company level, we suggest partnering with other organisations
and actors to form a product modelling environment, envisioned by Bazjanac
(2004) as a Virtual Building Environment (VBE). A “place” is needed where
companies and individuals can get help in creating and using product models
across different disciplines.

3.8.2 Implementation and integration

Implementation and integration was seen as the second biggest challenge by
the workshop participants. There are almost no commercial software applica-
tions that work with and add to product models beyond 3D modelling (Fischer
2004b).

We illustrated different dimensions of product models by linking different ap-
plications and by combining results from these applications. For example, 2D
data located at a document server was linked to 3D models. 3D models were
used for 4D simulations and 5D cost estimation. These examples illustrated the
use of product models beyond 3D modelling.

Although commercially available applications were used for most of the mod-
elling work, there were a number of work-arounds and implementations neces-
sary. Project participants could access the product models by using software,
which they already were familiar with. This greatly facilitated the uptake and
culture change in the project team towards product modelling.

We suggest starting implementation and integration efforts with existing and
commercially available systems as a basis. Sophisticated applications are al-
ready available for 3D modelling, production scheduling, cost estimates, et
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cetera. The challenge is to combine these applications, rather than to develop
an all-inclusive modelling system. We illustrated the combination of different
commercial applications in the IT-stomme project, instead of developing an
own application tailored to our needs. An incremental approach should be
adapted in combining different applications with end-user participation in the
development process.

3.8.3 Demonstrating benefits

Demonstrating the benefits and value of a product modelling system was con-
sidered the third biggest challenge. Business cases are needed that outlay the
needs for product modelling in projects and within organisations.

As noted in the above, motivating participating companies in the 1T-stomme
project to commit resources for product modelling in future projects was diffi-
cult due to difficulties in explicitly communicating benefits from model devel-
opment and applications in the Hotellviken project. This shortcoming can be
addressed by adapting formalized cost benefit analyses developed for the con-
struction industry (Fox 2004). In addition to cost benefit analyses we suggest
performance measurement by key performance indicators (Blokpoel 2003),
illustrated by a number of product models from different disciplines. One of
the tasks of a possible P1O (Froese 2004a) or product model manager could be
the collection and analyses of model data to support performance measurement
and demonstration of product model benefits.

3.84 Data issues

Data issues were considered a big challenge, but not a high priority to address
in research and development of product modelling. Examples of data issues are
multiple design perspectives and the information flow, exchange and accuracy.

As a result of different design perspectives it was decided to work with two
separate product models; one architectural and one structural model. A hybrid
product model view was adapted in addition to these different models in which
3D model data was combined with manually added 2D data. The architectural
and structural models were combined in two production models, in which both
models were extended and further detailed.

The multi-model approach implied a number of advantages and disadvantages.
We believe that separate models per discipline are feasible, but only if ade-
quate tools are used to coordinate these models and to check the consistency of
these models. Highly detailed production models are labour intensive to create
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and to maintain, but are considered valuable instruments to communicate proc-
ess intend and to evaluate production strategies in a virtual environment, with-
out committing resources on site.

The hybrid document approach proved to be more problematic than the multi-
model approach, due to errors in updates of 2D data. With improving model-
ling tools we believe that a hybrid approach is not a necessity in the future.

3.85 Interoperability

Developing a common data standard for interoperability was perceived by
workshop participants as a big challenge, but not a high priority to address.
Considerable efforts by the 1Al to create the IFC product model standard have
been made in the last years. Although promising (Kam 2002), the IFCs have
not yet found wide acceptance among software vendors and construction com-
panies (Fischer 2004b).

Interoperability was not a major issue in the IT-stomme project as a result of
the use of one environment. An architectural model was exported from Archi-
CAD and imported to AutoCAD ADT by using IFC. The model contained ba-
sic objects, such as walls, doors, windows and slabs, and did not result in data
losses. The import from ADT to the product model server proved to be more
problematic, but was solved in the course of the project. Interoperability is con-
sidered essential to start using product models beyond 3D CAD applications.
However, the IT-stomme project also showed that different dimensions can be
added to a product model independently from standardized data schemas.

3.9  Lessons learned
There are a couple of lessons that we can learn from this chapter:

1. Product models include product and process information supporting a
building’s lifecycle. Product modelling is in other words not limited to 3D
graphics and 3D visualization.

2. There is no single model that contains all project information, but rather a
collection of discipline-specific models, including non-model data that can
be linked to models.

3. Model information can be exchange be files or can be available from prod-
uct model servers. The data format can be proprietary or neutral.
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4. A person is needed who specifies the requirements for model use and who
ensures integration of models with other models and with non-model data.
The person can be defined as a Project Information Officer (P10).

5. Different applications are available for model-based tasks. One can identify
applications for model creation, model analyses, and model servers.

6. Challenges for the use of product models in practice are mainly of organ-
isational and cultural nature, rather than technical and functional.

3.10 Recommended literature and sources

Product modelling

Eastman, C. M., Building product models: computer environments supporting design
and construction, CRC Press LLC, USA, 1999

Laitinen, J., Model based construction process management, Royal Institute of Tech-
nology (KTH), Construction Management and Economics, Stockholm, Sweden, 1998
http://www.diva-portal.org/kth/abstract.xsql?dbid=2676

nD modelling http://ndmodelling.scpm.salford.ac.uk/

Jongeling, R., Emborg, E., Asp, M., and Olofsson, T., Modelling and Simulation of
Cast in Place Concrete Constructions Using N-Dimensions, Research report 2005:18,
Civil and Environmental Engineering, Lulea University of Technology, Sweden, 2005
http://epubl.ltu.se/1402-1528/2005/18/L TU-FR-0518-SE.pdf

IFC

International Alliance for Interoperability http://www.iai-international.org/

Special edition on IFC available at www.itcon.org

Modelling applications

The Laiserin Letter. An overview of the latest developments and applications in the
AEC industry http://www.laiserin.com/

The Cadalyst. http://aec.cadalyst.com/aec/

Model delivery

IDM - Information Delivery Manual. http://www.iai.no/idm/index.html
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4  PROJECT PLANNING

4.1 Introduction

Construction managers coordinate and supervise the construction process from
the conceptual development stage through final construction, making sure that
the project gets done on time and within budget. Therefore, project planning is
a critical task in the management and execution of construction projects. It in-
volves the choice of construction methods, the definition of work tasks, the
estimation of the required resources, durations for individual tasks, and the
identification and coordination of any interactions among the different work
tasks and use of common resources. A good production plan creates the foun-
dation for cost control (budget), resource planning, supply chain management
and the schedule and follow-up of the construction work.

The planning process starts with the definition of a Work Breakdown Schema
(WBS) for the project. The WBS displays and defines the project to be devel-
oped and relates the elements of work to building parts. It also provides the
base for cost estimation and scheduling of the construction work, Figure 4.1.

Work
Breakdown
Schema

v 1
Offer

Budget Cost
Cash flow estimation

Master plan

Supply plan
Schedules Detailed plan

Figure 4.1: The WBS provides a basis for cost estimation and scheduling.
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The planning process of a construction project evolves through several stages:

1. The conceptual design or the program stage where functional requirements,
definition of the construction project are set. In this stage plans and estima-
tions are preliminary and large uncertainty exists. In some sense these plans
can be seen as the upper limits regarding time and cost.

2. Preliminary design or the quotation phase for the contract where major
components are selected, such as type of sub- and superstructure of the
building, selection of crews, subcontracting of construction work and type
of major equipment to use in the construction phase. At this stage master
plans are constructed giving the overall picture of a construction project in
time schedules and costs.

3. Detail design and construction where shop drawings are made, construction
site is established and construction work start. Weekly work plans, looka-
head schedules are constructed to support supply management and the con-
struction work and follow-up at the construction site.

In all these stages the WBS is defined and used on different level of detail to
support the estimation and scheduling work. Furthermore, by connecting the
WBS with the 3D design model, the scheduling and cost estimation process
can be facilitated and reach a much higher precision in the prediction of the
outcome of the project. Predictions that can support the decision making proc-
ess throughout the construction project.

Next, we will discuss how WBS and quantity take-off from 3D models can be
combined with cost estimation and scheduling of construction projects.

4.2  WBS, guantity take-off, cost estimation and scheduling

A WBS establishes a common frame of reference for a construction project. It
divides the project into a hierarchical structure of manageable parts or work
packages. The structure enables resource loading of schedules and cost estima-
tions at different level of detail. It is also used to identify parts of the project
that can be subcontracted.

Figure 4.2 shows an example of a typical WBS for a building project. For this
particular example a level 2 schedule will show the time to complete buildings
A, B, C et cetera.
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Level 1 Project
Level 2 Site o
preparation Buildings Support
I I
Leve| 3 | Building A Building B Building C
Level 4 Sub- Super- Installations Fittings
structure structure
[ I I -
Level 5 | Storeyo Storey 1 Storey 2 Storey 3
I | |
Level 6 Doors, _— .
Inner walls windows Painting Flooring

Figure 4.2: A WBS structure for a building project.

The 3D model of the building contains the artefacts to be constructed often
organised in an object oriented structure. However, the 3D model created in
the design is often not organised according to the project WBS. We also need
to connect the identified work packages with the objects in the 3D model that
are supposed to be constructed.

The first step is to organise the objects in the 3D model according to the WBS
of the project. The most common technique to map objects to identified work
packages is to add existing 3D objects to CAD layers representing the desired
level of WBS. Figure 4.3 illustrates this process. The resulting production
adapted CAD model will hereafter be called a 3D Production model (3DP).
The production model can be further refined by adding objects specifically
used for production purposes, see also chapter 5.
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Sgﬁ
1

Work Breakdown Schema

E

Production model

Design model

Figure 4.3: Creating a 3D production model by mapping the WBS onto the

design model.

The second step is to define production methods, recipes, for every work pack-
age in the WBS. These recipes or code accounts are often available on com-
pany or national level and express the cost of material and work and man hours
needed per unit (m, m? m3 piece, et cetera) of the building part to be pro-
duced, Figure 4.4.

Figure 4.4:

Material Amount Euro Manhour

13+13 mm Plasterboard 1,00 sgm 5,0 0,32

Steel sheet bar 95mm 3,0m 3,4 0,18

Ceiling rail 0,5m 1,7 0,04

Floor rail 0,5m 2,1 0,04

13+13 Plasterboard 1,00 sgm 5,0 0,32
Total material/sqm 17,1 0,9

; Inner wall B8.061 ;

: 7 } |Direct cost Euro

i i Material 17,1

: : Labour 160 €/h 15,4

i i [Indirect cost

; \ ; 255% on labour 39,3

{ | Total/sqm: 71,8

Inner wall B8.061 according to the Swedish BSAB code account

system. The account shows the material needed the number of
man hours and cost per m.
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The cost is often divided in direct and indirect cost. The direct cost in Figure
4.4 relates to material and the salaries paid to the construction worker. The
indirect cost is often calculated by a percentage on the salary to include social
security costs, employer and union fees as well as expenses for tools, the on-
site support, company administration and a reasonably profit margin.

