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EXECUTIVE SUMMARY
This report describes a systematic approach to evaluate the performance of virtual building designs and processes. The reference for the evaluation is a set of goals critical for
the project success. Within the Smart Decision Making Framework (DMF) these goals are
captured from the main stakeholders using the concept of Key Performance Indicators
(KPIs). KPI evaluations are relative by nature since they base on the deviation of actually
measured figures to initially set optimum figures for specific criteria. They can be formulated for objective as well as for subjective criteria. Smart DMF further proposes to discretely define the relation between the tolerance level for deviations and a respective
dimensionless rating, using so called utility functions. To incorporate tolerances is necessary since project goals are in praxis often conflictive in their effects on each other;
therefore it is generally seldom possible to achieve all goals to 100% at the same time.
Since design processes are always characterized by such trade-offs, these have to be
reflected by the concept. The following steps summarize the Smart DMF process:




Assessment of the critical design values



Definition of priorities using a pair wise comparison algorithm from the Analytic Hierarchy Process (AHP)




Generation of virtual design alternatives or options plus required analysis data




Linear calculation of the total ratings for each alternative

Transformation of the critical values into KPIs using utility functions to describe the relation of model-based measurements and performance ratings

Capturing the measurements from the virtual models to calculate the KPI figures
and calculating the KPI specific performance

Visual representation of the evaluation results

Chapter 1 in this report explains the context and scope of this research. It also characterizes the requirements of the application objective to an evaluation framework. Chapter 24 describe the methods and processes of Smart DMF from the definition of KPIs via constituting priorities to represent the results of the evaluation in an easy to understand way
to project team members. With the application scenario in chapter 5 we hope to further
explain the framework and its actual use on real-world projects to practitioners. KPI examples and a discussion of various decision making methods in the Appendix A round
this report enabling readers to apply Smart DMF within their projects and organizations.
Smart DMF combines the concepts of KPIs, Multi-Attribute-Utility-Theory (MAUT) and pair
wise comparison taken from AHP in a new way. The result is a framework tailored for the
requirements of a model based design process for building design. On the one hand the
framework can be used to measure all aspects relevant for the lifecycle of a building. The
proof of concept has been shown with the application of Smart DMF on an energy design
process. Further examples will be prepared in other InPro projects, such as T.2.4 “Lifecycle design process” and T. 5.3 “Performance Evaluation”. On the other hand, the overall
KPI score could be considered as a measure for the overall design performance.
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1 INTRODUCTION TO THE SMART DECISION MAKING FRAMEWORK
FOR BIM
The Smart Decision Making Framework (Smart DMF) is a combination of methods from
the fields of decision theory respectively evaluation methods and techniques. It has been
developed to support the selection of design alternatives or options, available as Building
Information Models (BIM), throughout the design phase. A BIM accumulates much more
structured and explicit information on a design than a 2D design approach would be able
to. Hence, one of the goals for such a formal decision making is to change the selection
of design alternatives from a rather subjective, tacit process into a more rational, transparent process. Besides its application in the early design phase the method can further
be used as a project controls tool throughout the total lifecycle of a building.

1.1 Objectives of this Research
The shortest way to describe the objectives of this research is schematically shown in
Figure 1.1: From a given range of design alternatives, how can we use data provided by
BIMs and related analysis to decide which of the alternatives fulfils the stakeholder requirements most?

Figure 1.1

A formal decision making process is to be developed

Could the performance of a design be measured against the different values of the stakeholders involved? What are the requirements for decision making method in order to ensure that the design is in line with the desired design objectives and how could the
method be implemented enabling a target value driven design process?
This report provides answers to the above questions. In addition to that, we have compiled a basic set of indicators which can be used to measure the performance of a given
design. However, as manifold as design goals or values are in practice, this collection is
intended to help users of the Smart DMF with the implementation of the framework in
their projects or companies. The collection in the Appendix A is therefore not to be considered complete, but to be used as templates for more specific indicators. Since practitioners learn best by example, the theory of the framework is completed by an application example which shows how Smart DMF could be used and support decision making in
real-life design projects.
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1.2 Scope within InPro
This research has been conducted as a research task (Task 1.3) within the work package
“Business Processes” (WP 1) of the European InPro research project. Originally, the objective of this task has been limited to deliver critical performance indicators with regards
to a BIM driven design process. However, this approach has been considered insufficient
for two reasons: First it has been unclear, how they should be subsequently used and
assembled for an overall rating. Second we’ve found several initiatives worldwide that
have already defined performance indicators for different stakeholders and focus areas.
In coordination with the InPro tasks “Capturing Stakeholder Values” (Task 2.3) and “Lifecycle Design Process” (Task 2.4), which both will be regularly referred to, the scope of
this task was set on providing a methodology for decision making which suits to the specific boundary conditions during a model-based design process. To investigate the implementation of the Smart DMF in a model-based lifecycle design process will be provided
by task 2.4. The process of capturing values from project stakeholders in order to later
express these values using KPIs will be developed by task 2.3.
Moreover during the research we learned that the application range of the methodology
could be extended to other evaluations, e.g. bidder selection during procurement, the
evaluation of stakeholder performance for an incentive based business model or to deliver metrics for a corporate kaizen continuous improvement initiative. However, these
applications have not been investigated further within this task but are recommended for
further research in this field.

Figure 1.2
InPro cooperation for a lifecycle design process. Smart DMF supports this by a formal decision making concept enabling project teams to make informed decisions

1.3 Definition of the Decision Problem
Facing the variety of different methods and strategies offered in the decision theory, it is
necessary to further define the characteristics and restrictions of the decision problem.
An important distinction is made with definition of the scope of the decision support the
method should provide. Many research projects on this field have the objective to support the generation of design alternatives by knowledge-based inference algorithms. In
opposite to this forward-reasoning strategy, the Smart DMF has the objective to evaluate
design alternatives already generated by a human development team. The alternatives
are already explicitly available at the beginning of the process in form of Building Infor-
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mation Models (BIMs) and related analysis data. Consequently, for the decision problem
this means that the number of design alternatives is limited, usually between 2 to 10-15
in case of a design competition.

Figure 1.3

Overview on multicriteria decision methods based on (Rohr, 2004)

Furthermore, the design alternatives differ between very diverging geometries or, in case
of design options, only in minor details as building element or material properties. The
diversity of the designs will have an influence on the required sensitivity of the methods.
The selection method should further make use of the explicit data from the BIM and related analysis. In combination with the requirement for a throughout numeric evaluation
algorithm this would enable a prompt evaluation of design alternatives from a BIM with a
minimum manual effort.
Looking at the requirements originating from the evaluation criteria, design evaluations
generally are a multicriteria decision problem of a high complexity. The criteria themselves are also manifold. They range from subjective criteria that can be described using
qualitative statements to precisely measurable criteria, all measured originally with different dimensions or scales. Table 1.1 summarizes the characteristics of evaluating BIMbased design alternatives.
Table 1.1

Characteristics of the decision problem to evaluate BIM-based design evaluations

Characteristics of design alternatives


Reasoning about existing design alter-

Characteristics of evaluation criteria


natives available as BIMs


Generally 2-4 or up to 15 (design com-

evaluated


petition) design alternatives


Alternatives differ either significantly in

Explicit data available from BIMs
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geometry or in details


Generally multiple criteria have to be
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1.4 Required Framework Components
With the characteristics of decision problem we can further define the required components or functionalities of a framework to support design decision making.
First it is essential to know the target values which the design should fulfill from the
stakeholders, in particular the Client. These values, typically expressed in different dimensions, are often contra dictionary to one another. In order to ensure a focused design
approach, only the values which are critical for the success of the project should be
traced throughout the project. This doesn’t exclude that different value sets, e.g. to reflect the individual interests of specific stakeholders, could be traced in parallel.
Second, in order to be able to later comprehensively analyze these critical target values,
the stakeholders have to transfer them into dimensionless Key Performance Indicators.
To solve the dilemma of multiple and contra dictionary target values, we further need a
method to transparently prioritize these KPIs and a mathematical evaluation method to
combine KPIs into an overall alternative ranking. Finally charts or diagrams to visualize
the performance of the alternatives regarding each single target value will be required in
order to communicate and explain the method’s results in a self explanatory way. Figure
1.4 shows a schematic overview about the required components and input for the Smart
Decision Making Framework.

Figure 1.4

Schema of required components and input for the decision making framework

The research conducted by the authors of this report resulted in the following three
methods to fulfil the above described requirements. These methods build the main components of the Smart DMF and are explained in detail in the following chapters.
Evaluation Method - MAUT
MAUT is an acronym for the Multi Attribute Utility Theory and describes a family of
evaluation techniques for multi attribute decision problems. All methods share common
steps:




Determine the relevant values and alternatives
Identify relevant attributes for evaluating the alternatives and determine the
scales over which the individual attributes range
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Rank the attribute according to normalized priorities



Calculate the multi attribute utilities or total ratings of the various options

Score each attribute of each alternative using so called utility functions on a
common, dimensionless scale

KPIs – Key Performance Indicators
KPI are used to formally define the decision attributes which are critical to the success of
the building project. In Smart DMF, the KPI definition has been extended with the idea of
the utility functions used in MAUT.
Setting Priorities - AHP Priority Vectors
The Analytic Hierarchy Process by the mathematician T. L. Saaty has been used within
Smart DMF to determine KPI priorities using an algorithm based on pair wise comparison.
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2

TRANSFORMING VALUES INTO KPIS

In literature, Key Performance Indicators are commonly referred to as being “quantifiable, agreed measurements that reflect the critical success factors (of the company, department, project or product)” (Dearlove, 2008) In order to build up such means to
measure efficiency or quality aspects of processes or products, any company or organization is well-advised to explicitly develop their critical success factors, ideally in the form
of measurable KPIs. However, in particularly for heterogeneous interests within project
teams, it is generally not straightforward to formulate the critical success factors of a
project or related KPIs directly. In companies they can be delivered through Business
Intelligence techniques – often conducted by business consultants - to assist in prescribing a course of action. A more appropriate method capturing project goals of the relevant
stakeholders are open or structured interviews. In order to ensure the comprehensiveness and distinctiveness of the reviewed goals, the background of such structured interviews is often a metastructure of “values” to which the goals relate to. The development
of such a metastructure or, using a more specific term, “value hierarchy”, is an objective
of InPro task 2.3 “Capturing Stakeholder values”.
The following sections start with a brief discussion of alternative perspectives on values
that could exist in a project team. Then, KPIs and their parameters will be at first discussed in their general definition followed by a proposal for a more detailed definition
within the Smart DMF context.

