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ABSTRACT

An interactive computer graphics system has been
developed for the architecture profeaszion which
provides a "design envirooment™ for the avaluatbion
of  bullding energy consumption. The syatem
ineludes an integrated set of graphic input tools
which generate the geometric and attribute data
necessary for the determipation of thermal load in

buildings. In addition, a comprehensive set of
graphical oubput routines has Dbeen created Lo
allow the designer fto wvisually interpret the
rasults of alternative design strategies.
INTRODUCTLON

Ik is5 necessary bthat the architectural profession

asek new ways to make buildings efficient in their
use of energy. The evaluation of a building's
energy performance requiras the determination of
heat loas / heat gain for each component of Ehe
structure and i= dependent on the thermal
envelope, the orientation, the external climate,
and the internal operation conditions. The toola
currently available for analysis of building
energy performance do nok lend themselves to use
in the architectural design process. Furthermore,
although architects work and think in wisual and
gpatial terms; Gthe current enaergy analyais
programs are all numerically oriented. Computer
graphics can bDe usad Cto help bDridge the gap
between the wvisual, synthesis-oriented world of
Lhe architect and Lhe necassity f'or
numerically=-oriented analyzis.
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The ENERGY design environment is designed to be a
highly interactive, visual means for architects bo
eazsily create and manipulate large complex
building deseriptions. It consists of graphic
input tools which allow the architect to create a

volumekbric deseription of the building geomebry;
create libraries of wmaterial, wall asection,
operabing schedule, and window data; and aszsign
specific elements of these libraries to geometbric

entities in the building desaription. This
information is atored in a database which relates
geometric  data, attribute data, and thermal

performance data for a particular deaign problem.

The dealgn envirgnment also provides output tools
which the architect may use to graphically study
the thermal performance of & building and ita
components. These include LWa and
three-dimensional graphs of thermal performance,
colop=coded representations of heat loss and gain,

and toolz to allow the architect to  study the
rélationshlp af solar orientabtion Cto shading
patternz using shadow algorithms. These toolz are
structured La permit the architect Lo
interactively view the relationships  between
various components and their effect on Lhe
building's energy performance.

LITERATORE SURVEY

Several thermal load determination programs have
been in use for a number of years. These programs
caleulate the heat loss and heat gain for a
building based on climate and operating
conditions. The most advanced of these programs
are ESP=2 [2], DOE-2 [11,16]1, and BLAST [15]. All
curtently depend on numerical input data making
their usaga cumbersome, axpensive, and
Brrar-prane. Grapnic Preprofessors would
substantially improve the use of such programs by

eliminating thesa problems.

The development of graphic

and post-processors i=
davelopment of grapnic finite element pre-
post-processors  in  atructural engineering.
algorithms to perform finite element analyses were
well=established, bDut the Jdifficulties in data
input and interpretation led be the development of
lnteractive graphics Programs Lo improve
human-machine communication [7,8,14,23]. Thase
prograss used a variety of graphies technigques to
prepare input data and display the output of
finite element analysis programs.
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analagous Lo

energy prea-
the
and

The



Computer Graphics Volume 16, Number 3 July 1982

There have been several programs which address the Structure of the system. The ENBERGY design
problem of preprocessing thermal load data using environment consists of four componenta: Lhe
interactive graphics. Theze include [1,18,21]. ENERGY program, the project database, the generic
There is no precedent, however, for a complete database, and one or more analysiz programs (Fig.
design enviromnment which includes both pre- and 1). Each of these components is described below.
post-processing as well asz a set of deaign tools The primary component is the ENERGY program which
for building energy load analysis. forms the interface between the architect and the

computer and ocoordinates the activities of the
The concept of a management program which controls octher components. The architect communicates with
and coordinates the activities of a number of the ENERGY program via menus using graphie input
applications has been previoualy explored in techniquea. The menu pages are organized intoc a
[5,17.22]. However, graphics verslions of such hierarchical tree atructure containing five major
programs have not been published. subsystems: design tools which provide design

decizion-making teols for the architect. a library
For post proceasing, as well a3 establishing a manager to deal with the generic databaze, an
symbiotic deaign environment betwesn the designer attribute editor to assign project attributez in
and the computer, it is mecessary to rely on the project database, a preprocessor Lo prepare
sophisticated raster graphics algorithms for color data for analysia and control execution of the
displays. Shadowing algorithms such as those used analysis, and a postprocessor to interpret the
in the ENERGY design environment are described in results of the analyzis (Fig. 2). In addition, a
[&,10]. Methods for the oolor display of view page (Fig. 3) is provided to allow the
paranetric data on two and three dimensional architect Gto display and manipulate images of the
surfaces are described in [12,23]. building geometry.