The code account systems are organised as a look-up tables where the account
code relates to a specific building part, Figure 4.5. The account code systems
are computer interpretable and can easily be managed by a data base system.

Code
accounts
I | 1
0. Super 1. Inner 2. Exterior 3. Joinery
structures walls walls
I I
Type 1.1 Type 1.2 Type 1.3

Figure 4.5: Code Account system

By using a computer supported code account system and production models
containing code accounted 3D objects we can support the planning process
through:

— Making quantity take-offs from the 3D model where the quantities of spe-
cific building objects can be cost estimated using code accounts and recipe
databases of building parts. The construction cost of a building can be
summarised on any level of detail.

— Making quantity take-off from the 3D model where the quantities of spe-
cific building objects in a particular location can be time estimated using
codes and recipe databases of building parts. These time estimates for spe-
cific locations can be used to schedule the work, the supply chain of mate-
rial and design information to site and the cash flow throughout the con-
struction stage of the project.
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Figure 4.6 shows a computer supported 3D modelling cost estimation and
scheduling process.

3D production model

1.3 1.3 1.3

e
% Quantity: Location
> !
(7]
[
S = | Time/unit | package (CPM, LoB)
Q
3 !
O Y4 ::
Costs
=5 Cash flow

Figure 4.6: A 3D production modelling supported cost estimation and sched-
uling process.

Next, we will take a closer look of two types of scheduling methods used in
construction planning; the activity based methods and the location based meth-
ods.

4.3  Scheduling methods

Using the Work Breakdown Schema (WBS), planners decompose a project
into activities that they associate with one or more building components that
make up the project. In addition to assigning dates to project activities, project
scheduling is intended to match the resources of equipment, materials and la-
bour with project work tasks over time. Good scheduling can eliminate prob-
lems due to production bottlenecks, facilitate the timely procurement of neces-
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sary materials, and otherwise insure the completion of a project as soon as pos-
sible. In contrast, poor scheduling can result in considerable waste as labourers
and equipment wait for the availability of needed resources or the completion
of preceding tasks. In this section we will describe two different procedures
based on:

— Activity based scheduling methods

— Location based scheduling methods

43.1 Activity based scheduling

The critical path method (CPM) is a common technique for analyzing and
managing task sequences in construction projects. Based on calculating how
long it takes to complete essential activities and analyzing how those activities
interrelate, CPM provides a visual and mathematical technique to plan, ana-
lyse, schedule and monitor construction projects.

The CPM planning process is usually described in six steps

1. Define all of the significant construction activities in the project. The plan
or schedule should have only a single start event and a single finish event.

2. Determine relationships among activities. Decide which activities must
precede and which must follow others.

3. Draw a (CPM) network connecting all the activities. Each activity is repre-
sented with an arrow between unique event numbers, 1, 2...n. The activity
between two event numbers (i and j) is denoted A;;. Dummy activities with
zero time are used when needed to avoid giving two activities the same la-
bel.

4. Assign time to each activity

5. Calculate the longest time path through the network. This is called the
critical path.

6. Use the Network to help plan, schedule, and monitor the construction pro-
ject.

The key concept is that a small set of activities, which make up the longest path
through the network of activities control the entire project. If the activities on
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this “critical path” can be identified and managed properly, the fate of the en-
tire project can be controlled.

Non-critical activities can be rescheduled and resources for them can be reallo-
cated flexibly, without affecting the whole project.

Four useful questions to ask when preparing an activity network are:
1. Isthis a Start or a Finishing activity?

2. What Activity Precedes this?

3. What Activity Follows this?

4. What Activity is parallel with this?

Some activities are serially linked. The second activity can begin only after the
first activity is completed. In certain cases, the activities can be run in parallel,
because they are independent of each other and can start simultaneously.

When the network is created and the time been assigned to each activity the
diagram is analysed and the following parameters are often calculated:

— Earliest Start (ES) is the value when an activity can start at the earliest pos-
sible moment

— Earliest Finish (EF) is the time = Earliest Start + Duration of the activity

— Latest Finish (LF) is the time when an activity can finish without effecting
the “critical” time of the schedule

— Latest Start (LS) is the time = Latest Finish — Duration

— Total Slack (TS) is the spare time available when all preceding activities
occur at the earliest possible times and all succeeding activities occur at the
latest possible times.

— Free Slack (FS) is the spare time available when all preceding activities
occur at the earliest possible times and all succeeding activities occur at the
earliest possible times.

Activities with zero total- and free slack are on the critical path.
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The final network is often presented in a bar chart known as Gantt chart that
describes the proposed schedule of the project.

Example:

You are the project manager of casting foundations for a building project with
four significant activities to plan:

I. Excavation work of foundation A (4 weeks)

I1. Excavation work of foundation B (3 weeks)
I11.  Construction of foundation A (6 weeks)
IV. Construction of foundation B (7 weeks)

The excavation activities can start at the same time. The construction work of
foundation A and B can start when the excavation of both A and B have fin-
ished.

Draw a network activity diagram. Analyse the network and define the earliest
and latest start and finish and the total slack for each activity. Which activities
are on the critical path?

Solution:

The network diagram of the project is shown in Figure 4.7.

Figure 4.7 Network activity diagram for the example in the text. The Critical
Path is marked with bold arrows.

From the diagram we can first calculate the Earliest Start and Earliest finished
for each activity:
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— Activity A and A3 both start at ES = 0 weeks.
— Activity Asp has EF = 0+3 weeks and A;3 has EF = 0+4

— Activity Az cannot start before activities A3 and Azz have both finished.
Since Azz is a dummy activity connected to Asp, Ass has ES = 4 weeks and
EF = 4+7 = 11 weeks.

— Activity Ay4 has ES = 4 weeks and EF =4 + 6 = 10 weeks

Here we can see that activity As4 is on the critical path since it has the longest
EF time, 11 weeks.

To calculate the latest start and finish times we analyse the diagram starting
from the end event:

— Both activity Ay4 and Az4 has and LF = 11 weeks. This mean that LS = 11-6
= 5 weeks for A4 and LS=11-7 = 4 weeks for activity Asz,.

— Activity Az has LF =4 weeks and LS = 4-3 =1 week
— Activity Aj; has LF = 4 weeks and LS = 4-4 = 0 week.

The result of the analyses together with the total slack (TS) is tabulated in
Table 4.1.

Table 4.1  Analysis of the activities in the example network. Activities on the
Critical Path are marked with bold text.

Activity | Duration ES EF LS LF TS
A 4 0 4 0 4 0
Az 3 0 3 1 4 1
Az 0 4 4 4 4 0
Ay 6 4 10 5 11 1
Az 7 4 11 4 11 0

Figure 4.8 shows the Gantt chart of the schedule. The dummy activity A3 with
0 weeks has been omitted from the schedule. The earliest and latest start and
finish times, (ES, EF, LS and LF), and the total slack (TS) for activity Ay, are
marked in the schedule. The meaning of the time parameters becomes obvious
in the Gantt chart.
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Week 01 02 {03 |04 |05 06 07 08 09 10 11
Activity

- -Critical Path -

IExcavation A
1

1
iIFoundation B

Excavation B

Foundation A

Figure 4.8: Gantt chart for the CPM schedule in the example. Note the
dummy activity has been omitted.

The customary approach is to prepare a master schedule of this kind that is
used as a basis for plans of more specific nature, like more detailed short-term
plans, (Koskela 1999). These CPM schedules are in many cases discipline ori-
ented and do not explicitly consider the spatial layout of a project nor the spa-
tial interaction between trades. Typical problems that arise as a result of this
planning practice are sub-optimization, out-of-sequence work and inefficient
work- and space buffers. Therefore, the next step is to investigate a scheduling
procedure that considers the location of activities in the planning process, the
Line of Balance method.

4.3.2 Location based scheduling

Activity-based scheduling methods, such as the CPM, are well-suited for proc-
esses that are dominated by complex and sequential assemblies of pre-
fabricated components, involving discrete activities on a predestined discrete
location. However, many construction projects have a different character. They
typically consist of large amounts of on-site fabrication, which involves con-
tinuous or repetitive work at different locations. These characteristics of con-
struction align more closely with location-based scheduling.

Location-based scheduling is not a new concept and has been a research issue
for many years. Practical use in construction has been limited, mainly due to
the strong tradition of activity-based planning and the absence of software
packages that support location-based planning. Research and development re-
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garding the location-based scheduling method has been carried out since the
1940s and variations of the method appear in literature under different names,
such as ‘Line-of-Balance’, ‘Flowline’, *‘Construction Planning Technique’,
‘Vertical Production Method’, ‘Time-Location Matrix Model’, ‘Time-Space
Scheduling Method’, *Disturbance Scheduling’, and ‘Horizontal and Vertical
Logic Scheduling Logic for Multi-Story Projects’ (Harris 1998; Kenley 2004;
Mohr 1991). In this compendium we adopt the Line-of-Balance (LoB) schedul-
ing technique as an example of a location-based scheduling method.

LoB is a visual scheduling technique that allows the planner to explicitly ac-
count for flow of a project (Seppanen 2004). LoB uses lines in diagrams to
represent different types of work performed by various construction crews that
work on specific locations in a project. Examples of a LoB diagram that is cre-
ated with the commercial software package DYNAProject (Graphisoft Control)
is shown in Figure 4.9.

Frojekti | Talo

-

Location

Plan: sl

Design mode

DYNAProject v1.375
> Time

Figure 4.9: Example of a Line-of-Balance (LoB) diagram by J. Appelqvist,
Graphisoft

The scheduling process with LoB includes the following steps:
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. The process begins by breaking down the project in physical sections
(i.e. locations), such as for example ‘location 1’ included in *building
A’, which is part of ‘project X’.

Bill of Quantity items or the cost estimation are prepared according to
the spatial hierarchy set up under the previous step. In this way a speci-
fication is directly made for the amount of work per location in a pro-
ject.

Creating tasks in the schedule (i.e. lines) is done by using items from
the bill of materials or cost estimate in a project. For example, from the
bill of quantity item ‘concrete floor 1’ the following tasks are derived:
‘install shoring’, ‘install formwork’, “install reinforcement’, ‘pour con-
crete’ and ‘remove formwork and shoring’.