2.1 The Constitution of Stakeholder Values
Most of the business intelligence methods referred to in (Köppen & Müller, 2007) focus
on defining values or measures critical to the success of stationary organisations like
production plants, administrations or service provider organisations. The goals or values
of such organisations are ideally characterized by reflecting a long-term vision or philosophy on how the organization will remain or increase its competitiveness. In opposite
to stationary organizations, the ownership of expertise about success factors for building
projects is rather distributed among several stakeholders. Project organizations consist of
different stakeholders with heterogeneous, often conflicting interests. It is common that
the Client is the most influential among this group when the project goals should be defined. However, the competence of the Client in defining the values or the critical success
factors for his project varies significantly with his level of expertise. Generally a Client
has to engage Consultants to assist him in defining the goals in a project brief during the
project preparation and advising him on the interdependencies of certain success factors
on the basis of their consultancy experience.
Ideally, the definition of stakeholder values therefore should happen in a dialogue between the Client and a group of all stakeholders with relevant influence to the chosen
values. For this dialogue, two principle options seem to be available: An open interview
based on the experience and familiarity of the interviewer with the project task or a (pre) structured interview based on a template or questionnaire. While the strength of an
open interview could be a precise reflection of the Client goals, there are also risks in this
approach. One is the risks of “getting lost” in trying to collect too many potential goals
with intersecting semantic definitions. As a consequence, the result of the evaluation will
be not focussed enough. Another one is missing important goals when the Client or interviewer is inexperienced. A structured interview would help here by addressing common
goals related to the commercial success and staying within the timeframe, and also guiding through different quality related values constituted within a respective value hierarchy. (InPro Deliverable 14 Task 2.3 "Capturing Stakeholder Values", Spring 2009)
An additional hierarchy level on top of the values can also be build to connect values to
different stakeholders. This way, different value-sets could be managed, prioritized and
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analyzed parallel during the design process in order to provide feedback to each stakeholder group or for each trade separately (see also section 3.3.3).
In a subsequent step, according KPIs will be assigned to related values by the relevant
project stakeholders in coordination with the Client.

2.2 Common Definition of KPIs
During a literature survey in management literature, the general definition of the term
KPI at the beginning of this chapter could be further specified. One of its most significant
properties is certainly the possibility to quantify the performance of measurable indicators as well as of qualitative indicators. The trick is that KPIs figures don’t have a dimension. They are defined as relative deviations from a beforehand agreed target value. This
makes is possible to later combine KPIs, which represent totally different properties (e.g.
cost, energy efficiency, time latencies…) during the evaluation process into a total rating.
Furthermore qualitative data for example in form of categorized statements can be transferred into such dimensionless ratings (full satisfaction = 100% / good = 80% / average
= 50% / sufficient = 25% / insufficient = 0%). Similarly subjective criteria can only be
measured by using qualitative scales (e.g. urban integration: Very well integrated -well
integrated – neutral – striking – disturbing). To get the utility function requires assigning
rates to these measures which is a rather arbitrary process (e.g. Very well integrated=100% - well integrated=75% – neutral=50% – striking=25% – disturbing=0%).
But a transparent relation between measurement and rating enables the evaluators to
discuss their views much more explicitly. Several examples for subjective design criteria
have been developed in. (Final Report of the DFG-Project FOGIB, October 1997) In order
to level subjective ratings e.g. in an architectural competitions, the project owner often
invites several judges and levels their rating statistically into a mean.
Beyond this, the concept of measuring performance as a relative deviation from an optimum value opens up the scope within the KPIs can be used to measure performance.
KPIs can be used to measure the performance of a product, e.g. “Energy Efficiency” of a
facility. But they can also be applied on measuring the performance of a process by respective indicators, e.g. “average time latencies” etc.. Another opportunity is to use KPIs
for performance measurements within a project context or with a cross-project focus.
Therefore it is necessary to disconnect the KPI definitions as much as possible from project specific boundary conditions in order to be able to use them as company metrics,
e.g. in a company internal continuous improvement process.
Last but not least, a distinction can be made by the availability of information to evaluate
a design. Some KPIs belong to certain project phases and can only be calculated if a certain “maturity level” of the project is reached. Other KPIs can be evaluated from the very
beginning of a project, but increase regarding their information quality during the maturity levels. In the same context is the distinction if the KPIs can be automatically computed from a BIM or have to be manually ascertained by the stakeholders.
Experiences in other industries show, that the tracking of KPIs should be limited to 10-15
KPIs at maximum in order to still be able to emphasis the design for certain objectives.

2.3 Smart DMF Definition of KPIs
The common definition of KPIs explained above leaves some open questions.



It doesn’t define how ratings and measurements are related, in other words
how the measurements have to be interpreted with regards to a relative rating




It doesn’t say anything about the definition of an optimum target value
There is no method foreseen to include priorities
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The KPI definition doesn’t define how KPIs could be aggregated into a total
performance in order to compare design alternatives comprehensively

However, these questions address important requirements for a decision making framework supporting design decisions as stated in chapter 1. Consequently a more extensive
and specific definition of KPIs is necessary.

2.3.1 KPI COMPONENTS
In the Smart DMF a KPI consists of several components (see Figure 1.2). Each KPI has to
be named unambiguously. We’ve defined a KPI by its target figure, which is project depending according to the stakeholder requirements, and by a utility function. The utility
function defines the relation between the actually measured figures for a KPI and their
respective rating. Therefore the function requires a rating scale which must be the same
for all KPIs, and a criteria scale which has a specific dimension. Important for the interpretation of measurements are the different levels of acceptance for deviation from the
desired target figure for the KPI. The measurements from BIMs or related analysis data
will deliver the input to calculate the KPI figure.

Figure 2.1

Components of a KPI according to Smart DMF

Figure 2.2 illustrates the above schema using a KPI for energy efficiency as an example.
The target figure e.g. requested by a Client could be “Energy Class A”. The criteria scale
is predefined in the related regulation from classes A-F. Due to other preferences by the
Client the design teams recommends to soften the Class A requirement to other classes.
The input data will be calculated by an energy analysis tool on the basis of a BIM.
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Figure 2.2

Illustration of KPI components

It is important to distinguish that a KPI has common and project specific components like
the target value and the acceptance for deviations from the target, which have to be
specified for each project individually.

2.3.2 TARGET FIGURES AND ACCEPTANCE LEVELS
The definition of target figures is crucial for the whole evaluation process. While the definition sometimes is obvious e.g. for time latency, other targets might require a considerable amount of experience and expertise about the interdependencies of certain project
requirements. An example for such “hidden” interrelations is given in the application scenario in chapter 4 with the KPIs “Energy Certificate Class” and “Indoor Climate Class”. In
Nordic countries it is almost impossible to optimize both KPIs to their highest figures.
Consequently, trade-offs have to be made. To find a suitable relation between the different targets is and should stay within the responsibility of the design consultants. The
mean to communicate such a trade-off agreement to other project team members and in
particular to the Client is the specification of a utility function.
During the specification of this function the acceptance levels for deviations have to be
discussed, too. In praxis it could become ethically difficult to negotiate acceptance levels
for certain KPIs with Clients. An example from the health, safety and environmental domain is the “Number of injuries”. Nevertheless are such indicators indispensable for any
company internal metrics to improve HSE provisions.
Ideally, target figures base on business intelligence initiatives within the companies of
the project team members. This however would require building up a knowledge base
with regular measurements of common KPIs over a range of projects.

2.3.3 UTILITY FUNCTIONS
A utility function established the relation between the actual performance of a design
alternative respectively the BIM and the satisfaction of the project stakeholders with this
performance. These two dimensions are represented by the x-axis, the criteria scale, and
the y-axis representing the rating scale in percentage for the evaluation. The criteria
scale depends on the units of the chosen criteria that should be measured. This means,
that the type of this scale could be of the types ordinal (see example in Figure 2.3) or
other scales which allow a ranking of measures (interval, rational or absolute scales).
(wikipedia.de - Skalenniveau, 2008) The rating scale has been defined on the basis of
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MAUT for 0% for not fulfilling and 100% for completely fulfilling the requirements from
the project stakeholders. As mentioned in section 2.2 before, the transformation of criteria data with units into a dimensionless rating has among others the advantage to later
combine different KPIs into a total evaluation result.
The type of criteria scale further influences the definition of the utility function. The function could be defined by assigning certain discontinuity points for an ordinal scale or, in
certain cases it could also make sense to define the function continuously differentiable.

Figure 2.3
satisfaction

A utility function describes the relation between BIM performance and stakeholder

In Figure 2.3 the project team agreed on the following settings:
Table 2.1

Agreed relations between the figures for the KPI Energy Class and the rating

Energy Certificate Class

Rating

A

100%

B

75%

D

25%

E-G

0%

For a measured Class B at a design alternative the rating would therefore be set to 75%
for this KPI.

2.4 Organizing KPIs
Why is organizing KPIs an issue? Setting up KPIs requires expertise and ideally a statistical basis from historical projects. Thus, when planning to set up a KPI based decision
making, any company is well-advised to build up its KPI sets long-term beforehand. Important issues for the usability of these KPIs will be their independency with regards to
specific projects and to avoid interdependencies among the KPIs. As discussed in 2.3.2,
not only the target values but also the definition of acceptance levels for deviations could
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be build on a statistical basis, too. A common way to ensure a certain distinctiveness or
discreteness of KPI definitions is to relate them to a hierarchically organized set of values. This is in particular helpful for selecting project KPIs together with the Client on the
project start, since it allows identifying the KPIs starting from a higher level definition
down to detailed measurements. An example for such a tree-like hierarchy of values and
connected KPIs is given in Figure 2.4.