OVERVIEW

Tha EMERGY design environment acts as an interface
between the architect and energy analysis tools.
It allows the architect bto deal with &the energy
implications of a design problem using a familiar
graphical vocabulary. It manages information on
building geomebtry, thermal performance,
orientation, weather data, and scheduling data;
all of which is necessary to perform a building
energy analysis. Included in the ENERGY design
enviromnment are aids to design decision making, a
préprocassor lor energy analysi= data, and a
postprocessor and display system for the resulta - . i J
of an energy analysis. Visual ocuez are used . [ i o
whenever possible Lo facilitabte interaction with /
the computer. Attempts have been made to adapt to il h

the architect's wmode of working rather than

forcing the architect to conform to the computer Figure 1. Components of the ENERGY
for programmer's) mode of working. environment .
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Figure 2. The menu tree of the ENERGY design environment.
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Database. Information about
ocontained in a project data
contains all of the information
project and describea the building in sufficient
detall for the ENERGY environment to perform the
tasks regquired of it.

each project ia
file. Thi=z file

specific to Cthe

Each project ile contalns a complete description

of  project-specific data incliuding building
geometry, bullding location and erientation,
project name, analysis results, and a historical

record of work done on the project. In addition,
the project file containa polnters bo the generic
database (described in the =ection on the library
managar balow). These pointers do notb directly
reference elements in the geperic data libraries
but reference a map in the project file which, in
turn, points to specific generic data elements.
Thiz method of indirect referencing allows the
designer bo change the reference Lo an entire
class of elements without changlng each instance
af the pointer.

The project file is structured as a btree and is
impleémented using a hierarchical palygonal
databaze [9,13]. This database allows Lhe
grouping of gecmetric entities and the asaignment
of attributes to these groups.

DESIGN TOOLS

In many cases, the architect does not need to
perform a ocompleble enargy analysis to debarmine
the energy implicationz of & design decision.
During the design process, it often more useful
for the architect to get & rough ldea of thermal
performance using gquick, approximate methods. For
this reason, Cthe ENERGY environment provides tools
which allow the architect to interactively
evaluate a design without the time and expense
involved in completing & full thermal analyais of
the building. The de=zign tools ocurrently provided

iz

ENERGY

Figure 3. View Page allows the architect to view

and manipulate building geometry.
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by GChe ENERGY environment inelude solar path
diagrams and shadowing algorithms which are
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degeribed below.

Solar path disgrams. Solar path diagrams provide
the architect with the means to guickly observe
the implicationsz of building form and orientation
on solar lead. A solar path diagram shows the arc
of the sun's position relative to the building fop

a gilven latitude, longitude, and date [3,6,19]
(Fig. 4).
The sc¢lar path design tool provides several

functions to aid the designer in the evaluation of

zolar lead. These functions include rotation of
Lhe diagram to view the sun path and rotation of
the building to study the effects of varying

orientation. FPerhapa most important, by selecting
a time of day from the diagram, the architect ocan
generate a "sun's eye" view of the building (Fig.

5). Hidden surfaceas may be removed from this

image leaving only those surfaces vizible to the
sun (Fig. ©&}. These visible aurfaces will be in
Lhe sun at the specified time of day. All other

surfaces will be in shadow and will, consequently,
have no solar load. This capability iz extremely
useful in the design of "brise soleil®™ and other
shading devices.

In additien to generating a static sun'z eye view
for & given time of day, the architect may choose
to generate a sequence of sun's eye views for a

given day. The =zequence begins with sunrize and
ends with sunszet. The architect can very quickly
Bae Lhe changea in so¢lar load as the day
progresses. An auxiliary display of sun's path
shows the architect the time of day as the sun
moves through the zequence.