. Task dependencies are specified to determine, among other things, the
completion order of tasks.

Based on the quantities and task description, the required crew size is
determined.

. The LoB diagram is subsequently used to check a number of standard
deviation types.

Equally distribute project resources, such as work crews.
Perform risk simulation.

Monitor and control the construction work by analyzing planned and
actual performance of construction work.

The definition of spatial subdivisions, or a Location-Breakdown Structure
(LBS), is the backbone of the scheduling and control work with the LoB dia-
gram. The definition of LBS and preparing the quantities according to this
structure goes hand in hand with the definition of the WBS for a project. To
facilitate the link between the structure of a LoB diagram (i.e. LBS) and the
WABS one can use templates to define a common spatial project structure. Em-
phasis is placed on defining a common spatial subdivision in the higher levels
of the WBS (Level 1 — 3), which makes it ideal for the combined use of 3D
modelling systems and LoB (Fischer 2004a):
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Level 1
Level 2
Level 3
Level 4

Level 5

Level 6

Level 7

Level 8

Schedu

Construction Project

Construction Areas

Construction Sub Areas

Disciplines

Schedule Activities

Cost Progress

Work Groups Object Level
Operations / cost codes Operational Elements

Resources

ling problems that can be identified with LoB diagrams concern spatial-

and temporal aspects of construction tasks, including resource usage. Common

schedul

ing problems are:
No or incorrect spatial subdivision of the project
Wrong completion order

Definition of activities is incorrect. For example, activities are not fol-
lowing the project flow and subtasks that are completed at different
times are scheduled in the same activity

Activities are not continuous. This problem often occurs when the work
by subcontractors is considered.

Timing of activities:

Is the same activity ongoing in several locations at the same
time?

Are lines crossing each other (i.e. time space buffer)?

Are time and space buffers sufficient?

Is the time and space efficiently used?
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Same activity in several locations at the same time Continuing tasks of equal duration

1. -

2. Crossing of activities - Standard production rate

3. No time and space buffer - Activities have time and space buffers

4. Several activities start at the same day -  Slacks at start- and end time

5. and 6. inefficient use of time - Work divided equally over construction time

Figure 4.10: Left: Line-of-Balance diagrams showing common deviation types.
Right: Typical solutions to these deviations. Locations are repre-
sented on the Y-axis and project time on the X-axis.

Figure 4.10 shows the most common deviation types that can be identified by
using Line-of-Balance diagrams. These deviation types indicate scheduling
mistakes and opportunities to plan for a stable and continuous flow of work
through locations of a project. Figure 4.10 summarizes the deviation types in
one Line-of-Balance diagram and for a more comprehensive overview of de-
viations we refer to Seppanen and Kankainen (Seppénen 2004). ldentifying
deviations that can affect the execution of work on site and manipulating the
schedule to address these issues is much easier and more feasible compared to
the use of activity-based scheduling methods, such as CPM.

Two main principles are used to minimize the deviations listed in Figure 4.10
and to plan for work-flow with Line-of-Balance diagrams: synchronization and
pacing.

— Synchronization means that planners aim to achieve a similar production
rate for all activities. A synchronized schedule can be identified by parallel
lines that show a constant time-space buffer between different tasks.

— Pacing means that the activities are scheduled to continue from one loca-
tion to another without interruptions.

A central part of is the planning process is the planning of resource use in the
project. One consideration that is often made is the levelling of resources
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equally over project time. However, planners have the tendency to schedule
more work towards the end of the project. Figure 4.11 illustrates this practice
with LoB diagram B. The accompanying resource aggregation diagram for
LoB diagram B shows that most of the resources are planned towards the end
of the project. Project delays are more difficult to manage in this practice,
compared to diagram A, because there is little opportunity (i.e. time, space and
resources) left to plan these extra resources in. It is therefore recommended to
schedule the work according to LoB diagram A, which allows for managing
project delays.

Line of balance Resource aggregation

Time

Time

Actual @~ = = = = =

Figure 4.11: Distribution of work in a project

Scheduling a project with LoB also includes monitoring and control of the ac-
tual construction work against the planned construction work. Monitoring of
production includes gathering data about completed amounts and resources.
Note that costs are not the basis for production monitoring. When monitoring
uncovers a deviation from the plan, the cause for this deviation is sought, the
consequences of the deviation are considered and an action is taken to correct
the deviation.

Lines (dashed) are drawn in the planned LoB diagrams that represent the actual
production, Figure 4.12. These lines provide the users with information about
the history of a task. Users, such as planners, can in other words understand
where, when and how a task has been performed in the project. Based on the
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actual performance of a construction task a forecast is made for the execution
of the construction work that is left. This forecast can be used to update the
LoB diagram to allow for possible required changes in production strategies.

Frojekti | Talo 2005

Jan [Feb
E 72 I . .

[ — T T

Figure 4.12: Monitoring and control of construction work with LoB diagrams

Figure 4.12 shows an example of LoB diagram in which a number of monitor-
ing and control actions have been marked. The red line represents the control-
moment. The planner realizes that the painting work and installation of fittings
Is disrupting production. The planner adds resources (Figure 4.12 no. 1, steeper
line represents higher production rate) to the painting work to speed up the
work and reschedules the work left on the installation of fittings to a later point
in the project (Figure 4.12 no. 2). In addition, the planner slows down the floor
covering work (Figure 4.12 no. 3) to create enough time and space between the
installation of fittings and floor covering work.

LoB scheduling is an increasingly applied scheduling method and is especially
addressed in the Lean Construction community as a means to create and ensure
work-flow in construction projects. In the next section we briefly introduce
Lean Construction and the relation to LoB scheduling and Virtual Construc-
tion.

77



Virtual Construction

4.4 Principles of lean construction

Lean Construction is to a great extent an adaptation and implementation of
Japanese manufacturing principles within the construction process. Even
though the guiding principles were not formulated until after nearly ten years
of research and application, one may deduce that from the beginning they
were: While delivering the project, maximize the value for the client and
minimize the waste (Bertelsen 2004).

Koskela suggests a Transformation-Flow-Value (T-F-V) understanding of con-
struction, based on principles from the manufacturing industry (Koskela 1992).
The transformation view of production has been dominant in construction,
which is based on the idea that a combination of production factors results in a
finished product. The transformation concept is considered limited in the sense
that this view does not recognize that there are other phenomena in production
than transformation. The transformation view is not especially helpful in figur-
ing out how not to use resources unnecessarily. The flow view of production
identifies four stages — processing, inspection, waiting and moving — of which
only the processing stage is transformation, the others are not (Koskela 1999).
The improvement approach to these two types of stages is different, in which
transformation operations are made more efficient and non-transformations are
eliminated (Shingo 1988). Thus, inspection, waiting and moving represent
waste in production (Koskela 1999). According to Koskela a combination is
needed of the transformation and flow view (Koskela 1999). In the transforma-
tion view, the basic trust is to define the task (work) to be done, and to get it
done efficiently. In the flow view, the basic trust is to eliminate waste from
flow processes.

The work in the Lean Construction research community is not limited to study-
ing the production process from a transformation and flow view, and includes
all stages of the project delivery process, ranging from client briefing to opera-
tions and maintenance. In this compendium a focus is made on the production
process and for a more comprehensive overview of the Lean Construction re-
search topics we refer to www.iglc.net

The introduction of the concept of flow is probably the most important contri-
bution to the understanding of the construction process made by the Lean Con-
struction research community (Bertelsen 2004). The production in construction
is of assembly-type and there are different types of flows connected to the end
product. There are at least seven resource flows (i.e. preconditions) that unite
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to generate the task result, each of which has to be planned and controlled
(Koskela 1999).

v

Construction Design

A

Components and Materials

Workers >
Equipment > Task
Space >
Connecting Works >

External Conditions

A

Figure 4.13: Resource flows (i.e. preconditions) for the completion of a con-
struction task

Many of these resource flows are of relative high variability and as a result the
probability that they negatively impact the task result is rather high. For exam-
ple, it is not uncommon that a shop-floor drawing is missing at the intended
start of the construction task or that external conditions such as rain or snow
affect the work on site. Also, the productivity of workers may vary and the
available space for work execution is often difficult to plan for. Due to the
variability of the resource flows a value of less than 60 % of planned task reali-
zation is quite normal (Ballard 1998). Planning these preconditions so that the
work on site is not interrupted is an inherently difficult task.

Tasks and flows have to be considered simultaneously in production manage-
ment. The realization of tasks heavily depends on flows, and the progress of
flows in turn is dependent on the realization of tasks. The difficulty to plan
tasks and flows is reflected in the high levels of non-productive time as typi-
cally found in construction. In Chapter 2 of the compendium we referred to a
survey of seven Swedish construction sites in which detailed studies were
made of the time spent by workers on a construction site. The study shows that
a construction worker spends only 15-20 % of the time on direct work. Ap-
proximately 45 % is spent on indirect work (preparations, instructions, getting
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material, etc.). The remaining 35 % is spent on redoing errors, waiting, disrup-
tions, etc., i.e. a complete waste of time, Figure 2.6 (Josephson 2005).

In section 4.2 of this Chapter the customary approach to project planning was
introduced, in which the use of the WBS was explained. Using this schema,
planners decompose a project into activities that they associate with one or
more building components that make up the project. Each activity is included
in a network of activities, often using the CPM method. The activities are pre-
sented in a bar chart, such as a Gantt schema, that describes the proposed
schedule of a project.

The customary approach is to prepare a master schedule that is used as a basis
for plans of more specific nature, like more detailed short-term plans, such as
phase schedules and six week lookahead schedules (Koskela 1999). These
schedules are in many cases discipline oriented and do not explicitly consider
the spatial layout of a project nor the spatial interaction between construction
trades. Typical problems that arise as a result of this planning practice are sub-
optimization, out-of-sequence work and inefficient work- and space buffers.
Updating of the master schedule is usually deficient, and consequently task
management, at the short term, is largely done informally by the foremen or
left to the teams on site to be taken care of by mutual adjustment (Koskela
1999). As a result, macro-management of work-flow, which involves the man-
agement of the flow of resources through locations in projects, is left to ad hoc
management on site where there is little opportunity to change construction
execution strategies (Jongeling 2005a).

