


model-based analyses discussed in the next subchapter. Over 90% of respondents indicated using
such traditional tools as AutoCAD, 3D Studio, and Photoshop for option generation. Fifteen
percent indicated the use of FormZ, Google SketchUp, and MS Access, among other tools. Fifty
six percent of respondents did not experience significant differences between the time it took to

generate each design option.

loption |0
2options M 6.3
3options I, 1.2
4options NN 12.5
>5options N 30
a) b)

Fig. 13 — Average reported survey results (% of respondents) showing: a) the number of design options
generated during conceptual design — majority indicated three; b) tools used are traditional CAD or
graphics software that support generating single, static solutions. Very few respondents used emerging
technologies, such as parametric modeling or energy analysis tools.

(Note: For question (b) the respondents were allowed to choose multiple answers.)

Analyses

Fig 14 illustrates that when asked which specific analyses are currently performed at the
conceptual stage of a high-rise one quarter of respondents indicated performing Computation
Fluid Dynamics (CFD), Energy or Daylight analyses. However, our case study findings were
confirmed by close to 78% of respondents, who chose architectural requirements as the leading
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analyses criteria. Over 6% indicated no analyses performed. Problems with interoperability of
design and analysis tools and schedule constraints make the incorporation of engineering

performance concerns difficult in conceptual design.

FEA I 37
CFD N 21
Energy analysis I 22
Daylight analysis '_ 26
Program requirements ISR 65
Cost estimation I 46
LEED compliance I 31
No analysis - 6
Other |— 12

Fig. 14 — Average reported survey results (% respondents) showing the model-based analyses performed
during conceptual design. The performed analyses address predominantly architectural concerns (i.e.,
budget constraints, program requirements). (Note: respondents were allowed to choose multiple

answers).

Our survey and case study findings both illustrate that the current conceptual design process is
dominated by architectural concerns analyzed both in terms of quantifiable (i.e., cost, area,

efficiency) and non-quantifiable metrics (i.e., aesthetics, context suitability).

Decisions

Now that we have discussed the number and clarity of project goals and how design options are
generated and analyzed, we need to determine the criteria used in actually making concept

design decisions (Fig. 15). The survey results support our earlier findings. Such architectural
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criteria as aesthetics (100% of respondents), area efficiency (63%), and site views (56%) are
predominantly used in current design decision-making process. A further 13% of respondents
indicated it is harder to quantify architectural criteria, such as identity, character, and human
values. Less than half of respondents indicated using structural or mechanical engineering

performance criteria.

Aesthetics NN 100
Structural performance NG 50
Areaefficiency I 62.5
Energy efficiency I 43
Natural ventilation . 18
Renewable energy N 25
Respect budget constraints ._ 37.5
Siteviews I 56
Accessibility infrastructure I 31
Other W 12.5

Fig. 15 — Average reported survey results showing which objectives designers consider when making
design decisions. Architectural criteria (i.e., aesthetics, area efficiency, site views) prevail over

engineering performance criteria (i.e., energy efficiency, natural ventilation, structural performance).

Time investment

Fig. 16 summarizes the overall concept design duration in weeks. While no dominant answer
emerged, we conclude that in most conceptual design processes take between 4 and 6 weeks

(supported by three quarters of respondents).
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lweek I 7
2weeks NN 13
3weeks I 7
4 weeks I 2 7
5 weeks ._ 7
6 weeks IEEEEG—N—— 13
>6 weeks I 2 6

Fig. 16 — Average reported survey results (% respondents) showing conceptual design duration, which

predominantly fluctuates between 4 - 6 weeks.

Fig. 17a illustrates the time investment per design team member, while Fig. 17b per discipline.
Respondents were also instructed to include extra time invested beyond the 8-hour workday. A
disproportionately large amount of the total design time is spent by architects (with an average of
1,850 hours) as opposed to by engineers. The average mechanical engineer contributes 30 hrs,
the average structural engineer contributes 50 hrs, the average intern architect contributes 350
hrs, the average mid-level architect contributes 250 hrs, the average senior technical architect

contributes 50 hrs, and the average senior design architect contributes 250 hrs.

hours

hours
Senior design architect I 250

Senior technical architect [ 50 Architects _1350
Mid level architect | 250
Internarchitect [N 350

Structuralengineer N 50 Mechanical engineers |30

Structural engineers ISO

Mechanical engineer [l 30

Project manager l50
Project manager [ 50

a) b)

Fig. 17 — Average reported survey results showing: a) total man hours invested by each team member

type during concept design phase; b) total number of hours by discipline.
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Finally, we asked respondents to distinguish between percentages of the total time invested in
each step of the analysis framework used in this paper. The results are shown in Fig 18. Fifty
four percent indicated an average 10% of the total time is used on establishing project goals;
40% indicated that 50% of the total time is used on generating design options; 67% specified an
average of 10% of the total time is dedicated to analysis of design options; and 74% of
respondents specified 30% of the total time is used on final design decisions and preparation of
concept design presentation materials. In summary, most of the time is spent on generating
design options and preparing presentation materials. The least time is spent on goal definition

and analyses.

Establishingprojectgoals M 10%
Generatingdesign options I 50
Analyzing / Evaluating options [ 10%

Preparing presentation package I 30%

Fig. 18 — Average reported survey results showing percentages of the total time spent on goal definition,

option generation, analysis, and preparation of presentation materials.