By allowing the architect to wiew the form and
orientation of the building at the conceptual
design phase and to vizually determine its

Figare 4, Solar path diagram showing arc of =un

poaition and sun's eye view.



Figura 5.

Sun's aeye view of the building.

performance  due te  solar loads, deaign
alternatives oan quickly be evaluated in terma ot
solar performance.

Shadowing algorithms. Through the wuse of the
shadowing facllity, the architect can display the
shadow patterns cast by the building (or a group
of buildings) at a particular location and time.
The shadowing facility uses well-kpown shadowing
algorithmz [%] to generate this display. A&s with
the sun=-path diagrams, the shadowed image of the
bullding oan aid the architect by providing a
quick, wisual evaluation of wselar load and the
shading effects of wvarious building forms and
architectural elements.

The deaign tools provided
environment supplement, but
complete thermal load analysis.
allow the architeect to iterate through a design
gycle with & minimus amount of effort and a
maximum amount of aid inm the evaluation of wvarious
deaign alternatives.

by the  ENERGY
do not replace, a
However, they do

LIBRARY MANAGER

To perfors an accourate and
energy analysis, it is
geometric data, thermal
cperating conditions in
this data is specific to a glven building; other
data, however, ia generic. The ENERGY design
environment maintains this generic data im a set
of libraries. These librariea are maintained by
the library manager which consists of a set of
graphic library editors; a set of library access
routines, and a set of direct access disk files
which contain the library data (Fig. 7). Each
type of generic data ia contained in a separate
library and wmanaged by its own editor and access
routinas, The waditors, access packages, and
library filea are described below.

comprehensive
nacessary to desoribe
performance data, and
the building. Some of

building
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Figure 6. Sun's eye view of the

hidden surfaces removed.

building with

Generic data may be applicable to many different
buildings and may be described and maintained
independently of a specific bullding project.
This generlie data includes building material
information, building envelope saotion data,
calendar data, sachedule data, and window data.
Users may add or modify library entries. As the
usage of the ENERGY design environment increases,
the libraries of generic data will become more
oomplete and acocurate. The ganeric data
libraries, therefore, are an evolutionary part of
the ENERGY design environment. They provide a
shared pool of data which is aocessible to
everyone using the environment and may be applied
to a number of specific building projecta.

Each library of generic information is maintained
by a graphic editor which providea a quick,
convenient means of manipulating generic data.The
editor allows the designer to interactively add,
delete, or modify the information contained in its

of the

library

Figure T. Structure MANAEET

subsyatem.



Figure 8. Materiasl library editor with symbols.
library. Functions are provided by each editor to
display a catalog of entries in the library and to
aelect opne of the enbries for editing. 3ince the
graphlce editors provide immediate wisual feedback
Lo the designer, the integrity and accuracy of the
database i1z easlly and efficiently maintained.

contains
building
library
of that
thermal
Lhermal

Material library. The material
information about commonly used
matérials. Each entry in the material
provides a comprehensive description
material's properties, including its
copductivity, spegific heat, density,
rezlstivity, surlace absorbbtivity, and surface
roughness. In additicon; each material library
entry contains the information necessary to
construct a graphic display of the material {Fig.
&), This display uses standard arohitectural
symbol conveptions [20,25] and may be uniqua for
each building material. It provides & familiar
visual oue for the designer Lo identify the
materlial.

library

Section library. Since the walls, floors, and

roof's of a building consist of cone or more layers
of building wmaterials, thea saction library
aontains a ocollection of bullding envelope
sections. The thermal behavior of a given set of
layers (i.e. building envelope section) is
dependent on the thermal properties of the
materials. Each entry in the building envelops

section library containas a list of the materials
which comprize the layers in the section (Fig.
9). Using thi= information, well as the
information associated with each materizl from the
materials library, it iz posaible to compute
meazures of the thermal performance of the
section. Each entry in the section library may
contain  these pre-computed values. Sipce many
uildings wuse Gthe same or similar building
envelopez, 1t 18 <¢lear that the use of this
generlc data library will help preduce the Lime and
cost of deseribing the building for analyzils
purposas.

a5
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Figure 9. 3Section layer editor.
Schedule library. Heating and cooling
requirements for a building may vary over a

typical day. In addition, the energy necessary to
neat and ¢ocl a building is partially dependent on

daily fluctuations of internal loads; including
people, lighting, and eguipment. The schedule
library contains a collection of building

operating schedules that specify the percentage of
internal load and heating or cooling regquired at
each hour of the day (Fig. 10).