Figure 2.4

Example for a hierarchical value tree to organise KPIs

While organizing KPIs hierarchically under suggested values could support the client
and/or design team to define the project success and select related KPIs, a more sophisticated organization method is the “cube concept”. In this visualization concept, cubes
are used to represent the additional KPI parameters attached to their edges for a specific
“key process”. A key process could be defined as the process required for a typical application of a BIM model during the design process. In InPro, five such key processes for
the early design phase are defined in task 2.1. Each of these key processes is characterized by providing certain added-value. Hence, these added-values could be represented
by a respective set of KPIs. Using the cube concept, for each of these processes the performance indicators can be organized in a separated cube.
Furthermore the perspectives of the several stakeholders which are involved in each
process could be assembled. Each stakeholder can have several requirements on process
input data, the process organisation and the results of the process. Each of these requirements can be measured using one or more performance indicators. To visualize this
dependency and facilitate the later assignment of specific perspectives on the design’s
performance for specific stakeholders, their requirements are arranged in a square grid
with a set of performance indicators at the intersection points (see Figure 2.5). In addition, the model maturity level of information is increasing with the design progress. This
means that also the performance indicators, which base on the model’s information, can
be calculated with more detailed measurements from level to level. This dependency is
visualised by copying the square grid into the third dimension to form a cube with a section at every level.
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Requirement
requirement

G5
G4
G3

stakeholder
Stakeholder
Perspective

G2
G1

time
Model
Maturity Level

a set of KPIs for one
requirement

Figure 2.5

Conceptual dimensions visualised as cube

To make the concept flexible and adjustable to the conditions of a specific project, each
dimension of the cube concept is kept parametric and can be adjusted to fit the project
needs. E.g. the seven InPro key processes could be extended or restricted for a project
without totally having to rebuild the KPI cube. The same is valid for stakeholders and
their requirements as well as for the amount of levels during the design process.
The stakeholder dimension actually represents the different roles within a project team.
In some project organizations the same person could own several competences or roles
at once. On the other hand several stakeholders can have the same requirement which is
then measured with the same set of performance indicators.
The initial configuration of the cube dimensions as well as the selection of the performance indicators and their target values at the beginning of a project could be continued
later in the project making adjustments to the system due to now available requirement
performances or changed detail or maturity levels of the BIM (see above).
As a result of our research, we would propose the following parameters to be helpful
when building a KPI collection or database:
Table 2.2

Recommended KPI properties for a KPI database

KPI Organization Properties
- KPI name

- Project phases / Model maturity levels

- Semantic and/or mathematical descrip-

- Related project values
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tion
- Typical stakeholders

- Scope (Project or company internal
Continuous Improvement Process)

- Measures (incl. dimensions)

An example for a KPI database can be found in the Appendix A to this report. The KPIs
listed in this database represent a selection of typical KPIs for the building industry collected from a literature study.
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3 PRIORISATION OF DECISION CRITERIA
With KPIs alone it is possible to make a statement how well a design alternative or option
performs regarding a specific goal. However, as stated earlier in this report, these goals
are often contra dictionary or have different priorities. If all goals and KPIs would be assigned the same priority or weight or preference, this could result in a decision deadlock
with identical evaluation results for different options. In the following sections different
methods for prioritizing design values and KPIs will be discussed. Finally, a method to
pair wise compare criteria will be explained in detail.

3.1 Requirements for a Priorisation Method
With the priorisation of goals the project team can significantly influence the results of an
evaluation. Hence, a minimum requirement would be to use a methodological approach
which is transparent enough to be understood by all team members, but on the other
hand is sophisticated enough to methodologically identify the priorities with an adequate
precision.
Arbitrary judgement of priorities also labelled “weight summation” often works well for 25 KPIs. But when a higher number of parameter should be prioritised, this method gets
to its limits. As mentioned above, a number of 10-15 KPIs should be considered in a design evaluation. Furthermore, the Smart DMF method should be made available in a
software application as a part of InPro’s Open Information Environment (OIE) and must
therefore be a numeric method. In short, the requirements towards a priorisation method
for a BIM based design process are






transparency
a methodological approach
still can be handled with approximately up to 15 requirements
a numeric method

3.2 Discussion of Priorisation Methods in the Early Design Context
For the priorisation of decision parameters, three methods have been identified and investigated within this research:
a. Weighted assumptions
b. Pair wise comparison
c. Centroids
Weighted assumptions
The simplest method to define priorities is the weighted summation or assumption. The
terms describe a more or less arbitrary assignment of weights in the form of percentages
to the different criteria from a given total weight 100%. Proponents recommend it for its
simplicity and ease of use; however it makes the assumption that individuals can maximise well-being by trading off marginal quantities of the evaluation criteria, i.e. it makes
the assumption of commensurability. (Tompkins, 2003) This basic method could be extended by using statistic methods to level individual preferences by group decisions.
(Fülöp, 2005) Group decisions generally aggregate the different individual priorities on a
given set of alternatives to a single collective preference. This is under the assumption
that individuals participating in making group decisions share a joint understanding of the
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problem and are all interested in finding the best solution. The algorithms used here are
e.g. the algebraic or alternatively the geometric mean from the individual preferences of
the stakeholders. This approach can also be used to level individual preferences when
evaluating qualitative KPIs. A group decision usually involves multiple actors, each with
different expertise relating to the different criteria of the design decision. Naturally, the
competence of the different actors to the different knowledge domains should be taken
into account when synthesizing group decisions. However, this additional judgement of
competence levels for the actors involved makes the process even more complex and
difficult to trace.
The most obvious weakness of the above methods is its assumption that individuals can
judge the commensurability of priorities. There is no logic process to explain why a criterion A is x-times more or less important than criterion B. While such arbitrary guesses
could still be applied when judging a few KPIs, this becomes nearly impossible if more
than 5 values or KPIs have to be compared regarding their priorities.
Pair wise comparison
A different approach is here the pair wise comparison algorithm by T. L. Saaty. (Saaty,
The Analytical Hierarchy Process, 1980) The technique relies on the supposition that humans are more capable of making relative judgments than absolute judgments. This algorithm that Saaty used for the Analytic Hierarchy Process (AHP) calculates the priorities
from pair wise comparing the criteria and assigning a priority value from a scale from 1
to 9, allowing diverse and often incommensurable elements to be compared to one another in a rational and consistent way. This capability distinguishes the AHP from other
decision making techniques. The AHP method is fairly widely applied for decision making
and produces traceable results in the form of priority vectors. The algorithm is explained
in detail throughout the following section.
Rank Order Centroids (ROCs)
Using rank order centroids is the basis of the Multi-Attribute Global Inference of Quality
(MAGIQ) technique first published by James D. McCaffrey. (McCaffrey & Koski, 2006)
ROCs can be used to convert ranks of an ordinal scale (such as first, second, third) into
ratings which are numeric values. The first step is to rank the attributes or criteria from
most important to least important. Then, each attribute is assigned an ROC value reflecting its weight, calculated with the following formula:

wk =

1
N

N

∑ (1 / i)
i =k

With wk being the kth attribute and N being the total number of attributes in the evaluation. This calculation pattern results for N=4 criteria into the following weights:
w1 = (1 + 1/2 + 1/3 + 1/4) / 4 = 0.5208
w2 = (0 + 1/2 + 1/3 + 1/4) / 4 = 0.2708
w3 = (0 + 0 + 1/3 + 1/4) / 4 = 0.1458
w4 = (0 + 0 + 0 + 1/4) / 4 = 0.0625
Since rank order centroids are a more methodical approach compared to the arbitrariness
of the weighted summation, the idea is to represent the commensurability among the
different criteria by a general interval scale with even distances between the different
criteria. Although this simplification can reduce the calculation effort for the weights significantly, it doesn’t actually reflect the relative differences in importance among the criteria.
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3.3 Pair Wise Comparison Algorithm by Saaty
The pair wise comparison algorithm is the basic idea of the Analytic Hierarchy Process
(AHP) proposed by Saaty. (Saaty, The Analytical Hierarchy Process, 1980) The objective
is to convert subjective assessments of relative importance into a set of weights. In opposite to the smart DMF which uses measurement driven KPIs, the original AHP uses pair
wise comparison also to calculate the overall scores or ranks for the alternatives. The
algorithm of Saaty comprises the establishment of an evaluation or pair comparison matrix and the subsequent calculation of its highest eigenvalues respectively eigenvectors two steps, which are explained in the following sections.

3.3.1 EVALUATION MATRIX
The nine point rating scale by T. D. Saaty enables the comparison of importance between
qualitative and quantitative criteria. In order to express the differences in importance
between criteria, the scale begins with the value “1” for a pair of criteria which are
equally important and usually continues in steps of two with odd numbers until “9” if the
first criterion is overwhelmingly more important than the second. In order to express the
opposite relation, i.e. that criterion A is overwhelmingly less important than criterion B,
the reciprocal rating values, in this case 1/9, are assigned. The even numbers and their
reciprocal opponents can be used as intermediate ratings if a further differentiation is
necessary. According to (Rohr, 2004), using the nine point scale has turned out to be the
most practical since it considers studies on the specific capabilities of humans to make
differentiations.
Table 3.1

Nine point rating scale used to define the relative importance of pairs of criteria

(AHP-) Rating Scale by T. D. Saaty
9

Overwhelmingly more important

7

Very strongly more important

5

Strongly more important

3

Moderately more important

1

Equally important

1/3

Moderately less important

1/5

Strongly less important

1/7

Very strongly less important

1/9

Overwhelmingly less important

The pair wise comparison of attributes can be listed in the form of a squared matrix with
all criteria on the sides of the rows and columns (see Figure 3.1). When generating this
evaluation matrix it is usually helpful to roughly order the attributes according to their
importance before. Then staring in row 1, each criterion from the left columns is compared regarding its importance to the other criteria in the columns. Since the direct comparison of identical criteria is always labelled with the rating “1” and a vice versa comparison of the same pair of criteria will always lead to its reciprocal rating value, only the
ratings in bold colour really do have to be evaluated. All others can either be trivially set
to 1 (diagonal ratings) or are deducted from the upper right section of the matrix (grey
ratings).
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Figure 3.1

Generalized evaluation matrix C. The matrix is quadratic and reciprocal.

3.3.2 EIGENVECTOR CALCULATION
After the evaluation matrix has been setup, the (partial) weights can be calculated. For
the calculation of the weights we propose to use the poweriteration method recommended. (Saaty, The Analytical Hierarchy Process, 1980) The method calculates the
highest Eigenvalue in a numeric iteration.
The algorithm for each iteration step s starts with squaring the evaluation matrix Cs.
3

Then the rank sums

∑c
j =1

2
ij

for each row i are calculated resulting in the highest Eigenval-

ues for C. In a generalized form using the 3x3 evaluation matrix C from Figure 3.1:

C s2=1

 c112
 2
= c 21
2
c 31


c122
2
c 22
2
c 32

c132 
2 
c 23
 ⇒ Rs =1
2 
c 33


 3 2
 ∑ c1 j 
 j =1   r1 
 3

= ∑ c 22 j  = r2 
 j 3=1   r3 
 c2 
3j
∑

 j =1 

With the Eigenvalues r1 … r3 we can calculate the related Eigenvector W1 by normalizing
the Eigenvalues. This results with the above example in the first Eigenvector

W s =1

 r1 


 ∑ ri   w1 
 r 
=  2  =  w2 
 ∑ ri   w 
 r3   3 
 r
∑ i 

This algorithm must then be repeated squaring the evaluation matrix Cs+1 and so on. After each iteration step, the deviation of the resulting Eigenvector Ws with regards to its
preceding Eigenvector Ws-1 has to be checked. As long as the deviation is significantly
higher than 0, the iterations must continue. A sufficient precision level has been obtained
if the deviation of Ws- Ws-1  0. When the results become stable, we have found Ws to
be the Eigenvector for the evaluation matrix C. The figures w1…i of the Eigenvector Ws
represent the different priorities or weights for the initial i criterions.
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The strength of this iterative method compared to the simplified Eigenvalue calculation
also described in the literature is its higher level of precision and that it can fairly easily
be implemented in a respective software application. An application example with real
world criteria and figures is demonstrated in chapter 4 of this report.