Micro-management of construction tasks concerns the planning and control of
the seven preconditions for the successful completion of tasks, as identified in
Figure 4.13. Using the CPM method for this purpose leads to very detailed
schedules that are difficult to use, communicate and update (Huber 2003). Us-
ing the CPM method for micro-management also implies that it is assumed that
progressive subdivision of tasks eventually will transform the description of
what should be done into how it should be done. As a result of these practical
and methodological difficulties the tasks’” preconditions are often not explicitly
planned for, which leads to work under suboptimal conditions. Tasks are rou-
tinely commenced or continued without all preconditions realized, leading to
lessened productivity and waste in the construction process.
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Project
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Planning
the Work

The Last
Planner

Production

Figure 4.14: Last Planner is an example of a method to ensure that construc-
tion tasks that should be done, will be done.

Figure 4.14 shows the relation between the planning of tasks that should be
done and a mechanism for micro-management to ensure that tasks will be
done. Methods and systems are starting to become available for the micro-
management of construction tasks of which the Last Planner method currently
is the most common technique. The Last planner method has been developed
by Ballard and Howell (1998) and is based on the following five principles
(Koskela 1999):

1. The first principle is that the assignments should be sound regarding their
prerequisites. This principle has also been called the Complete Kit by
Ronen (1992). The Complete Kit suggests that work should not start until
all the items required for completion of a job are available. Thus, this prin-
ciple pursues the minimization of work under suboptimal conditions.

2. The second principle is that the realization of assignments is measured and
monitored. The focus on plan realization diminishes the risk of variability
propagation to downstream flows and tasks. For this purpose metrics can be
used such as, Percent Plan Complete (PPC). PPC is the number of planned
activities completed, divided by the total number of planned activities, and
expressed as a percentage.
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3. The third principle dictates that causes for non-realization are investigated
and those causes are removed. In this way, continuous in-process im-
provement is realized.

4. The fourth principle suggests maintaining a buffer of tasks which are sound
for each crew. If an assigned task turns out to be impossible to carry out,
the crew can switch to another task. This principle is beneficial in avoiding
lost production (due to starving) or reduced productivity (due to suboptimal
conditions).

5. The fifth principle suggests that in lookahead planning (with time horizon
of 3-4 weeks) the prerequisites of upcoming assignments are actively made
ready. This principle works on the one hand as a pull system for activities
on site, and on the other as a means to minimize excessive buffers of work,
time and space.

Kenley (2004) argues that Last Planner is a typical example of a method for
management of construction tasks that is derived from and limited to the appli-
cation of an activity-based scheduling technique, such as the CPM method.
Activity-based methods are based around discrete activities that limit the iden-
tification of work-flow.

An alternative to activity-based scheduling for macro- and micro-management
of construction tasks is location-based scheduling. The flow of resources
through locations and the resultant ability to control the hand-over between
these locations greatly empowers the management of construction from the
perspective of day-to-day management of activities (Kenley 2004). For a more
comprehensive discussion of the differences between activity-based and loca-
tion-based scheduling techniques we refer to Kenley 2004.

In the next section we present an example that includes both activity-based and
location-based scheduling methods. The presented case exemplifies the various
parts of this chapter and shows connections between these parts.

45  Cost estimation and construction planning of a parade of trades

Building construction involves a large number of trades that work their way in
succession, storey by storey. Speciality trades typically work as subcontractors
to the main contractor and may include those responsible for the foundation,
the framework, mechanical, electrical and HVAC installation et cetera. This
kind of work where one crew of specialists is followed by another has been
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called the “parade of trades”, (Tommelein 1999). The subsequent trade is often
dependent on the work done by the preceding trade. Hence, each trade in a pa-
rade of trades creates workspace for the following trade. Examples of “parade
of trades” in construction are (ibid):

1. Superstructure parade involving erection of steel columns (steel contrac-
tor), prefabricated concrete decks (prefab contractor) and cast on site rein-
forcement concrete walls (concrete contractor).

2. Installation parade of HVAC systems (mechanical contractor), emergency
lightning (electrical contractor), pipes (plumbing contractor) and sprinkler
system (sprinkler contractor).

3. Interior finishes parade including non-bearing inner walls, (joinery contrac-
tor), routing electrical conduit and installing boxes (electrical contractor),
painting (painting contractor), flooring (flooring contractor) and fitting of
equipment (joinery contractor).

..products on the .trades on the
assembly line construction site

Figure 4.15 The parade of trades can be compared to products moving on the
assembly line in a manufacturing industry.

These trades can be compared to products moving on the assembly line, Figure
4.15. The difference is while the products are moving between different fixed
work stations to be completed, the trades in the construction industry are mov-
ing between work spaces to complete the end product. Also, each workstation
can have a buffer of semi-manufactured products to account for variability in
production rate between different work stations. In construction, a minimum
time buffer between trades is recommended to account for variability in pro-
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duction rate and unforeseen events to keep trades from starving, i.e. running
out of work space. Otherwise, there is an imminent risk that trades run in to
each other and have to wait for the preceding trade to finish their work before
the succeeding trade can continue.

We will now exemplify an Interior Finishes parade of a 6 storey residential
building using the two scheduling methods in section 4.3. We will also perform
a cost estimation of the parade to illustrate the cost estimation procedure.

45.1 The Interior Finishes parade of storey 1-5

Figure 4.16 shows the multi-storey residential building we are going to use in
the example. To simplify the cost estimation and scheduling process we are
only going to estimate and schedule the finishes parade of storey 1-5 which all
have the same layout. Each storey contains four flats (72 m?) and a stairwell
(27 m?) placed in the center of the building. Each flat has a hall (6 m?), a
kitchen (22 m?), a bathroom (8 m?), a living room (18 m?), a bedroom (13.5
m?) and a cloth closet (4.5 m?). The height of each storey is 2.8 m including a
200 mm thick concrete deck. The WBS of the interior finishes parade is shown
in Figure 4.17.
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I 1 I
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Figure 4.16 Residential building used in the example.
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1. Project ITC
1.1 Site
1.2 Building

1.2.1 Substructure

1.2.2 Superstructure

1.2.3 Installations

1.2.4 Completings
1.2.4.1 Curtain walls
1.2.4.2 Ground floor
1.2.4.3 Storey 1- 5

1.2.4.3.1 Windows ...

1.2.4.3.2 Inner walls ...

1.2.4.3.3 Electrical ...
1.2.4.3.4 Painting ...
1.2.4.3.5 Filling ...
1.2.4.3.6 Flooring ...
1.2.4.3.7 Fittings ...

1.2.4.4 Roof
1.2.4 Finish

1.3 Support

Cost estimation
&
Scheduling

Figure 4.17 The Work Breakdown Schema for the example project.

Figure 4.18 shows the recipes for building material and work to be done by the
interior finishes parade. The account codes are set up according to the Swedish
BSAB system. Note! some of the recipes come from quotations from subcon-
tractors. The indirect* cost is 240% of the salary including social, employer
and union fees as well as expenses on site and administration plus a reasonably

profit margin.

Account |Account description Unit Direct cost _|Indirecty Sub Cost | Time
Code Material] Salary | cost | contract | EURO | manH
16.014 Window 1400X1300 mm 1 pcs 663,28| 45,75] 109,80 -] 818,83] 3,05
16.040 Door, hall 1000X2100 1 pcs 655,38] 58,35] 140,04 -] 853,77] 3,89
16.047 Door, inner 900X2100 1 pcs 141,43] 34,65 83,16 -| 259,24 2,31
8.041 Inner plasterwall 146 mm 1sgm 17,10] 14,40] 34,56 -| 66,06/ 0,96
Sub-con.1|Electrical installations per flat 1 pcs - - - 965,50] 965,50] 21,00
Sub-con.2|Paint ceilings (incl filling) 1sgm - - - 9,24 9,24 0,10
Sub-con.2|Paint on glass fibre fabric on wall 1sgm - - - 14,14 14,14] 0,20
Sub-con.3|Filling on concrete floors 1sgm - - - 10,60f 10,60| 0,21
Sub-con.3|Linoleum flooring (hall, kitchen, bedr) |1 sgm - - - 23,85| 23,85 0,20
Sub-con.3|Moisture barrier bath room 1sgm - - - 8,58 8,58] 0,08
Sub-con.3[Ceramic tile (bathroom floor) 1sgm - - - 95,20 95,20 1,20
Sub-con.3[Ceramic nonslip tile (stairwell floor) 1sgm - - - 103,70| 103,70] 1,20
15.016 Dutch tile (Bathroom wall) 1sgm - - - 51,80] 51,80 0,80
15.003 Oak lamina parquet floor (living room) |1 sgm 37,00 3,00 7,20 -| 47,20 0,20
17.010 Fittings hall (cleaning cupboard etc) |1 pcs 339,34] 40,20] 96,48 476,02] 2,68
17.016 Fittings kitchen 1pcs ]1622,78] 246,90| 592,56 -12462,24| 16,46
17.020 Fittings bathroom (incl shower) 1pcs ]1326,50] 111,75] 268,20 -11706,45| 7,45
17.005 Fittings closet 1 pcs 25,401 21,00f 50,40 -] 96,80 1,40
15.034 Lining 1m 1,50 1,35 3,24 - 6,09] 0,09

Figure 4.18 The code accounts (recipes) for the finishes parade example.
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The time given in man-hours, according to the publisher, includes “normal
disturbances in the work-flow and indirect work and should give a reasonably
margin in normal construction projects”, i.e the waste is accounted for; re-
member Figure 2.6! It is also a well-known fact that the productivity normally
increases when the trades repeats the same work storey for storey. The produc-
tivity can in many cases double in a repetitive construction project.

Quantity take-off

To perform the cost estimation and plan the parade we first need to make a
guantity take-off of the items listed in Figure 4.18. We will do it for one flat
multiplying it by 4 then adding the items in the stairwell to get one storey. The
total quantities for storey 1-5 can easily be estimated by multiplying the result
for one storey with the number of storeys, here 5. Figure 4.19 shows the result
of the quantity take-off for the finishes parade example.