A summary of averaged survey results is shown in Fig. 19. These triangulating survey results

closely corroborate our case study observations presented in Fig. 9.
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Fig. 19 — Averaged survey concept design process performance metrics

Conclusion: Potential cost of underperforming conceptual design processes

The contributions of this paper are the new hybrid process models and quantified measurements
describing current conceptual design processes. While these findings are limited to high-rise
building type and for a limited number of case study and survey participants, which makes it
difficult to claim generality, the presented models and metrics can help researchers and decision
makers understand how complex architecture-engineering design processes perform, can guide
research and development efforts to improve these measurements, and can serve as a benchmark

for comparing new design methods, tools and processes.

The market economy requires us to design quickly and cheaply; however, researchers such as
Sutton [41] have shown that we can’t tell which new ideas will succeed and which will fail at the
outset, and that successful design is largely a function of sheer quantity. Current design methods
manage only a few potential designs without a deep understanding of their multi-attribute
performance. When coupled with increasing complexity in the design requirements and available

building technologies, design teams are doomed to produce underperforming buildings.
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We conclude this paper with a brief discussion of our intuitions about the causes of these
underperforming processes, and discuss potential ways to improve these processes and the

potential costs and benefits of doing this.

Organizations

While we expect no significant changes in the composition of high-rise design teams and
stakeholders, a potential area of improvement is the hierarchical organization of design teams,
which determine who makes decisions as well as how and when. The AEC industry would
benefit from having engineers play a more significant role in early interactions with stakeholders
when crucial decisions about a future design are made. Scrum Agile software development
methods [43] are an example of more “democratic” and empowered cross-disciplinary iterative
design, in which both requirements and solutions are collaboratively developed by inter-
disciplinary teams. Another example is Concurrent Engineering design management system [44,
45], which is primarily used in aerospace industry and supporting parallelization of
multidisciplinary tasks. The AEC industry is beginning to adopt new organizational and
contractual structures (i.e. AIA Integrated Project Delivery) to encourage more integrated design

processes, although these have not had a large impact in high-rise design practice.

Goals

As illustrated, goals are often ambiguous and defined without the participation of all AEC
disciplines. We believe the current goal definition model leads to significant inefficiencies in the
overall conceptual design process. Both the client and architects may lack specialized knowledge

to allow them to establish a comprehensive set of project goals. Furthermore, architects often
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clarify project goals during the design process. This may lead to unsystematic shifts within the
design space due to important guidelines being omitted early in the design process. While some
goal ambiguity may aid in creative design, a lack of initial goal clarity leads to starting the design
process with broad design spaces that are hard to efficiently explore. As a result, few options are

generated and analyzed in depth.

In addition, verbal communication of established goals may lead to further omissions and
misinterpretations, especially among the junior design team members. Understanding and
managing these requirements early in the design process is a major challenge today.
Consequently, the AEC industry would benefit from a formal methodology used to determine

explicit design requirements to help guide the generation of design options.

Options

Translating such requirements into a wide range of design options that designers can quickly
analyze and choose from is essential. With current methods, a multidisciplinary team averaging
12 people can normally produce only three design options in 5 weeks - a poor result that we have
discovered in other segments of the AEC industry as well [46]. Among possible causes are the
unclear goal definitions and the prevalently used design tools that support developing only
single, static solutions. The relationships among design information are difficult to establish,
manage, and resolve with these tools, making design modifications hard to quickly coordinate.
This explains why there is no significant difference in the time needed to develop new design
options, once an initial design has been proposed. The AEC industry would benefit from a

formal methodology to translate requirements efficiently into multiple design options.
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Analyses

The current inability to conduct multidisciplinary model-based analysis efficiently is in part
caused by the nature of AEC tools. The design and analysis tools are not well integrated and
require substantial time investment in structuring the information for discipline-specific needs.
For example, the architect-generated geometry is generally unusable by structural engineers, who
need to reconstruct it in a suitable format (i.e., wireframe with attributes describing material
properties and load conditions). Current design approaches do not support efficiently calculating
even rudimentary model-based analyses, such as cost or area, which in turn discourage designers
from exploring a larger segment of the design space. Finally, engineers are normally engaged
after architects have already chosen a preferred design option, which leads to inconsistencies in
the types of analyses performed on each generated option. Consequently, the AEC industry
would benefit from a design model that includes engineers much earlier in the conceptual design

process to help develop robust design and analysis strategies, starting early in conceptual design.

Decisions

Designers tend to use only a limited selection of high-rise design criteria when making early
design decisions. Bounded rationality theory [9] provides an explanation. Concurrent
consideration of multiple criteria with today’s design methods overwhelms designers, who
instead break down the problem into sub problems leading, according to Goldschmidt [12], to
partial interconnected solutions. These solutions are synthesized into adequate designs through

multiple consecutive manual corrections as illustrated in the case study. The notion of adequacy,
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however, is compromised when the criteria used in making these decisions are architecturally

biased.

This paper observed, through case studies and a survey, that design organizations during the
conceptual design of high-rises treat goals informally and search through a relatively narrow part
of the design space. Design theory and our own experience suggest that significantly better
performing buildings are remaining undiscovered. Deficiencies in current conceptual design
process lead to solutions with mediocre daylighting, and excessive thermal loads and energy
demands, thus making the cost of operating or retrofitting traditional high-rises prohibitive. The
lack of a comprehensive and systematic method of defining multi-stakeholder and
multidisciplinary goals, managing their evolution, and generating and choosing among design

options that respond to identified goals is a major impediment to more successful design.
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