3.3.3 INTEGRATION OF STAKEHOLDER PERSPECTIVES USING HIERARCHIES
As explained earlier in this document, pair wise comparison has been taken from the
AHP. AHP comprises as a first step to organize goals, criteria and options into a hierarchy. Generally three levels are used:
1. Level: Goal
2. Level: General criteria
3. Level: Specific sub criteria
In AHP, via normalization, the priorities assigned to values, goals or KPIs can be scaled
upwards or broken down from one level to the other. However, to accumulate the priorities from lower to higher levels is only then possible, if the categories are well separated
and no redundancies exist in the hierarchy. If an additional hierarchy level should be included to reflect the perspectives of the main project stakeholders as shown in the example in Figure 3.2, this has consequences on the selection of KPIs to define the BIM
design performance for the design goals as well as on the process to define stakeholder
values in section 2.1.
When defining the KPIs it has to be carefully checked if the semantic and functional definition of a KPI is really identical for all stakeholders. This is particularly the case when
defining the related utility function for a KPI. Here, different ratings by stakeholders for
the same measurement wouldn’t be helpful in order to generate an integrated evaluation
result. Consequently, the utility functions have to be defined in a joint discussion compromising the perspectives of all major stakeholders. Furthermore, if there are redundancies, e.g. using the same KPI in different perspectives as shown in Figure 3.2, then it
becomes impossible to scale the priorities set on the KPI level to the higher levels of the
hierarchy, since the pair wise comparison would have to assign two different weights for
the same KPI to evaluate the same BIM design.

Figure 3.2
Including a stakeholder perspective level has to consider the occurrence of identical
KPIs in different categories of the hierarchy. This makes it impossible to assign priorities to the
intermediate levels without loosing the comprehensiveness.

Second, the process of identifying stakeholder values has to be extended by clarifying
who the main project stakeholders are. In practice, this task often is not a trivial one and
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requires expertise as well as professional experience. Besides the Client, who could further be differentiated into the building owner, the investor or the user of the facility, the
stakeholders with major influence on the project goals should be included into the process. This is advisable since they have the in–depth knowledge of the interdependencies
among project goals (see section 2.3) and in addition to that including their domain specific interests explicitly helps to rationally discuss necessary trade-offs and possible alternatives during the design process in the project team.
Third, the only option assigning priorities throughout all hierarchy levels would be to go
from the top to the lowest level, differentiating the priorities from level to level. However,
this has significant consequences for the process of assigning priorities. From the stakeholder preferences level on, the priorities would have to be calculated by the stakeholder
groups internally, presumably resulting in a different priorisation than a comprehensive
consideration of all KPIs by a group dynamic process within the project team would do.
Consequently, despite the initially comprehensive approach, this process would rather
support a tendency to defend stakeholder specific shares than acting as a team with
shared values and goals throughout the project.
The solution would be to abandon the assignment of weights for the higher levels and to
restrict weights only to the KPI level. In this case, the higher hierarchy levels will just be
used to structure the KPI measurements. The value and stakeholder perspective levels
put these results into a specific context without assigning priorities among the measurements. A visualisation of such assemblies could be a stakeholder perspective specific radar chart of the type explained in 0 with selected KPIs for the particular perspective.
Hence, the priorisation will then only be considered within the calculation of the total
evaluation result.
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4 REPRESENTATION OF EVALUATION RESULTS
To explain the results of the above evaluation process to a project team of nonmathematicians is a challenging task. On the one hand, it is the objective to accumulate
the assessment data of the different design alternatives or options into an immediately to
understand total rating. On the other hand, in order to create trust in the method, more
detailed investigations of the ratings should be supported by respective representation
techniques. These complementary requirements resulted in using two types of charts
which are, in particular in combination, both: Easy to understand and comprehensive.

4.1 Direct KPI Comparison
Net diagrams are ideal to represent multicriteria evaluation results. Generally the each
axis stands for a specific criterion. Referring to the requirements from a BIM based design method the diagram is scalable within the boundaries of the initially mentioned 3-15
KPIs for design decisions. Figure 4.2 below shows a fictive KPI Comparison chart for 12
KPIs and 3 design alternatives.

Figure 4.1

A radar chart representing the performance results for three KPIs
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Figure 4.2

Radar charts easily can represent up to 15 KPI results.

The scales vary from 0 to 100% on the outer border of the chart for completely fulfilling
the KPI objective. Each alternative is represented by a graph which is graphically connecting the particular KPI performance results.
A variation of this setup is to invert the scale with 100% fulfilment in the centre. This
would allow to mathematically expressing the overall deviation from the optimum as an
integration of the alternative performance across all KPI performances. The optimum
value would then be a deviation of zero. Other representations make use of the acceptance levels and assign traffic light symbols representing “good” = “green light”, “action
required” = “yellow” or “unacceptable” = “red” to each KPI performance rate. Another
widely used example for such colour-coded KPI performance diagrams are “speedometer”
graphs, which are divided e.g. in the ranges “High Performance”, “Average Performance”
and “Low Performance”.

Figure 4.3
Speedometer type chart with colour-coded acceptance levels: red = low, yellow =
average and green = high performance.

It is important to understand that these radar diagrams represent the mere KPI results
without considering priorisation. Despite this incompleteness, the representations are
helpful explaining the background of the total results and guiding the design team
through the optimization process.
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4.2 Total Ratings
The rating for total evaluation result can be derived by multiplying the rating matrix connection the different KPI performances to the different design alternatives with the priority- or Eigenvector calculated from the evaluation matrix in section 3.3.2. An example is
shown in Figure 4.4. The result is a total accumulated rating for each design alternative.
As a straightforward representation we have used a histogram to visualize the aggregated and weighted results with a bar for each alternative. The y-axis scale has an absolute maximum of 100% and a minimum of 0%. However, since the performances often
don’t differ significantly, it has been defined relative to the actual maximum respectively
minimum.

Figure 4.4

Histograms for the representation of the weighted total evaluation results.
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5 APPLICATION SCENARIO
The following chapter demonstrates the application of the Smart DMF based on a real–life
scenario. The focus of the scenario is on the energy optimization process. This scenario
has close links to other InPro Tasks, e.g. 2.3 “Stakeholder Values” and 2.4 “Lifecycle Design Process” since the use of KPIs should be explained in the context of the whole decision making process during lifecycle design. Therefore this chapter also reflects or contains results from these tasks. For more examples on the application of Smart DMF
please read the final report D17 of the InPro Task 2.4.

5.1 The Scenario
For his new office building in Helsinki an environmentally conscious Client requests his
project team to deliver a very efficient, low-energy consumption design. Having heard
about the energy consumption classes he at first suggests evaluating the options to create an “Energy Class A” design. The architect informs him, that for the climatic conditions
at the building location, such an energy class cannot be achieved without paying tribute
to the indoor climate. From his experience, the earlier fixed goal to create an “indoor
climate class S1” cannot be realized at the same time than the energy-saving goal. Additionally he suggests balancing the energy savings of various design options with their
costs. The Client and future building owner agree to continue with an investigation of
different design options.

5.2 Analyzing Values and Assigning KPIs
From the above discussion, the project manager summarizes the goals for the design as
follows:
Table 5.1

Connecting project goals to defined KPI targets

Client Goals

Value (for Client)

KPI

Target Figure(s)

Healthy and comfortable Best Indoor Climate
indoor climate

Indoor Climate
Class

S1

Low energy consumption Energy efficiency

Energy Certificate
Class

A-C

Cost effectiveness
(moderate rent level)

Lower operational cost Payback for investment

Payback time
[years]

In Table 5.1 the more generally defined Client goals have been further broken down into
measurable KPIs by the project team. A helpful tool to support this step would be a database as proposed in Appendix A connecting common values pursued in projects with respective KPI proposals. In addition to that, the other stakeholders helped the Client with
their expertise to set reasonable target figures for these KPIs.
As a next step the project team starts the discussion priorities among the above goals
with the Client. In order to formalize the discussion, the project manager prepares the
following evaluation table for the team:
Table 5.2

Filled evaluation matrix with Eigenvector

Indoor

Evaluation
Climate
Matrix
Class

Energy
Certificate
Class

Payback
for investment
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Indoor Climate Class

1

5/1

3/1

0,6586

Energy Certificate Class

1/5

1

1

0,1562

Payback for
investment

1/3

1

1

0,1852

Total

1,0000

The weight values in this evaluation matrix describe the relative importance between the
matrixes criteria cij compared to cji on a nine-point scale proposed by Saaty (Saaty,
1980):

Equally important ....................... 1
Moderately more important.......... 3
Strongly more important ............. 5
Very strongly more important ...... 7
Overwhelmingly more important .. 9

When the first criterion in the left column is less important than the second criterion, the
weight value becomes reciprocal. Using these weights the highest Eigenvalues for each
criterion become calculated with the poweriteration and then normalized in order to get
the priority vector.
After having set the priorities, the target values with tolerances and therefore the boundary conditions for the design alternatives have to be discussed among the project team.
The Smart DMF process requires assigning a utility function for each KPI respectively
criterion to relate values measured for the different design alternatives to a performance
scale starting from 0 to 100% fulfilment. The design team transfers the following ratings
to optional target value ranges:
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Figure 5.1 The three utility functions for the KPIs are assigned by the design team. The rating
reflects the Client acceptance or, vice versa, the fulfilment level of the Client's expectations.

An important criterion for the Client has been the indoor climate class since he is convinced that the productivity of his company will be strongly influenced by an excellent
indoor environment. He is willing to allow some tolerance below class S1 but not as far as
S3. For the criterion “Energy Class” class A would fulfil the requirements fully. The rating
for values B to D is decreasing disproportional and values beyond class D were not accepted by the Client. Regarding the payback time for the total investment, the Client is
willing to spend more if the additional investment doesn’t exceed a payback time of 15
years. The optimum rating for the economically most sustainable design is therefore assigned when the payback for investment won’t exceed 5 years.