Account [Quantities of Unit Hall Bath- |Kitchen| Living- Bed |Closet| Total | Stair- | Storey
Code room room room Flat well

8.042 Window 1400X1300 mm 1 pcs - - 2,00 2,00 2,00 - 6,00 -] 24,00
16.040 Door, hall 1000X2100 mm 1 pcs 1,00 - - - - 1,00 - 4,00
16.047 Door, inner 900X2100 mm 1 pcs - 1,00 1,00 1,00 2,00 - 5,00 -] 20,00
16.015 Inner plasterwall 146 mm (h=2600) 1sgm 13,00 - 7,80 15,60 7,80 -| 44,20 -1 176,80
Sub-con.1|Electrical installations per flat 1 pcs - - - - - 1,00 -l 4,00
Sub-con.2[Paint ceilings+wall stairwell (inc fill) 1sgm 6,00 8,00] 22,00 18,00f 13,50f 4,50[ 72,00f 81,00f 369,00
Sub-con.2[Paint on glass fibre fabric on wall 1sgm 20,12 -| 44,58 37,56] 33,40| 21,51]| 157,17] 62,40] 691,08,
Sub-con.3[Filling on concrete floors 1sgm 6,00 8,00] 22,00 18,00f 13,50f 4,50[ 72,00f 27,00/ 315,00
Sub-con.3|Linoleum flooring (hall, kitchen, bedr) |1 sqm 6,00 - 22,00 -] 13,50 4,50| 46,00 -1 184,00
Sub-con.3|Moisture barrier bath room 1 sgm -] 37,31 - - - -| 37,31 -] 149,24
Sub-con.3|Ceramic tile (bathroom floor) 1sgm - 8,00 - - - - 8,00 -l 32,00
Sub-con.3|Ceramic nonslip tile (stairwell floor) 1sgm - - - -] 27,001 27,00
Sub-con.3[Dutch tile (Bathroom wall) 1sgm -] 29,31 - - -| 29,31 -1 117,24
15.003 Oak lamina parquet floor (living room) |1 sqm - - 18,00 - -| 18,00 -l 72,00
17.010 Fittings hall (cleaning cupboard etc) |1 pcs 1,00 - - - - 1,00 -l 4,00
17.016 Fittings kitchen 1 pcs - - 1,00 - - - 1,00 -l 4,00
17.020 Fittings bathroom (incl shower) 1 pcs - 1,00 - - - - 1,00 -l 4,00
17.005 Fittings closet 1 pcs - - - - -] 1,00/ 1,00 -l 4,00
15.034 Lining 1m 20,00 -] 50,80 52,20] 35,40| 18,00| 176,40 -| 705,60

Figure 4.19 The quantity take-off for one storey of the interior finishes parade
example.

Cost estimation

The costs for the finishes parade is simply a matter of multiplying the cost/unit
column from the account codes in Figure 4.18 with the quantity take-off of
each item in Figure 4.19. This can be done per room, per flat or just for the
total quantities for the storey, Figure 4.20.
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Cost estimation Hall BathroonKitchen|Livingr.Bedroon] Closet | Flat [Stairwel| Storey
(material+salary) € € € € € € € & &
Window 1400X1300 mm - -] 1638] 1638 1638 -] 4913 -] 19652
Door, hall 1000X2100 mm 854 - - - - 259 - 1037
Door, inner 900X2100 mm - 259 259 259 518 - 1296 -| 5185
Inner plasterwall 122 mm (h=2600) 859 - 515 1031 515 - 2920 -| 11679
Electrical installations per flat - - - - - - 966 -| 3862
Paint ceilings+wall stairwell (inc fill) 55 74 203 166 125 42 665 748| 3408
Paint on glass fibre fabric on wall 284 - 630 531 472 304 2222 882 9772
Filling on concrete floors 64 85 233 191 143 48 763 286] 3339
Linoleum flooring (hall, kitchen, bedr) 143 - 525 - 322 107 1097 -| 4388
Moisture barrier bath room - 320 - - - - 320 - 1280
Ceramic tile (bathroom floor) - 762 - - - - 762 - 3046
Ceramic nonslip tile (stairwell floor) - - - - - - 2800 2800
Dutch tile (Bathroom wall) - 1518 - - - - 1518 -| 6073
Oak lamina parquet floor (living room) - - - 850 - - 850 - 3398
Fittings hall (cleaning cupboard etc) 476 - - - - - 476 - 1904
Fittings kitchen - - 2462 - - - 2462 -| 9849
Fittings bathroom (incl shower) - 1706 - - - - 1706 -| 6826
Fittings closet - - - - - 97 97 - 387
Lining 122 - 309 318 215 110 1073 -l 4294
Sum:| 2857] 4724 6775 4983] 3949 707] 24366] 4716] 102180
Storey 1-5:] 510899

Figure 4.20 Cost estimation for the interior finishes parade example.

The total estimate for storey 1-5, 510 899 €, is 5 times the value of a single
storey. This makes a production cost of the finishes parade of 315 €/m® The
total production cost for flats in Sweden is in the range 750 - 1300 €/m?.

CPM planning

Based on the quantity take-off (Figure 4.19) and the estimated man-hours in
the recipes (Figure 4.18) we can calculate the amount of man-hours needed to
finish the parade, Figure 4.21. However, this is not the same as the total time
the finishes parade will take since we have not yet decided how many carpen-
ters, electricians, painters and people laying the floor the parade will consist of.
Furthermore, these trades are also dependent on the order of work, i.e. the
painting ceilings and walls precede the floor laying trade. The main schedule
for this part of the construction work state that the finishes parade must be
completed within 100 working days.
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Task Location| Hall | Bathr. [Kitchen|Livingr.| Bedr. [ Closet | Flat [Stairw.]| Storey|5 Stor.|
Description mH mH mH mH mH mH mH mH mH [Emhour

1 |Install window 1400X1300 mm - - 6,10 6,10 6,10 -1 18,30 - 73,2 366
2 _|Install doors in bearing wall 3,89 - - - - -| 3,89 -l 156 78
3 _[Install doors in inner walls - 2,31 2,31 2,31 4,62 -| 11,55 - 46,2 231
4 _[Install inner wall 122 mm (h=2600) 12,48 - 7,49] 14,98 7,49 -] 42,43 -] _169,7 849
5 |Electrical installations flat - - - - - -] 21,00 -] 84,0 420
6 [Paint ceilings+wall stairwell (inc fill) 0,60 0,80 2,20 1,80 1,35 0,45 7,20] 8,101 36,9 185
7 _|Paint on glass fibre fabric on wall 4,02 - 8,92 7,51 6,68 4,30] 31,43] 12,48] 138,2 691
8 [Filling on concrete floors 1,26 1,68 4,62 3,78 2,84 0,95 15,12 5,67 66,2 331
9 |Linoleum flooring (hall, kitchen, bedr) 1,20 - 4,40 - 2,70 0,90 9,20 - 36,8 184
10 |Moisture barrier bath room - 2,98 - - - -l 2,98 - 11,9 60!
11 |Ceramic tile (bathroom floor) - 9,60 - - - -| 9,60 - 38,4 192
12 [Ceramic nonslip tile (stairwell floor) - - - - - - 32,40 32,4 162
13 |Dutch tile (Bathroom wall) -| 23,45 - - - -| 23,45 -] 9338 469
14 |Oak lamina parquet floor (living room) - - - 3,60 - -] 3,60 -l 144 72
15 |Fittings hall (cleaning cupboard etc) 2,68 - - - - -l 2,68 - 10,7 54
16 _[Fittings kitchen - -] 16,46 - - -] 16,46 -] 658 329
17 |Fittings bathroom (incl shower) - 7,45 - - - -| 7,45 -l 29,8 149
18 |Fittings closet - - - - - 1,40[ 1,40 - 5,6 28
19 [Lining 1,80 - 4,57 4,70 3,19 1,62| 15,88 -] 635 318
Total] 1033,1] 5166

Figure 4.21 The number of man- hours needed for the different tasks

To set-up the parade we group different activities in crews that together make
up the finishing parade:

#1.

#2.

#3.

#4.

#5.

#6.

#1.

A contractor crew responsible for installing windows and door case in the
load-bearing concrete walls (carpenter)

A contractor crew responsible for installing inner (non-bearing walls) and
door case in these walls (carpenter)

An electrical subcontractor responsible for electrical installations and ca-
bling (electrician).

A subcontractor responsible for painting of ceilings and walls. The walls
are first fitted with glass fibre fabric on inner and concrete walls (painter).

A subcontractor responsible for filling out the concrete bedding and lay
linoleum mats in the hall, kitchen, bedroom including closet in the flats
(flooring).

A subcontractor crew responsible for laying tiles in the bathroom and on
the stairwell floor (flooring).

A contractor crew responsible for all the interior fittings, lining and laying
the oak lamina floor in the living room (carpenter).
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Now we have to determine the size of the crews, the sequences of trades and
the scheduled start and finish dates for each crew through floor 1-5.

The minimum number of workers for crew #1 and #7 is 2. The work of crew
#2 and #3 must be done concurrently since electrical installations (cabling etc)
must be installed in the inner walls. Figure 4.22 shows the estimate of the
number of workers (12 in total) in each crew together with the number of hours
and working days it takes to complete one storey.

Crew |Work description Worker| Hours | Days

(Assigned tasks) /storey | /storey
#1 |Window and hall door (1 & 2) 2 44 5,5
#2 |Install inner walls incl doors (3 & 4) 2 108 13,5
#3 |Electrical installations (5) 1 84 10,5
#4 |Painting (6 & 7) 2 88 10,9
#5 |Filling, flooring and barrier (8 - 10) 1 115 14,4
#6 |Tiles, bathroom & stairwell (11 - 13) 2 82 10,3
#7 |Lamina, fittings & lining (14 - 19) 2 95 11,9

Figure 4.22 Estimation of number of workers in each crew

The resulting CPM network with the calculated number of working days for
the first storey is shown in Figure 4.23. According to the CPM network the
total number of days to complete the whole parade for one storey takes about
66 day. So what will it take to complete storey 1-5?

-\
o qﬁ% O\% Critical Path = 5,5 +13,5+10,9+14,4+10,3+11,9=66,5
‘:54 days/storey
) #1 i #2 #4 _ #5 ) #6 _ #7
1 5,5 days 213,5days 4 10,9 days 5 14,4 days 6 10,3 days 7 11,9 days 8

Figure 4.23 CPM network for the parade of trade.