5.3 Capturing KPI Figures and Rating Model Alternatives
At the design kick-off meeting the team reflects the consequences of the design requirement analysis for the design strategy and the technical solutions that have to be investigated. As mentioned to the Client already during the briefing, the target values for indoor
air quality S1 and energy class A may not be realized at the same time. Taking the Client
priorities into consideration, it is agreed among the design team members that the preference of the indoor air quality will emphasize the design strategy to produce first alternative concepts. However, at the same time the requirement for an economical reasonable design solution within the boundaries given by the Client will have to be fulfilled, a
criterion, which is also influenced by finding technical solution with low energy consumption.
A couple of days later, the design team has created three options as Building Information
Models. The first option is a predominantly traditional building concept with an indoor air
quality class S1 and the structures according to the Finnish code of Building regulations,
part C3. The other properties of this “basic” design are as follows in Table 5.3.
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Table 5.3

Key design properties for energy with figures for alternative 1

Design alternative 1

Energy consumption [MWh/a]

Space heating

528,5

AC-heating

321,4

Hot water heating

66,2

Total. heating energy

916,1

Equipment el.

23,5

Lighting el.

211,1

HVAC el.

212

Total electricity

446,6

Cooling energy

29,5

Total energy consumption

1392,2

Energy efficiency rate [kWh/m²]

123

Class

C

The second design option builds upon the basic design alternative 1, but puts the focus of
the optimization on the building shell and its tightness. The figures in Table 5.3 show,
that space heating is the biggest energy consumer. This issue has been tackled by increasing the insulation thickness for exterior structures and windows for a significantly
higher thermal resistance (u-values). However, the increased thickness of the structures
had to be balanced against its negative influence on the net area. Furthermore, the air
infiltration has been designed to a low level of 0,04 l/hour to minimize thermal losses.
Table 5.4
Key design figures for energy of alternative 2 with optimized
building insulation and air tightness

Design alternative 2

Energy consumption [MWh/a]

Space heating

307,2

AC-heating

310,7

Hot water heating

66,2

Total. heating energy

684,1

Equipment el.

23,5

Lighting el.

211,1

HVAC el.

211,5

Total electricity

446,1
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Cooling energy

36,5

Total energy consumption

1166,7

Energy efficiency rate [kWh/m²]

103

Class

B

The biggest consumer of heating energy is now the AC-heating. Therefore, in the third
design option, the strategy to decrease heating energy consumption has been extended
with a very efficient heat recovery system for the AC. The alternative strategy to decrease the air flow or the supply air temperature cannot be further pursued without lowering the objectives for the indoor air quality. A detailed investigation of the energy
simulation results has identified potentials for heat recovery particularly in the service
areas, i.e. the office spaces; kitchen and sauna (see Table 5.5).
Table 5.5
Key design figures for energy of alternative 3 with further heat recovery systems for
office spaces, kitchen and sauna

Design alternative 3

Energy consumption [MWh/a]

Space heating

306,9

AC-heating

180,7

Hot water heating

66,2

Total. heating energy

553,4

Equipment el.

23,5

Lighting el.

211,1

HVAC el.

211,4

Total electricity

445,9

Cooling energy

36,6

Total energy consumption

1036,4

Energy efficiency rate [kWh/m²]

92

Class

B

Until now, the focus had been set only on the design properties relevant for the energy
design. The other design requirement from the Client has been to balance the additional
investment cost for the energy saving efforts against the yield in lower energy cost by
calculated payback time for the total investment. The payback for investment periods for
the design alternatives have been calculated in reference to alternative 1 to:
Design alternative 1

0 years (reference alternative)

Design alternative 2

8 years

Design alternative 3

12 years
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Using the criteria figures of each design alternative together with the respective utility
function to calculate the individual KPI performance, the results have been summarized
in Table 5.6 and .
Table 5.6
The measured KPI figures become transferred into KPI performance ratings using
the utility functions

KPI

Figure/
Rating

Alternative 1

Alternative 2

Alternative 3

Indoor comfort

Figure

S1

S1

S1

Rating

100%

100%

100%

Energy
consumption

Figure

123 kWh/m²

103 kWh/m²

92 kWh/m²

Rating

50%

80%

90%

Investment
Payback

Figure

0y

8y

12 y

Rating

100%

90%

80%

Figure 5.2

KPI performance comparison in a radar chart

5.4 Decision Making
After the individual KPI performance results have been calculated and visualized, the priorities are taken into consideration in order to calculate the total evaluation result for
each design alternative.
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Table 5.7

Calculation of the total weighted ratings per design alternative

KPI

Rating/
Priority

Indoor comfort

Rating

Alternative 1

Alternative 2

100%

100%

Priority
Energy
consumption

Rating

Investment
Payback

Rating

Total Rating

∑ Rating
x Priority

Figure 5.3

Alternative 3
100%

0,6586
50%

80%

Priority

90%

0,1562
100%

90%

Priority

80%

0,1852
92,19%

95,02%

94,73%

Final ranking of the three design alternatives including prioritization

In the final design meeting the team discusses the results of the evaluation together with
the Client. Under the boundary conditions given, alternative 2 which fulfils the design
requirements with a rate of 95% offers the best performance. The improvements for
lower energy consumption by the heat recovery systems in alternative 3 don’t payoff fast
enough to balance the additional investment. On the other hand, the improvement by a
higher insulation and tightness of the building shell on the energy consumptions results
in a payback period which is still within the tolerance level of the Client.
The total performance chart together with the individual KPI results for each alternative
help the deign team to transparently explain the evaluation results, their design decisions
and recommendations to the Client, thus enabling him to make an informed decision or,
if necessary, to reconsider the initial priorities.
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6 EXPECTED APPLICATIONS OF SMART DMF WITHIN INPRO
The objectives of this task in work package one are well embedded into the InPro research project. On the one hand, there are strong bidirectional links to the tasks 2.3
“Capturing Stakeholder Values” and task 2.4 “Lifecycle design process”.
The application scenario about an energy design process described in chapter 5 has been
developed in conjunction with the two tasks, since it offers the opportunity to explain the
application of each tasks results as well as the integrated character of the three research
projects. The process to capture stakeholder values using a respective value tree has
been the foundation to formulate the KPIs in this task. Vice versa, the KPIs are in a way
an implementation of the design requirement linked to the stakeholder values in task
2.3. The development of a model-based design process considering lifecycle design aspects in the early design phase consequently will be the application of both tasks 2.3 and
1.3 “Smart DMF” results. The Smart Decision Making Framework will allow a value driven
design process enabling the design team to make informed decisions about alternatives,
available in the form of Building Information Models (BIM). The design process can be
guided by explicitly defined design goals and can be controlled by measurable indicators,
either objective or subjective. The results from task 2.4 will show how a formal decision
making can be integrated into the design process and describes the requirements towards such a process. Also, further application scenarios for different key processes, such
as






facility management
cost management and planning
materials selection
life cycle cost and environmental burden

are currently planned to be supported by respective KPI sets.
Apart from these close links, there are further expected applications for Smart DMF. In
task 5.3 “Performance Evaluation” all use cases of work package 6 will be evaluated regarding their technical and economical performance. Smart DMF will be the method that
should be used in this task to accomplish this goal. Within the work package 1, the task
1.2 develops “Improved Business Concepts” that base on a model-based project delivery
process. We currently see two application fields for Smart DMF in this context: First,
Smart DMF could be used as a method to enable a performance based incentive agreement, making bonuses dependant from achieving certain design goals or a specific performance of the design process. Second, Smart DMF could also be used to evaluate e.g.
bidders during the procurement in a transparent way.
Moreover we hope that the framework will be applied within stakeholder companies in
the building industry to continuously control and improve their individual process and
project performance, hence improving our industry in whole.
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7 CONCLUSION
The Smart Decision Making Framework is a constituent in a model-based, value driven
design process. It pragmatically combines three methods into a framework tailored for
the evaluation of Building Information Models:




The relative definition of objectives with the Key Performance Indicators,



and the pair wise comparison technique from the Analytic Hierarchy Process
(AHP) to define the priorities.

the explicit definition of tolerances with utility functions from the MultiAttribute-Utility-Theory (MAUT)

All methods are well established in their research communities, can refer to numerous
application samples in different industries and deliver transparent, traceable results.
However, on its own, these methods would have significant shortcomings when they
would be applied in a model-based design process. The strength of this framework therefore lies in combining the advantages of the methods with requirements such as



simplicity, since the methods have to be easy to understand to get accepted
by project teams




extensibility since any relative KPI definition can be added
flexibility towards the types of criteria that will be evaluated, since
o

objective and subjective

o

explicitly measurable or implicitly assessable criteria will have to be
considered.

The ability to adapt to different levels of detail of the data or better the maturity levels of
the data is another prerequisite for a decision support method that should be applied in a
design process.
The application of Smart DMF on the project level has been already successfully demonstrated in a “proof of concept” study together with tasks “Capturing Stakeholder Values”
and “Lifecycle Design Process”. The concept has been adopted by these research projects
and will be further developed. A first result of this development is a Visual Basic for Applications based software from Lulea University that will be used to evaluate the key
processes. In order to customize KPI definitions and related utility functions to the specific project or company requirements, a user can revert to a rich database of examples
from different KPI initiatives worldwide. In order to facilitate the start-up of a project
evaluation, selected basic KPI samples have been collected in Appendix A of this report.
Descriptions of the KPI initiatives offer further hints where more samples for KPIs can be
found.
In addition to the above, we would furthermore encourage research on the application of
Smart DMF as





a company level measure for overall design performance / Client satisfaction
in the selection of bidders during procurement
or to deliver the metrics for an incentive driven business model.
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Appendix A

- KPI EXAMPLE DATABASE

Values
(see also
Task 2.3)

Group

Performance Description
Indicator
(PI)

Latency

Time

Deviation of
Completion

Planned Time T1 to
actual Time TC

PI
Formula

Attributes

∆T = TC - T1 TC = Construction
Time
T1= Planned Time

Latency

Time

Average
Schedule
Variation

Average deviation
of milestones

Design
efficiency

Time

Percentage of proProject Time
spent for Design ject time for De& Engineering
sign & Engineering

Project duration

Construction
efficiency

Time

Man hours
spend on site

Relative man hours
spend on the site

Man hours (mh)
spend on site, total
mh

Low operation Quality
cost

Energy Efficiency

Energy Cost per
GFA

CEnergy = Energy
Cost, GFA

Functionality

Quality

Cleaning Efficiency

Cleaning Cost per
GFA

CCleaning= Cleaning
Cost, GFA

Functionality

Quality

Maintenance
Efficiency

Maintenance Cost
per GFA

CMaintenance = Maintenance Cost, GFA

Functionality

Quality

Indoor Climate
Class

Indoor Climate
Class acc. to ISO
7730

Temperature, Air
velocity, CO2, Humidity, Air flow

Automation

Quality

Degree of Prefabrication

Percentage cost of
prefabricated building elements

Cost of prefabricated
building elements,
total material cost

Design
Coordination
Quality

Quality

Number of
geometric and
semantic design clashes

Geometric and
semantic Clashes
found between
design disciplines
discovered on
building site

Number of geometric
and semantic design
clashes

Construction
quality

Quality

Construction
Time spend for
rectification

Relative man hours
spend for rectifications

Man hours (mh)
spend for rectification, total mh

Aesthetic
Matters

Quality

Adequacy of
How well do form
form and mate- and materials of a
rials
design reflect its
purpose? Classifications to be used
(e.g. grades).

Statistical mean of
judgment(s) of
evaluator(s)

Aesthetic
Matters

Quality

Urban Integration

Statistical mean of
judgment(s) of
evaluator(s)

How well the design is integrated
in its environment?
Classifications to
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be used (e.g.
grades).
Low operation Cost
cost

Return of Investment

Total investment to
average yearly cost
for not investing

Total investment,
yearly cost for actual
building, yearly savings

Design
efficiency

Cost

Actual versus
Design Cost deviaplanned cost for tion
Design & Engineering

Actual design cost,
planned design cost

Sustainability

Environmental

Energy Certificate Class

Energy Certificate
Class acc. to national standards

Heat losses (e.g. th.
transmittance, air
tightness), building’s
energy production

Sustainability

Environmental

CO2 eq. Emissions per m²

CO2 equivalent
Emissions per area

Sum of CO2 equivalents

Sustainability

Environmental

Ratio of recycled Ratio of recycled
materials used materials used

Total material cost
Recycled
material cost
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Appendix B - INVESTIGATION OF MULTICRITERIA DECISION
MAKING METHODS
B.1 SIX SIGMA
B.1.1

Six Sigma in General

As a statistically supported quality management concept Six Sigma combines existing
tools of quality and project management which are currently defined as industries best
practice. The innovation within the Six Sigma philosophy is, however, the consistent focus on a workable zero-defect strategy as the quality level which has to be achieved.
Based on the Gaussian distribution the error margin of 6 σ defines a quality level of
99.99966 % resp. 3.4 errors out of one million possibilities. In the recent years this initial
approach driven by the statistical limit of 6 σ has become a generally accepted and excellent component of corporate management.
Key of Six Sigma is to have a positive impact on the magic triangle of time, cost, and
quality and to align all related improvement activities with client requirements (criticalto-quality characteristics – CTQs) by clear project structures (Ferng & Price, 2005). The
overall objective is to ensure the meeting of those CTQs and to bring innovations onto
the market faster and cheaper via efficient processes.

B.1.2

Design for Six Sigma

In recent years it became commonly accepted that mistakes and failures within the design phase of a product will increase the costs over the product life cycle particularly with
regards to production, operation, and technical services as well as warranty and goodwill
costs. Accordingly, costs for higher quality in early design phases are investments in
avoiding resp. reduction of follow-up costs (Abdelhamid, 2003).
An indicator for the estimation of needs for improvement is determined by the ratio of
real costs within the design phase to the influence on costs during the whole life cycle. If
a disproportion exists (see figure 1), a poor design or an insufficient design process will
cause high total costs.
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Figure B.1: Influence of the design costs on the total costs during the lifecycle

This is when Design for Six Sigma (DFSS) comes into play and should be understood as
proactive quality management with the main focus on the following points:



Focus on the early design phases, because there is the highest potential for
quality improvement at lowest costs,



Securing a robust design process which is appropriate to achieve the quality
level of “Six Sigma”,




Fulfilment of all relevant client requirements,
Avoiding of costs for non value-adding efforts in production and during the
lifecycle.

The DFSS process consists of five phases which are shown in figure B.2 related to the life
cycle of a product. In the first phase, the Define-Phase, the project will be defined with
its content, objectives, and scope, the project team will be established and the internal
and external clients will be determined. In the second phase, the Measure-Phase, client
requirements will be identified by voice-of-customer method (VOC) and to get technical
requirements they will be transferred into critical-to-quality characteristics (CTQs) via
quality-function-deployment method (QFD). In the third phase, the Analyse-Phase, several alternative concepts will be developed and compared in terms of their efficiency and
the fulfilment of the CTQs. For detection and assessment of risks the failure-mode-andeffect-analysis (FMEA) will be used at this phase. In the fourth phase, the Design-Phase,
the most favourable concept will be detailed. The aim is to get a robust design which
meets clients´ requirements at the best and which is cost-effective in production. In the
fifth phase, the Verify-Phase, the detailed design will be transferred into the work preparation and production phase. In this phase the fulfilment of the CTQs is monitored continuously.
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Figure B.2: Process and used methods of Design for Six Sigma during the life cycle of a product

Based on this brief summary of DFSS the main focus is now set to the Measure- and Analyse-Phase. In the following the used methods within the decision making process are
being discussed.
First of all client requirements are identified as basis for the later design decision by the
VOC method. Here the concrete voice of the customer is analysed in detail and transferred into CTQs by answering the questions Who?, What?, Where?, When?, Why?, and
how much?. In addition to the full investigation of all essential customer requirements in
particular their right weighting is significant. A well-appropriate instrument for differentiation and first weighting of customer needs is given by the model of Kano which differentiates requirements into dissatisfiers, satisfiers, and delighters. Dissatisfiers are often
implicit, naturally, not articulated, and evident and in case of non-fulfilment they are as a
rule knock-out criteria for the product. Satisfiers are essentially articulated, specific,
measurable, and technical and their enhancement increase customer satisfaction. Delighters are often not articulated, but if they are recognized and implemented they generate a significant exceed of the articulated requirements and lead to a positive differentiation on the market. According to this model it is obvious that firstly the dissatisfiers
have to be fulfilled completely and the satisfiers at the best before the delighters could
be implemented.
In the following the findings from the VOC method are used for the first steps of the
quality function deployment method (QFD), which contains the specific development of
the quality functions of a product in accordance with the quality characteristics required
by the customer. This is done by sequential completion of the so called “House of Quality” form shown in figure B.3. Based on the identified requirements of the client the technical concept is developed by answering the question “how” the specific requirements
could be fulfilled. By identifying the correlation between product characteristics and the
weighted client requirements the main product characteristics could be elaborated and
transformed into target-setting for the design.
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Figure B.3: Diagram of the House of Quality

The numerical example in figure 4 shows how the House of Quality leads to product
characteristics weighted by their significance in fulfilling client needs. For this the customer requirements are identified in step 1 and weighted in step 2. In step 3 the product
characteristics which are appropriate to fulfil the requirements are identified and the correlations between all requirements are defined (step 4). Afterwards the correlations between requirements and characteristics are determined (simplified: 0 = no, 1 = average,
2 = strong correlation) in step 5. The result of the multiplication of correlation and
weights and the following summation per column (step 6) specifies the significance of the
product characteristics in fulfilling customer requirements. If now these significances are
combined with the technical complexity and the estimated costs, the outcome is as a
whole the target-setting for the design as basis for later decision making.
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Figure B.4: Numerical example of the House of Quality

Based on these design targets and following the DFSS process now alternative design
concepts could be identified which fulfil the prioritised functions of a product or building.
For the developing of these alternative design concepts further methods such as functional analysis, QFD (step 2) or morphological box could be used. The development of
these concepts is, however, not the main focus of this document and is therefore not
discussed here in detail. Rather the evaluating process with the final decision between
alternative design concepts by decision making methods and the freeze of concept (end
of Analyze-Phase) should be discussed in the following chapters.