To make a first estimation we will construct a Gantt schedule where the crews
will move on to the next storey when the current one is finished once they have
started, see Figure 4.24. We leave a margin of one storey between the different
crews to account for the difference in productivity, i.e. the next crew starts at
the first storey when the preceding crew has moved to storey 2. Note! Trade 2
and 3 are concurrently.
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Par- |Work description [working days
ade | 5] 10] 15[ 20] 25] 30 35] 40] 45] 50] 55] 60] 65] 70] 75] 80| 85] 90] 95[ 100] 105] 110 115]
#1 |Window and hall door (1-2)
#2_|Install inner walls & doors (3-4) STOREY 1
#3_|Electrical installations (5) i [
#4 |Painting (6-7) |
#5 _|Filling, flooring & barrier (8-10) 1
#6 _|Tiles in bathroom & stair (11-13) [
#7 |Oak lamina and fittings (14-19) I
#1_|Window and hall door (1-2) [
#2 _|Install inner walls & doors (3-4) ﬁ STOREY
#3_|Electrical installations (5) : -
#4 |Painting (6-7) I
#5 _|Filling, flooring & barrier (8-10) [ 1
#6 _|Tiles in bathroom & stair (11-13) ﬁ
#7 |Oak lamina and fittings (14-19) 1
#1 |Window and hall door (1-2) =
#2 _|Install inner walls & doors (3-4) STOREY 3
#3_|Electrical installations (5) E
#4 |Painting (6-7) I

#5 _|Filling, flooring & barrier (8-10) =

#6 _|Tiles in bathroom & stair (11-13) i

#7 |Oak lamina and fittings (14-19)

#1_|Window and hall door (1-2) =]
#2 _|Install inner walls & doors (3-4) STOREY 4
#3_|[Electrical installations (5) B EZ

#4 |Painting (6-7) 1

#5_[Filling, flooring & barrier (8-10)

#6_[Tiles in bathroom & stair (11-13)

#7 |Oak lamina and fittings (14-19)

#1 _|window and hall door (1-2) [ |

#2 _|Install inner walls & doors (3-4) STOREY 5
#3 |Electrical installations (5) R 1 |

#4 _|Painting (6-7) |

#5_|Filling, flooring & barrier (8-10)
#6_|Tiles in bathroom & stair (11-13) |

#7 |Oak lamina and fittings (14-19) I ] I ] ﬁ

Figure 4.24 Gantt schedule of the parade from storey 1- 5..

We can see that we do not meet the dead-line of a maximum 100 working days
for the parade.

We will now utilize the LoB technique to analyse the resource problem in de-
tail and try to find workarounds. Figure 4.25 shows the LoB diagram of the
CPM schedule. We can directly observe the following problems and opportuni-
ties:

1. There are differences in productivity rate especially between crew #1 and
the following trades. However, since crew #1 is the fastest this will not af-
fect the following trades.

2. It is not necessary to wait for a storey to finish until the next crew is re-
leased, especially if the preceding crew is faster.

3. Crew #4 (the painters) run in to crew #2 and 3 on floor 5!

4. Crew #6 collides with crew #5 on storey 4. We need to pace the different
crews better.
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Location Working days
5] 10] 15| 20] 25] 30] 35] 40] 45] 50] 55| 60| 65] 70| 75] 80| 85] 90] 95[100]105]110[115

Stairwell
Flat IV
Flat Il
Flat Il
Flat |
Stairwell
Flat IV
Flat Il
Flat Il
Flat |
Stairwell
Flat IV
Flat Il
Flat Il
Flat |
Stairwell
Flat IV
Flat Il
Flat Il
Flat |
Stairwell
Flat IV
Flat Il
Flat Il
Flat |

Storey 5

Storey 4

Storey 3

Storey 2

Storey 1

Figure 4.25 LoB diagram of the parade. Crew #2 and 3 are concurrent. Since
crew #3 is faster, they have to wait on each storey on crew #2.

Assignment:

With the above observations in mind reorganise the crews to make a new
schedule to avoid collisions using LoB that can meet the goal of 100 working
days maximum using the same number workers and type of trades (6 carpen-
ters, 2 painters, 1 electrician and 3 flooring workers)!

Note you can reorganise activities within the same contracting actor, i.e. con-
tractor, subcontractor 1, 2 and 3 are different actors.
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5 PRODUCTION SIMULATION WITH 4D

51 Introduction

This chapter focuses on the combination of 3D models, as discussed in chapter
3, with project scheduling techniques, as discussed in chapter 4. The combina-
tion of 3D models and scheduling techniques in a 4-dimensional environment
is referred to as 4D modelling or 4D CAD.

Construction projects have unique spatial configurations and the spatial nature
of projects is very important for planning decisions (Akbas 2004). The CPM
schedule does not provide enough information pertaining the spatial context
and complexities of the project components (Koo 2000). Therefore, to identify
the spatial aspects of a project, users must look at 2D drawings and conceptu-
ally associate the building components with the related activities from the CPM
schedule. Interpreting detailed CPM schedules in combination with 2D draw-
ings can be a cumbersome process, which limits the possibility to identify op-
portunities, problematic sequences or mistakes. Different project members may
develop inconsistent interpretations of the schedule when viewing the CPM
schedule and 2D drawings. This in turn makes effective communication among
project participants difficult. 4D CAD models provide planners with a spatial
insight in the scheduling process of construction operations which is not pro-
vided by using 2D drawings in combination with CPM schedules or LoB dia-
grams.

4D CAD models are typically created by linking building components from 3D
CAD models with activities that follow from CPM schedules (e.g. Koo and
Fischer, 2000; Tanyer and Aouad, 2005). Building components that are related
to activities that are ongoing are highlighted. The 4D CAD model provides the
user with a clear and direct picture of the schedule intent and helps to quickly
and clearly communicate this schedule to different stakeholders in a project.
4D CAD models allow project participants to simulate and analyze what-if
scenarios before commencing work execution on site (McKinney, 1998).

Common for projects using 4D CAD is visualization of design decisions and
improved communication of these decisions in the design phase (Woksepp et
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al., 2005). Based on Japanese experiences, Nakagawa (2005) illustrates the
importance of visualization for the maintenance of a synchronized and paced
work-flow and for the implementation of Lean Thinking in construction. Con-
struction site workers tend to focus on their own tasks and therefore become
indifferent to other related activities which often create waste in the form of
rework and errors, particularly in projects with a large number of activities and
crews. Proper visualization of overall project progress is encouraging workers
to improve their own work and the coordination with other work crews, which
facilitates work-flow while waste is reduced.

Figure 5.1 illustrates the potential benefit of using 4D CAD as a process design
method that allows for early consideration of project design and execution al-
ternatives. By using virtual prototypes in early stages of a project, actors can
make outcome predictions and analyze them, without committing resources
and without the risk for costly mistakes.

Detailed Design Closing &
and Execution ~ Learning

Conceptual Design

100%

Expences &
Level of

Influence Knowledge

Outcome
Knowledge

Outcome

Predictions Process Design

0%

Figure 5.1: Virtual prototyping by using 4D models enables project actors to
analyze and optimize project design and execution, without com-
mitting capital and without the risk for costly mistakes.
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5.2 4D CAD applications

There are a number of different methods and applications to create and simu-
late a 4D model. Key-framed 4D models are typically created using visualiza-
tion software by which different states of a project are created, and subse-
quently simulated over time. The visualization model is not linked to a sched-
ule, but rather modelled according to a schedule. These types of 4D models are
often created by using applications such as 3D Studio Max and are mainly cre-
ated for marketing purposes. The models are non-interactive and are presented
as a 4D-movie.

A number of 3D CAD applications provide users with the possibility to either
manually set time stamps for components in a 3D CAD model, or let users im-
port a project schedule that subsequently is linked to a 3D CAD model. The
advantage of using a standard CAD application for 4D modelling is the fact
that users are already familiar with the environment, which can facilitate the
4D modelling process. However, 3D modellers are typically not creating a 4D
model in a project, which is often done by 4D specialists or by project schedul-
ers. These actors are often non-CAD users, for which a CAD system might be
too much to handle in terms of required skills, functionality and costs. In addi-
tion, CAD applications are not design and developed from the start to serve as
a 4D CAD environment, which can result in shortcomings such as navigation,
supported file formats, etc.

4D modelling applications are a relatively new type of applications that are
solely developed for 4D modelling and simulation. The applications typically
allow users to import multiple models and multiple schedules that can be
linked to one another. Contrary to CAD applications, these applications often
use graphic engines and navigation functions that are used in the computer
games industry. The applications are relatively easy to operate and offer user
the possibility to distribute the 4D model either as a model or as a 4D movie.
The most commonly used 4D applications today are Project 4D by Common-
point Inc. and Navisworks Timeliner by Navisworks. In the remainder of this
chapter we refer to these types of applications, when referring to 4D modelling
applications.

5.3 4D modelling process

The 4D modelling process can start by importing a (number of) 3D CAD
model(s) to the 4D modelling application. Some 4D applications support native
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CAD formats, whereas others require conversion of CAD data to (graphical)
exchange formats, such as VRML. The structure of the CAD models in the 4D
applications is often a reflection of the way by which the CAD files are struc-
tured in CAD applications. CAD layers can for example be identified, but also
different types of objects, such as walls and slabs, and the individual CAD ob-
jects.

Linking of CAD components with schedule data can start after the schedule
data is imported to the 4D application. Users select a task from the schedule
and select the CAD components that will be associated with this task. The user
repeats this process for all tasks that have to be associated with CAD compo-
nents. When the linking process is ready the schedule can be simulated with
intervals such as days or hours. The CAD components that are linked to an
ongoing simulated task are highlighted by the 4D application and show the user
step by step how the project progresses.

The 4D model can be refined by for example using specific settings for differ-
ent types of activities. One may prefer to distinguish between tasks by different
subcontractors, by using different colours to highlight their work. One may
also want to use different levels of object transparency to be able to look inside
objects and spaces. Different tasks in the schedule can have different implica-
tions for how components are visualized. Certain tasks are of the type ‘con-
struct” which means that the linked components of the tasks are highlighted
during the task and remain in the 4D scene after the task is completed. Other
tasks are of the type ‘temporary’ for which components are only visible and
highlighted during a task, or ‘demolish’ for which components are highlighted
during a task, but disappear from the scene after the task is completed. Another
way to refine a 4D model is to specify certain states for the 4D model, by
which users can configure how the 4D scene will change while simulating the
schedule, such as changes in camera viewpoints, animations of objects, com-
ponents to hide, comments to display, etc. 4D models can be further refined by
adding 3D components other than building components, such as the building
site, cranes, storage spaces, roads, etc. All these refinements are aimed at creat-
ing a 4D model that is as informative and clear as possible.

The resulting 4D model provides users with a clear and direct picture of the
schedule intent and helps to quickly and clearly communicate this schedule to
different stakeholders in a project. This is the main area in which 4D CAD cur-
rently is used; to communicate schedule intent, often at a macro-level, in a pro-
ject. An example of a macro-level 4D model is included in Figure 5.2.
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Figure 5.2: Example of a 4D model for communication of schedule intent on a
macro-level. Red building components represent ongoing tasks at
the time of the snapshot.

5.4  Application of 4D CAD for work-flow management

In Paragraph 4.4 we introduce the concept of macro- and micro-management of
work-flow. We define macro-management of work-flow the management of
the flow of resources through locations in projects. Micro-management is de-
fined is the management of the preconditions for the successful completion of
tasks, Figure 4.13.