B.1.3

Discussion

The Six Sigma approach, in particular the design for Six Sigma, isn’t a decision making
method in the common sense. The philosophy of the DFSS is rather focusing on a proactive quality management. Therefore, VOC and QFD have the objective to establish a client-oriented product development process and the FMEA method focuses on a robust
production oriented design. DFSS is not a method that should be applied to evaluate different design alternatives or options, but it actually helps to create a design process in
which such an evaluation could be conducted using decision making methods. In other
words, VOC and QFD formulize, collect and transform Client requirements into functional
design alternatives which again can be evaluated using decision making methods.
DFSS could be of importance in the context of InPro, since its basic process could be
used as a pattern for the early design phase. Additionally, the Quality Function Development seems to be suitable to collect and evaluate the different stakeholder requirements
systematically. They could also be used to guide the design process. Hence, QFD provides the basis for the preceding decision making between design alternatives, but it actually isn’t a Decision Making Method.
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B.2 CAF (CONSIDER ALL FACTS) / PMI (PLUS MINUS
INTERESTING)
Both methods have been introduced by E. De Bono (Bono, 1993) and represent relatively
simple, entry-level techniques for logic and problem-solving. CAF is a method to possibly
take all criteria relevant for a decision into consideration. The method consists of two
steps:
In a first step, you create an unsorted list of all criteria that are related to your decision
problem. In the second step, you resort this list in a way that the most important criteria
to you is on top of the list, the second most next and so on. In order to facilitate the
sorting, you alternatively can create e.g. three priority categories I.-III. The more you
know about the problem the better the decision basis will be. Thus, the CAF provides the
basis to continue with the PMI method which focuses more on the potential impacts of a
decision.
Using PMI you consider all positive and all negative effects of a decision in order to improve your judgement of different decision alternatives. Additionally an overview on the
open questions that cannot be answered on the given database will be created. The PMI
procedure should ideally follow a CAF analysis. In a first step, all facts from the CAF with
a positive impact should be assigned to a group “positive aspects”. Subsequently this
should be repeated with the negative aspects. All aspects, which can be rated positive
and negative, should appear in both groups. Open questions or aspects that cannot be
clearly assigned to one or the other group should be assigned to a third group named
“interesting”. These i-aspects show open issues were more analysis is necessary in order
to become informed enough to assign the aspect to “positive” or “negative”.
However, the bare PMI won’t give you a clear answer to the question, which one of two
or more alternatives is the one which satisfies your requirements most. In order to be
able to rank the decision alternatives PMI has to be extended with a weighting mechanism. E. De Bono suggests adding scores from 1 to 6 to the various positive or negative
aspects according to their importance or impact to the estimator (Bono, 1993). Six
stands for a very important, 1 for a “not important at all” aspect. All scores for the positive and negative aspects then should be added for each alternative. The alternative with
the highest sum is the one with the most positive impacts and thus should be preferred.
Negative scores of alternatives consequently show that negative aspects overweight the
positive.
Discussion
PMI uses an ordinal scale allowing only scores for positive, neutral (= interesting) and
negative. Since the score interesting doesn’t contribute to the aggregated score, only
positive or negative categories count. This is too rough to allow deeper comparative
analysis of design options. Furthermore, the PMI can hardly be applied on the comparison of two design variants with only minor differences. E.g. the comparison of the effects
caused by two different window types can hardly be evaluated with the three possible
scores above. Also the simple aggregation mechanism combined with the rough scale
doesn’t allow to aggregate multi-levelled sub scores into a meaningful total rating. Last
but not least, it is unclear, how multiple stakeholders could become involved in the
evaluation.
Summarizing the above observations, the method PMI is obviously not intended to be
applied on complex multi-attribute evaluations. Rather the procedure described in particular for the CAF shows a very structured approach for the general problem of identifying goals, related criteria and prioritising them. While the described prioritising procedure
is likely to become arbitrary when the number of criteria exceeds the limits of human
memory the CAF procedure can become very helpful for a first structure of multiple design goals and criteria.
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B.3 ANALYTIC HIERARCHY PROCESS (AHP)
The Analytic Hierarchy Process (AHP) developed in the 1970s by the mathematician Th.
L. Saaty (Saaty, The Analytical Hierarchy Process, 1980; Saaty, Multicriteria Decision
Making, Vol 1, The Analytic Hierarchy Process: Planning, Priority Setting, Resource
Allocation, October 1990) is a more sophisticated method with an emphasize on the
quantitative comparison of alternative solutions.
The core of the procedure is that the preferred solution is identified using pair-wise comparisons of alternatives based on their relative performance against the criteria. The psychological background of the technique is that humans are expected to be more capable
of making relative judgements than absolute judgements. The AHP can be described as a
systematic procedure for representing the elements or aspects of any problem, hierarchically. Hence, a weighting component for the various aspects is an integrated part of the
method. The method is most useful to support group decisions in teams where people
with different specializations are working on complex problems, especially such with high
stakes, involving human perceptions and judgements, whose resolutions have long-term
repercussions. The rationale of the AHP is traceable. End results can be linked backwards
in the process to the different aspects of the problem using a decision tree and therefore
enable teams to discuss the end results in a more thorough way.
The procedure has 3 phases. In the first phase the decision makers collect as much data
as required for the decision. Subsequently all criteria related to the decision should be
named and organized in a hierarchical order. Then the decision makers identify all alternatives they consider to be realistic and desirable.
During the second phase all criteria respectively alternatives will be confronted, compared and evaluated generally by using alternative or criteria matrices. The decision
makers compare each criterion with all others and decide each time which one of the two
is the more important one. For this purpose they use a nine-point scale, where 1 stands
for “equal importance or preference”, 5 for “strong or essential importance or preference”
and 9 for “extreme importance or preference”. For each criterion rated “5”, the paired
one will be rewarded in the matrix with the reciprocal value of “1/5”. The matrix is then
used to calculate the normalized priority or weighting vector using the eigenvalue respectively eigenvector. These pair wise comparisons have the advantage to improve the prioritization quality when a large number of competing criteria have to be considered. The
result of the comparisons is a ranking list for the criteria assigning the most important
criteria with the largest weight vector. After this, the decisions makers analyse and
evaluate their alternatives, this time by comparing pair wise all alternatives in order how
they would perform for each criteria. This will generate additionally one matrix per criterion. Again the eigenvalues will be used to calculate the normalized score of each alternative regarding each criterion.
In the third and last phase the calculated data will be synthesized in a weighted evaluation result. Therefore each normalized alternative score will be multiplied with the corresponding normalized criterion weight and summed up. The preferred alternative will have
the highest total score.
In AHP, a sensitivity analysis can be performed to determine how the alternative selection would change with different criteria weights. The whole process can be repeated and
revised to ensure that all criteria have been covered. The above describe process can
further be implemented using conventional spreadsheet software.
Discussion
With its strength to support decision making in teams, its weighting component and ability to consider quantitative data as well as qualitative data, AHP fulfils most of the requirements identified in chapter 3 of this report. However, the large number of criteria
expected for the evaluation of building design alternatives, will result into a considerable
number of criteria matrices. This means that it will require a considerable effort to add
further alternatives or criteria after having established the weighting matrix since with a
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new criterion all pair-wise comparisons will have to be repeated. Furthermore no explicit
transfer functions are used to assign the ratings to the measurements.
In scientific literature AHP is discussed controversial for 3 reasons: First by using and
arbitrary and actually ordinal scale (1–9) instead of empirical evidence. Second for the
phenomenon that if you change the number of alternatives, the relative ranking of the
others could be reversed, e.g. changing a ranking from a-b-c to b-a. Third the pair wise
approach can induce ordering even when no order exists. In spite of these concerns, the
AHP is considered very helpful in practice and has become extremely popular. One of the
applications in the AEC sector is for example to pre-select/shortlist bidders and to analyse tenders during procurement.
For references see (Baker, et al., 2001) (Saaty, Multicriteria Decision Making, Vol 1, The
Analytic Hierarchy Process: Planning, Priority Setting, Resource Allocation, October
1990).

B.4 MULTI-ATTRIBUTE-UTILITY-THEORY (MAUT) / SIMPLE MULTI
ATTRIBUTE RATING TECHNIQUE (SMART)
MAUT and SMART belong as well as AHP to the family of Multi-Criteria Decision Making
methods. Since SMART is considered to be a variant of MAUT they will both be discussed
in this section. MAUT developed 1969 by the engineer R.L. Keeney (Keeney, 1970) is a
quantitative comparison method used to combine dissimilar measures of costs, risks, and
benefits, along with individual and stakeholder preferences, into high-level, aggregated
preferences. Unlike AHP, MAUT uses utility functions to define how the diversely dimensioned criteria will be transformed into one common, dimensionless scale or metric with a
range of 0 to 1. Once these utility functions are created the data from the alternative
(objective) or the analyst’s belief (subjective) can be converted into utility scores. This
allows for decision makers to assign alternatives directly in the natural scales of the criteria. As with the other methods, the criteria are weighted according to their importance.
The preferred alternative has the highest score calculated by multiplying each normalized
alternative’s utility score results with the corresponding weighting vector for the criterion
and summarize them to the total score of the alternative.
MAUT is typically used when the majority of information is quantitative. The utility functions are created based on the data and corresponding dimension (e.g. meter, m³, €,
CO2/day, etc.) for each criterion. The evaluation method is suitable for complex decisions
with multiple criteria and many alternatives. Above that, it is more flexible regarding additional alternatives, provided they have data available to determine the utility score
from the utility graphs. Instead of using a relative method to standardize the raw scores
to a nominalized scale, the value functions explicitly define how each value is transformed to a common scale. MAUT is regarded as a theoretically widely accepted technique with many applications in government and business decision-making.
SMART related to the psychologist W. Edwards and F.H. Barron (Edwards & Barron,
1994) is a simplified variant of MAUT. The main difference is in the rating of each criterion. Unlike MAUT where the rating has to be calculated with the transformation or utility
function, the decision makers directly assign a value between 0 and 1 using the utility
function in a “qualitative” way. By directly assigning the rating values to the criterions,
the availability of quantitative data from the alternative becomes optional and the calculation effort is reduced. SMART is less oriented towards mathematical sophistication or
intimacy of the relation between the underlying formal concept and practical procedures
that implement it, but rather towards an eased communication and usability in “an environment in which time is short and decision makers are multiple and busy”. Because of
the simplicity of the data acquisition and the processing of the information, SMART is
reported to be widely applied.
For further theoretical background and descriptions of MAUT and AHP see (Baker, et al.,
2001) (Dyer, Fishburn, Steuer, Wallenius, & Zionts, May 1992).
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Discussion
MAUT and SMART inherit the strength of AHP to support decision making in teams, its
pair wise comparison approach to define weights for the criteria and the ability to consider quantitative data as well as qualitative data. Both methods address with the explicit
formulation of transfer functions one of the main weaknesses of AHP.
MAUT requires having explicit input values for all criteria. Assigning a value function for
each criterion further increases the complexity of the process. While introducing value
functions complicates the procedure, their advantage is that the ratings of alternatives
are not relative and less arbitrary. Therefore adding or omitting an alternative will not in
itself change the decision scores of the original alternatives. Thus unlike AHP, new alternatives can be added or omitted when running the analysis with a relatively low effort.
Furthermore implementing the value functions in a software application shifts the additional complexity to the computer.
As described above the strength of SMART is the simplified data acquisition. The cost of
this simplicity is that the method may not capture all the details and complexities of a
real problem, since the method assumes that all criteria are independent from another.
However, in practice, the approach has been found to be extremely robust.

B.5 MULTI-ATTRIBUTE COLLECTIVE DECISION ANALYSIS FOR A
DESIGN INITIATIVE (MACDADI)
MACDADI is another Multiple Criteria Decision Making method under development by J.
Haymaker and J. Chachere (Haymaker & Chachere, 2006) with the objective to support
the decision process related to design alternatives. According to its developers the
MACDADI procedure is inspired by established methods of Decision Analysis, in particular
MAUT, however those methods were not strictly adhered.
The MACDADI process aims to help the project team arrive at consensus and to improve
the communication of the rationale. The procedure can be structured in seven steps, beginning with the design team and stakeholders to define the project goals. An evaluator
together with the architect compiles the explicitly or implicitly communicated project
goals as comprehensive as possible into a hierarchical structure. An example showed two
to three levels to organize the goals. Subsequently the list will be redistributed for feedback to the stakeholders. The result of this first step is a comprehensive, but not yet finally weighted goal tree for the project. With this information the design team develops
in a second step several options e.g. for the architectural design, MEP systems or structural alternatives. The design team further aggregates these options into a small number
of primary alternative designs. In a matrix, the project goals are shown in the horizontal
header row, while the alternative designs with their characteristic options are organized
in the left-hand columns. In the third step, this matrix is used to evaluate project options
with respect to the goals. The assessment rates each option’s impact on each goal with a
numeric score, ranging from 3 (high positive impact) across 0 (no impact) to -3 (high
negative impact). Some of the of the assessments are achieved doing a thorough analysis, others more on a qualitative basis relying on the assessing designer’s experience and
intuition.
After the evaluation, the stakeholders establish their preferences by allocating 100 points
amongst the lowest level goals. The lower level goals are summed up to reflect the preferences for the higher level goals. The preferences are collected and averaged from all
stakeholder groups equally in the example given by the developers. However, weighting
the stakeholder’s relevance on the decision process can easily be added. Having collected
the goals, options, assessments and preferences, the considerable amount of information
has to be visualized in a fifth step in order to finally be validated by the project team. For
the visualization, pie charts and coloured stapled bar charts were used in the examples.
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Additionally to the preferences analysis, the relevance of each option on each goal can be
shown from the above matrix using coloured stapled bar charts.
Together with the points from the preferences analysis, the overall stakeholder value can
be calculated. Either this can be represented e.g. as one bar for each design alternative
with colour segments representing the total value for each goal or goal wise with grouped
bars for each design option.
In the example given by the developers, approximately 900 explicit analyses had to be
performed, taking six stakeholder groups, 30 low level goals, 30 design options for two
design alternatives into the process. The developers state that the current MACDADI
process requires further research. The suggested areas for improvements are




The identification or development of project goals



The introduction of more precise and uniform methods to assess the impact of
options on goals



A finer grained weighting of preferences allowing non-linear weights or interaction among preferences



On the visualization of the information rich procedures.

The ability to systematically propose and manage more options and to collect
these into more alternatives

Discussion
The process of MACDADI is designed for multi stakeholder project teams and is easy to
understand. By sensitively collecting the stakeholders’ objectives during the (pre-)design
process a very comprehensive compilation of all goals can be created. However, the actual method of extracting the goals from project documentation and from interviews with
all stakeholders is very time consuming. In its current state, there is no formalized identification of stakeholder goals implemented.
Another issue is the transfer of measures into evaluation results. There hasn’t been a
consistent concept established to transfer the performance of the alternatives for certain
goals onto the general metric (-3 to +3), yet. Based on the documentation available,
MACDADI could further make more use of the explicit data available in BIMs in order to
directly calculate evaluation results for some criteria (Haymaker & Chachere, 2006).
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Appendix C

- SELECTED KPI INITIATIVES

C.1 KPIS IN GREAT BRITAIN
Numerous different literature sources about KPIs are available from Great Britain. The
main initiatives are characterized in the following sections.
“Design Quality Indicator (DQI) - The catalyst for proving better buildings” focuses on the
basic definition of the product “Design Quality Indicator”. This framework analyses client
satisfaction by integrating many respondents. Improvement of the environment is performed by assigning a leader and a facilitator to manage the process (Construction
Industry Council, 2005).
“Your single gateway to best practice in KPIs and benchmarking in the UK construction
industry” provides an overview on news and events with regards to UK construction industry KPIs. The performance is analysed by contemplating product development, covered requirements, project implementation, and the production of complements
(Constructing Excellence Limited, 2007).
“Total quality management and the learning organization: a dialogue for change in construction!” sees the necessity for shift in the minds of practitioners, academics, and professional institutes due to improve the performance and competitiveness of the construction industry. Existing relationships between the methods of TQM and the learning organization are observed. A conceptual model for a learning organisation in construction is
discussed and presented. The concept of the learning organisation with a critical focus on
learning the organisational level is improved. The performance analysis focuses on total
quality management, organizational learning, and learning organisation (Love, Li, Irani, &
Faniran, 2000).
“Performance management in construction: a conceptual framework” delivers a literature
review on performance management and measurement in various industries. The main
aspect of this framework is how these strategies can be transformed into the construction sector and how the relationship between performance measures and goals derived
from their strategy. The potential for improvement of organisations’ performance is examined and analysed. The goal of this analysis is how best practice experiences can be
transferred into construction (Kagioglou, Cooper, & Aouad, 1999).
“Project management: cost, time and quality, two best guesses and a phenomenon - its
time to accept other success criteria” defines success criteria for IS-IT project management. Cost, time and quality measure the success of project management. It’s a new
framework considering success criteria. The relationship between cost, time, and quality
is optimized. Performance measurement for cross functional team is based on organisations, which deliver an entire process or product to customers are essential. For life critical system projects, quality would be the overriding criteria (Atkinson, 1999).
“A new framework for determining critical success/failure factors in projects” examines
critical factors that affect project success or failure. It introduces a new scheme classifying critical factors and their impact on project performance. It is looked at the interaction
between the different groups of factors. Systems and practitioners respond to these factors. The performance analysis is based on the effectiveness of coordination and communication, the use of managerial skill, control and monitoring, and the effective use of
technology (Belassi, 1996).
“Improving performance - Project evaluation and benchmarking” defines performance
measurement, KPI, project evaluation, post project review, post implementation review,
and benchmarking. Important are process evaluation, feedback, techniques for a performance measurement framework, and key questions for clients. The purpose of the
framework is the development of Key Performance Indicators and Design Quality Indica-
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tors as well as planning and analysis benchmarking (Office of Gouverment Commerce
(OGC), 2007).
“KPI Report for the Minister for Construction” investigates the purpose of KPIs. It focuses
on groups and key project stages. The KPIs, their different levels, and the Supply Chain
Cube are examined. KPI definitions and guidance as well as examples for KPI calculations
are provided. A quality register and a customer satisfaction survey are shown. The performance analysis focuses on the improvements in quality, cost, and time. Similar projects with achieved performances are compared. The framework is assessing integrated
and other potential suppliers (The KPI Working Group 2000, 1999).
“Management’s Perception of Key Performance Indicators for Construction” is another
research initiative about KPIs in construction. The initiative applies statistical analysis on
qualitative and quantitative performance indicators to identify common indicators in the
construction sector. Performance indicators to describe typical management level metrics
are surveyed as well as metrics to represent project experiences. Additionally, correlations regarding the extensiveness on which the indicators are used are investigated. The
study concludes in proposing the six most useful indicators (Cox, Raja, Issa, & Ahrens,
2003). According to the study, these most important qualitative performance indicators
are







on-time completion,
calculation of product changes,
quality control and rework,
earned man-hour,
and lost time accounting.

As the most important quantitative performance indicators are proposed






safety,
motivation,
turnover,
and absenteeism.

C.2 KPIS IN SWEDEN
“Best Practice Project - a Swedish model for project evaluation” is reflecting on existing
tools for performance measurement in construction. The framework explains the aim and
definition of the best practice tool. Furthermore, indicators for the start of a new phase
are given. The article contemplates risk analysis, competence, and the balance of leadership. Effect and key factors are as much explained as the output, meaning project goals,
productivity, and customer satisfaction. Throughout the performance analysis guide improvements during all phases are seen. Data and experiences from previous projects are
used. Project goals and program milestones are defined. Member’s motivation and their
ability to contribute to the project as a whole are surveyed and supported throughout the
whole process. The organisation meaning customer satisfaction and productivity are
evaluated (Josephson, 2007).
“Swedish Council for Constructing Excellence” is introducing the BQR. The purpose of the
Best Practice Project, the goals of the Guarantee Project and Customer’s guide are explained. The whole project is aiming for zero faults, greater competitiveness, products
that fulfil their purpose and satisfied customers. Best practice solutions for all parts of the
construction process are indicated to improve process efficiency and achieve set project
goals .
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C.3 KPIS IN DENMARK
“KPIs in Denmark” introduces the Benchmark Centre for the Danish Construction Sector
and their basic system. The grade book for contractors is as well explained as the notebook for clients. The framework focuses on benchmarking the design phase and the system with its main areas in general. The process performance analysis is based on bringing salient features of efficient manufacturing to the construction sector. The important
factors for the analysis are significant savings in construction and maintenance costs,
fewer errors and rework, more choices and values to the customer, and new product services that can assemble to the construction.
“Key Performance Indicators (KPIs)” focuses on the actual construction time as the basis
of the contractors bid. According to the initiative, the relation between actual construction time and planned construction time is the important indicator of this framework. Further it is looked at the remediation of defects during the first year after handing over the
project. Therefore the number of defects entered in the handing over protocol and their
classification according to the degree of severity are important. Accident frequency, contribution ratio, and contribution margin per hour as an alternative to recording earning
per employee are analysed. Contribution margin per wage crowns (meaning Danish
Crowns), work intensity (hours per m²) and labour productivity are also considered.
Changes in project price during the construction phase, the square meter price as well as
the customer satisfaction with the construction process form the purpose of this framework. Part of the analysis is the fact that selected contractors must deliver KPIs on their
current projects. During the selection process for new projects each bidding contractor
hast to present KPIs from previous construction works. Time, quality, safety, and costumer satisfaction are the most important indicators sector (Byggeriets Evaluerings
Center, 2007).
“Benchmarking Danish Construction” defining the BEC’s benchmarking model was developed with the background of the Benchmark Centre. KPIs for Basic Package, Grade Book
and Notebook are shown. Data collection, validation, and productivity studies form the
base of the framework (Mortensen, 2006).

C.4 KPIS IN CHILE
“Learning from Collaborative Benchmarking in the Construction Industry” describes the
implementation of a performance measurement system in the Chilean construction companies. Measuring performance, the definition and selection of indicators shape the purpose of this framework. Baseline data from projects and companies form the foundation
of the analysis. The goals are to determine the actions that should or could be made in
the short term to improve performance, to identify the strong and weak areas within the
company, and to help the construction industry to learn as a whole (Alarcón, Grillo,
Freire, & Diethelm, 2001).

C.5 KPIS IN THE NETHERLANDS
“Report on Key Performance Indicators in construction” describes performance measurement in general. The questions “What” and “Why” are as well covered as the system
overview. Existing PMS, performance indicators, benchmarking frameworks, types, classification, requirement, design, and implementation are analyzed. Benchmarking the performance of a specific project or company and providing a measurement framework for
partnering and contracts from the base of the analysis. Further it is looked at providing
evidence of value for money in procurement, identifying the areas for improvement and
to facilitate benchmarking against best practices. The framework covers the need to
meet the requirements of the Housing Cooperation, the Client’s Charter, and ISO 9001
quality management systems. Providing measures other than price to support procurement decision as a marketing tool is one of the topics. The ideas of providing a health

Report - A Smart Decision Making Framework for BIM

■ January 2010

56/57

check for the company as part of a continuous improvement programme is introduced.
The intention is also to offer guidance for performance measurement, to provide some
benchmarks that could be used by companies to establish their business goals and objectives, and to identify the best practices in the industry (Haponava, 2007).
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