The use of 4D CAD to manage work-flow on a macro- and micro-level is very
limited. Macro-management of work-flow with 4D models requires a hierar-
chical decomposition of 4D models into locations in order to plan the flow of
resources through these locations. Today’s 4D models are not structured ac-
cording to such logic, thereby limiting the use for macro-management. Micro-
management of construction tasks requires detailed 4D models. These types of
4D models are currently difficult to maintain and update due to practical and
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methodological reasons (Jongeling 2005b). 4D models are often based on CPM
schedules that are time-consuming to manipulate when the level of detail and
complexity of projects increases. In addition, the 3D CAD models on which
most of today’s 4D models are based, are limited to building components. Mi-
cro-management of construction tasks involves planning and control of aspects
that are not directly related to building components. For example, installing
plasterboard walls requires, among other things, work space for crews and a
place for material storage. These aspects affect the flow of work on construc-
tion sites, but are not included in today’s building component-based 4D mod-
els.

In summary: 4D CAD models provide planners with a spatial insight in the
scheduling process of construction operations which is not provided by using
2D drawings in combination with CPM schedules or LoB diagrams. The possi-
bility to plan work-flow with today’s common 4D CAD models is limited and
requires a different approach to creating and managing 4D CAD models.

5,5  Combining 4D CAD and Line-of-Balance scheduling

In Paragraph 4.3.2 we introduce the Line-of-Balance scheduling method as an
alternative to CPM scheduling. The method entails useful mechanisms to man-
agement work-flow on a macro-level (i.e. managing the flow of resources
through locations). However, the micro-management of work-flow with the
Line-of-Balance method is more challenging. Practical use of the method for
this purpose is limited to date and is still a research issue. A key function for
this level of scheduling is the provision of information needed to ensure work-
flow, work reliability, avoidance of interference, improved quality and reduced
rework (Kenley 2004). Planning and controlling all of the preconditions for
sound execution of construction tasks appears to push the limits of the Line-of-
Balance scheduling technique.

There are a number of issues that need to be addressed in order to use the Line-
of-Balance method for micro-management of construction tasks. Line-of-
Balance schedules currently concentrate on the scheduling of crew locations
and do not specify the types of space that a location includes or how the use of
one location results in space requirements for another location. The space us-
age on construction sites can be classified into different types of spaces. Akinci
et al. (Akinci 2002) identify the following different types of spaces: building
component space, material space, labor space, equipment space, space for tem-
porary structures and hazardous space. An activity on a floor might for exam-
ple create a hazardous situation for the execution of construction work in a
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location on a floor beneath. It is currently unclear how the Line-of-Balance
scheduling method can be applied for the management of different types of
spaces, which we consider part of micro-management of work-flow.

Management of spaces is especially demanding in projects with complex spa-
tial configurations. Defining locations in these types of projects for crews, ma-
terial, equipment and temporary structures, requires a 4-dimensional distribu-
tion of locations. Some of the spatial distributions of locations are too complex
to represent in a symbolic 2-dimensional tree of locations. Different trades
work according to different spatial distributions and these distributions can
change as the project progresses. The spatial hierarchy of today’s Line-of-
Balance diagrams is often based on the spatial distribution of the final product,
but this distribution might not be applicable for all types of construction work.
Different types of work might need different distributions of locations.

In summary: the Line-of-Balance scheduling technique appears to entail useful
mechanisms for the management of work-flow on a macro-level in construc-
tion projects. However, micro-management with Line-of-Balance diagrams
appears to be more challenging as a result of the spatial configuration of con-
struction tasks’ prerequisites. Combining the Line-of-Balance scheduling tech-
nique with 4D modelling could add spatial insight in the planning of work-flow
that in its turn could add to the quality of the process design. In the next section
introduces a process method for a combination of both methods.

5.6  Process method for work-flow management

5.6.1 Macro-management

The first step concerns the definition of locations by a project planner, estima-
tor and 3D modeller. The structure should be logical and the boundaries of the
locations should represent physical boundaries.

The second step involves preparation of 3D CAD models according the defined
project locations in which each 3D object is mapped to a project location. The
3D modelling process also includes the modelling of 3D space objects that rep-
resent the defined project locations.

The third step is the cost estimation process. Inputs for this process are 3D
CAD models from which a location-based bill of quantities is made. The cost
estimation is made by defining recipes for building components. Each recipe
includes methods (i.e. a number of tasks) and resources (e.g. man hours)
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needed for the installation of a building component. The output of the cost es-
timation process is location-based 3D CAD data with recipes specified for each
3D CAD object.

The fourth step involves the definition of tasks in the Line-of-Balance diagram
by using the methods that are defined in the 3D CAD models during the cost
estimation process. By synchronizing and pacing the construction tasks, plan-
ners can plan and control the flow of resources through locations in a project.

The fifth step concerns modelling and simulation with 4D CAD. We define this
type of 4D models as 4D macro-models. The 4D modelling process results in
4D simulations that can be analyzed, and that can possibly result in suggestions
for improvements for the 3D CAD models or Line-of-Balance diagram.

5.6.2 Micro-management
Micro-management is based on five principles of the Last Planner method
(Ballard 1998):

1. A look-ahead planning with a time horizon of three weeks is made.
This short-term planning works as a pull system for the planning and
management of prerequisites for scheduled construction tasks
Construction tasks should be sound regarding their prerequisites

3. A buffer of tasks is maintained for each crew enabling a crew to switch
to another task when an assigned task cannot be carried out.

Realization of assignments is measured and monitored

Causes for non-realization are investigated and removed

no

ok~

Based on these principles, we suggest establishing 4D models that include con-
struction task prerequisites and that are created with a time horizon of three
weeks. We define these types of models as 4D micro-models. The use of 4D
micro-models can be focused on areas that are considered critical to the overall
flow of work.

The first step in this micro-management process involves the isolation of tasks
that are scheduled for the coming three weeks. This is done by using the Line-
of-Balance schedule and the 4D macro-model. Construction tasks are identified
and listed for every construction day of the look-ahead planning. At this stage
the 4D micro-model is created in which building components are selected and
linked for scheduled construction tasks.
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The second step involves the planning of construction task prerequisites by
further refining the 4D micro-model. Planners allocate spaces in the 4D micro-
model for every prerequisite with a spatial property, such as crews, equipment,
temporary structures, etc. In addition to planning spaces for task prerequisites,
spaces should be planned according to identified space types by Akinci (2002).

The third step in the micro-management process involves analyses of the 4D
micro-model. The 4D modelling process results 4D simulations and 4D con-
tent. 4D content is defined as quantitative data extracted from 4D models to
support 4D-based-analysis of construction planning information (Jongeling
2005a). Analyses of the 4D micro-model can result in suggestions for changes
in the planning for preconditions of construction tasks.

The different steps of the micro-management process are continuously repeated
along the construction process and may result in changes for scheduled con-
struction tasks. The 4D macro-model and Line-of-Balance diagram are used to
assess the impacts of schedule changes on the overall flow of work in the pro-
ject. If needed the 4D macro-model is updated. The 4D micro-model is used to
evaluate the spatial consequences of a rescheduling effort in the short term of
the project.

5.7  Industry test case

This section reports the application of the process method an industry test case
in which both methods are used to plan and control work-flow on a macro- and
micro-level. 3D CAD models from the construction process of a pelletizing
plant located in the city of Malmberget, Sweden, are used as a basis for the test
case. The complexity of the project, the tight construction schedule and the fact
that the plant is completely designed in 3D CAD make the project an interest-
ing case study project (Woksepp 2005). At the time of the research the con-
struction process was ongoing. Where possible, the work was based on actual
data from the project, but most of the scheduling data and construction meth-
ods were assumed for exploratory purposes. The pelletizing plant consists of a
machinery- and balling section. The machinery section consists of a large proc-
ess installation that is mainly delivered by one supplier and constructed by one
contractor. The balling section includes five balling stations in which steel pel-
lets are rolled. Each balling station consists of a number of processing systems,
connected by several conveyor belts. The construction process involves many
different suppliers and subcontractors. Within this study a focus is made on the
balling stations of the pelletizing plant.
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5.7.1 4D macro-model

The 4D macro-modelling process started by defining a location breakdown
structure for the project. Secondly, the 3D CAD models were modelled and
structured according to these locations. The third process concerned scheduling
with Line-of-Balance. The Line-of-Balance diagram followed the exact same
structure as the defined locations in the 3D CAD model and was developed by
using Graphisoft Control (Graphisoft 2006). Construction tasks were created in
the Line-of-Balance diagram for the main activities in the construction process
of the pelletizing plant. The diagram was analyzed and optimized according to
the identified deviation types presented in Figure 4.10. The fourth process in-
volved 4D modelling and 4D simulations. Schedule data was exported from
Graphisoft Control and imported to Ceco4D (Ceco 2006). 3D CAD compo-
nents were exported from AutoCAD (Autodesk 2005) as VRML files and also
imported to Ceco4D where the components were linked to construction tasks.
4D CAD simulations were made after the linking process of scheduled activi-
ties to 3D CAD components was completed.

The 4D macro-model that was developed, suits the macro-management of the
work-flow process. The model visualizes the main activities from the master
schedule and is used to plan and control the overall flow of construction work,
Figure 5.3. The model facilitates communication of scheduling information
with project participants and shows what will be built and when. The model
does not include information about construction tasks’ prerequisites and for
this purpose we developed a 4D micro-model.
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Figure 5.3: Two snapshots from the 4D macro-model of the case study project.
3D CAD components are grouped per balling station, marked with
a circle. Red components represent ongoing construction tasks at
the time of the snapshot.

5.7.2 4D micro-model

A 4D micro-model of the case study project was developed based on principles
from the Last Planner method (Ballard 1998). This included, among other
things, establishing a look-ahead planning with a time horizon of three weeks
and a more detailed schedule for the planning of prerequisites for daily work
tasks.

The 4D micro-model of the case study project is limited to the spatial planning
of work spaces for construction crews. The 4D macro-model did not contain
suitable objects for modelling and simulation of work spaces. In consultation
with planners of the project we defined the minimal size for space objects in
order to plan work spaces for crews. A grid of semi-transparent 3D space ob-
jects was modelled according to the grid lines used by the structural engineers
in the project, resulting in space objects of seven by seven meters. Most of the
project participants were familiar with the structure and naming system of the
structural grid, which facilitated the understanding of the 3D space objects.

The 4D macro-model was refined into a 4D micro-model at this stage in order
to represent construction tasks per construction day. Work spaces for construc-
tion workers were added in the 4D environment for a time span of three weeks
by stepping through the 4D model with a one-day interval. One or more space
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objects were selected for every scheduled construction task (i.e. active 4D
building components) on a simulated construction day, Figure 5.4. In this way
a specification was made where construction crews would perform their work
and how much space they had available for their task. The duration of this
space allocation could differ from the duration of the active 4D building com-
ponents, allowing for scheduling of space use for work preparations, inspec-
tion, etc. In addition to the duration of space use, a type of space use was set by
which different types of activities could be distinguished as well as different
construction crews. The type of a space was represented with a unique colour
in the 4D scene.

The work space-loaded 4D micro-model that resulted from this linking process
was more detailed than the 4D macro-model and showed activities down to
crew level per construction day for a period of three weeks. Figure 5.4 shows a
snapshot of the 4D micro-model in which the work spaces are shown for four
construction trades on a simulated construction day. The first trade (blue) in-
volves steel construction followed by the second trade (green) that installs
processing units. The third trade (purple) installs conveyor belts that connect to
the processing units as installed by the second trade. The fourth trade (yellow)
installs electrical installations and wiring. The first trade provides work space
area for the successive trades. The construction tasks by trade two, three and
four are highly concurrent and performed on multiple locations in a limited
construction space inside the pelletizing plant.

Figure 5.4: (Left) Snapshot of the 4D micro-model (Right) 4D micro-model
limited to the visualization of work spaces. 1 — Blue: construction
crew. 2 — Green: processing units. 3 — Purple: conveyor belts. 4 —
Yellow: electrical installations and wiring.
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Figure 5.5 shows six snapshots of the 4D micro-model taken with a two- to
three-day interval for construction work scheduled in January 2006. Figure 5.5
shows how the construction trades move through the pelletizing plant while
working at different locations on almost every other construction day. This
implies that the spatial conditions for the performance of construction tasks are
different inside the plant during the construction process. Figure 5.5 helps
planners to understand the flow of crews through the pelletizing plant. Planners
are also provided with an overview of the work space consumption that is re-
quired for the execution of construction tasks. In addition to an overview of the
work space that is used, planners can identify work space that is available and
scheduling opportunities.

Figure 5.5 suggests that the second (green) and third (purple) trades are dy-
namic trades during the specific simulated construction days for which the
snapshots from the 4D micro-model are taken. At certain days the trades use
multiple locations for their work. On 11 and 20 January (Figure 5.5) the loca-
tion usage can force the second and third trade to cross each other’s work
spaces. Crossing other trades’ work spaces or working adjacent other trades
can negatively influence the productivity of the trades and can lead to hazard-
ous situations for construction crews (Akbas 2004). Planners can evaluate and
manage these situations in advance by using this methodology and set of tools.

A number of planning issues was discovered during the 4D micro-modelling
process. For example, situations were identified in which two or more trades
had to share the same work space. These situations were filtered out of the pro-
duction planning by rescheduling the order of installation of building compo-
nents. The 4D macro-model was used to evaluate the constructability of this
new process design and to assess the impact on the overall flow of construction
work. The 4D micro-model provided with further insights in the work space
usage and flow of crews through the pelletizing plant. The two 4D models pro-
vided two levels of abstraction of construction schedule information that were
useful for different types of construction planning optimization.
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Figure 5.5: Figure 5: Six snapshots of the 4D micro-model taken with a two- to
three-day interval. 1 — Blue: steel construction 2 — Green: process-
ing units. 3 — Purple: conveyor belts. 4 —Yellow: electrical installa-
tions and wiring.

5.8 4D content

The analyses of the 4D macro- and micro model presented in the above provide
users with a spatial understanding of the work-flow in construction projects.
Planning and control of work-flow supported by visual analyses of 4D models
is considered more useful and better than traditional 2D-based planning tech-
niques, but does not take advantage of the quantitative data contained in 4D
CAD models, referred to as 4D content (Jongeling 2005a). By using visual
analyses of 4D models users may or may not detect scheduling issues, such as
time-space conflicts, that can jeopardize the flow of work on site. Quantitative
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analyses of 4D models can provide users with additional data to support spe-
cific construction planning analyses.

To illustrate this process we extracted different types of data from the 4D mi-
cro-model for every simulated day of construction work. The data was col-
lected in spreadsheets from which a number of graphs were made of the ex-
tracted construction planning information. Figure 5.6 shows an example of
extracted data from the 4D micro-model of the case study project.

14

Locations —\
12

i

——Blue
Green

-

——Purple

—— Orange

|

2005-11-28

\
2005-12-05 L=

[
2006-01-02 :

2006-01-09
2006-01-16
2006-01-23
2006-01-30
2006-02-06

\—\_—
2005-12-12 ; —
2005-12-26 |
—
T —
-
. N \
-
/
—

2005-10-10
2005-10-17
2005-10-24 |
2005-10-31
2005-11-07 7
2005-11-14
2005-11-21
2005-12-19 -

Figure 5.6: Used work spaces (7 x 7 meters) by crews per construction day,
extracted from the 4D micro-model of the case study project

Figure 5.6 presents the number of used work spaces (Y-axis) per construction
day (X-axis) per trade. The work space usage varies widely during the con-
struction process. Work spaces used for installation of process installations
(green) and conveyor belts (purple) is especially varying after the 1* of January
2006. Both trades perform construction work on a limited amount of available
work space, which they concurrently use to different extents. It implies that the
pressure on the available work space varies from day to day, which can be dif-
ficult to anticipate for the different construction trades. This in turn may result
in the fact that trades strategically start to occupy space in order to reserve it
for their work at a later point in time, which may limit another trade from per-
forming its scheduled work.
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Representations of work space usage over time, such as Figure 5.6, could be
used during construction planning meetings to inform trades about the varia-
tions in work spaces use. Work space usage may subsequently be planned more
constant over time to provide trades with less variability in their work envi-
ronment, which could possibly add to establishing a “laminar” work-flow on
the construction site. The 4D micro-model provides users with a similar picture
of the work spaces, but it is more difficult to identify specific trends in work-
space usage, compared to representation in a diagram. The analyses of quanti-
tative data from the 4D model can be used as a complement to the visual analy-
ses of 4D models.

59 Lessons learned

— 4D modelling integrates different 3D models with project scheduling data,
which allows actors to study what-if scenarios without committing re-
sources and without the risk for costly mistakes on site.

— 4D modelling is an efficient and effective method to provide project par-
ticipants with a common and clear picture of the project intent.

— Today’s 4D models are mostly used on a macro-level in projects. The use
of 4D models for work-flow management is limited, due to practical and
methodological reasons.

— A 4D macro-model is instrumental in managing the flow of resources
through project locations. A 4D micro-model supports the management of
preconditions for successful completions of construction tasks.

— Aspects of construction operations that lack a geometrical representation in
a 3D model can be represented by generic 3D components, such as spaces.

— The results of 4D models can be analyzed graphically and quantitatively.
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Appendices

Appendix 1: IDEF0 models

Overview

IDEFO is a modelling technique based on combined graphics and text that are
presented in an organised and systematic way. The method is often used to gain
for example understanding of processes, to support certain analyses, to provide
logic for potential changes in a process, to specify requirements and to inte-
grate activities. The model describes the activities that exist within a business
process. The process model, which is not time-based, defines all of the required
activities and sets them into a logical sequence. The sequence is driven by the
dependency of one process on the information that is provided to it by one or
more other processes. The modelling technique uses rectangular boxes contain-
ing text describing ‘what’ the process is. As a process is an action, the labels of
the boxes are expressed as a verb phrase. Every process in the model has a
unique identifier shown in the bottom right hand corner.

J Constraints

Input Output
Manage design and construct

Rough planning

A21 l

] Detail design & v

A2

[ Mechanism \/

More detailed

prepare
construction
A22

Construct

I

A23

Basic representation of an activity
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A line entering the process on the left defines the input. The inputs have a label,
which describes the information used by the process. A line leaving the process
to the right shows the output. Each output has a label, which describes the in-
formation delivered by the process.

Completion of the process may be subjected to one or more controls that con-
strain the way in which the process may be undertaken. A line entering the top
of the process shows a control. Each control has a label that describes the con-
straint on the process.

Completion of the process may use one or more mechanisms that assist or have
an involvement with its undertaking. A mechanism is an actor in the process
and may be a person, a database or software, which is used. A line entering the
underside of the process shows a mechanism. Each mechanism has a label that
describes what it is. A process may have several inputs, controls, mechanisms
and outputs. Each of these are shown and labelled individually.

Decomposition

Each model has a top-level context diagram, on which the subject of the model
is represented by a single box with its bounding arrows. The diagram is called
the A-0 diagram and acts as a sort of a ‘title page for the process model’. The
arrows on this diagram interface with functions outside the subject area to es-
tablish focus. Since the single box in the diagram represents the whole subject,
the descriptive name in the box is general. The single function represented in
the top-level diagram is decomposed in sub-functions, using child diagrams.
The level following A-0 is A0 on which the main processes can be identified.
Each of the sub-diagrams may in turn be decomposed, resulting in lower-level
child diagrams. On a given diagram, some of the functions, none of the func-
tions or all of the functions may be decomposed. Each child diagram contains
the child boxes and arrows that provide additional detail about the parent box.
The child diagram that results from the decomposition of a function covers the
same shape as the parent box its details. A child diagram may therefore be
thought of as being the “inside’ of its parent box.

If a child box is detailed and is subsequently decomposed, the indication given
to the box is based on a Detail Reference Expression (DRE). The DRE is a
short code written below the right corner of the detailed (parent) box that
points to its child diagram. The DRE is normally developed by progressively
adding a numeric character to the end of the identifier of the parent process.

120



Appendices

The model might have the following decomposition:

Decomposition codes

Code Diagram
A-0 Required top-level context diagram
A0 Top level child diagram
Al A2, ..., A6 Child diagrams
All, A12, ..., Al6, ...A6], ..., A6G Child diagrams
All1, Al12, ..., Al6], ..., A6l], ..., A6G66 Child diagrams
Lower-level child diagrams

Tunnelling and call arrows

A tunnelled arrow is used to provide information at a specific level of decom-
position that is not required for understanding at some other levels. An arrow
can be tunnelled at any chosen level and is indicated by the following symbols:
(). Tunnelling an arrow means that the data or objects expressed by that arrow
are not necessary for understanding subsequent level(s) of decomposition, and
thus shall not be shown on its child diagram. Tunnelling can work from two
sides: from a child to a parent and from a parent to a child.

A call arrow is a special case of mechanism arrows. It states the fact that the
caller box does not have its own child diagram to detail it, but rather is detailed
entirely by another box (and its descendants) in the same or in another model.
The call arrow is labelled with the node reference of the diagram containing the
caller box, along with the called box number.

121