Calendar library. The operating conditions of the
building are dependent not only on time of day,
but also on the day of the week and the season.
In addition, helidays, Saturdays, and Sundays will
generally involwve different internal loading
conditions than those occurring on a normal work
day. Internal loading and operating conditions
may alag vary Crom season to season. For example,
summer lighting loads way differ from winter
lighting loada. The calendar library contains a
set of calendara defining days of the week,
holidays, and seasons (Fig. 11). The generic
calendars contained in the calendar library may be
asaigned to a particular building to specify its
pattern of daily operating conditionsa.

Window library. Although wipdow
unique [rom one building to tLhe
fixtures are relatively atandard. Windows rcan
have a significant effact on the thermal
performance of a building because of direct solar
shading flactors, and infiltration around
cracks. Each entry in Lhe window library
specifies the geometry of the window, data on
solar gain, data on inflltration through oracks in

placement 1is
next, window

galn,

the window and f'rame, shading data, and
information on overhangs and fins which might
snade the wWindow. The geometric and shading

device information contained in each library entry
allows the editor to conatruct a graphic display
of the window acocrding to standard architectural
drafting oonvenbions. The window library allows
tha designer to select standard windows from the
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Figure 10. Schedule editor showing a typical
building operating schedule.

catalog in a fashion similar to the actual desaign
process of @2electing a2 window f{rom a product
catalog of available windows.

ATTRIBUTE ASSIGHMENT

The project file described above containa a
representation of the building geometry and other
project-specific data. The building geometry
repreagntation i= ganerated by & geometric
modeling program which is external to the ENERGY
epvironmant [13,24]. To make the project Cile
usaful to the ENERGY enviromment, a large amount
of additional information must be stored in the
project database. The architect may store and
manipulate this information by using the attribute
assignment subasyatem of the ENERGY environment.
This subsystem consista of a set of editors which
the architect may use to asageiate project
apecific information and ,generic data with the
appropriate group in the project database.

The attribute assignment subsystem consists of six
attribute editors: the project attribute editor,
the orientation and location editor, the section
attribute editor, the calendar attribute editor,
the schedule attribute editor, and the window
attribute editor (Fig. 12). Each editor allows
the architect to graphically =assign attribute
information o the appropriate group in Lthe
project database,

ANALYSILS

To perform an energy analysis of a building, it is
necessary to preprocess the data in the project
database and execute an analysi=s program. After
the apalysis iz complete, it iz nacessary to
interpret the results and store Lthem in Che
project data base for future use, The analysis
subsystem of the ENERGY environment performs these
three funotions. It allows the architect to
interactively specify which analyais package

Volume 16, Number 3
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Figure 11. Calendar editor with a typical month.

should be used, prepare input to the analysis,
conkrol the execution of the analysis, and
gutomatically imnkerpret Ghe resulkts of the
analysis.

Many types of analysis packages could potentially
pe used with the ENERGY environment. Packages
exist to deal with thermal loads, mechanical
system simulation, solar energy concerns, oosts of
energy use, ete. The ENERGY deslgn environment iz
currently concerned  only with thermal load
determination analysisa. This type of analyals
caloulates the thermal loads imposed on the
building and determines Gthe amount of energy
necessary to maintain a specified temperature in
the building. These thermal loads are impozed by
weather patterns, asolar impact, and heat generated
by the oeccupants, lighting, and equipment 1in the
building. The thermal Lloads calculated by the
apalysis can then be used to determine mechanical
equipment requirements and cperating <osts for the

Figure 12. Structure of the attribute assignment
subsystem.
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building. Although the ENERGY environment now (Figs. 14,15). This capability allows the
dealz only with thermal locads, it has the architect t¢ observe heat flow patterns and
capability to deal with other types of energy identify, at a glance, building components with
analyzes in the future. high levels of heat flow.
POSTPROCESSING The postprocessor allows architectz to  deal
effectively with the results of energy analysis.
After an analysis haa been performed, it is It allows them to evaluabte theas reaults using the
necessary to display the analysis resulta and do visual vooabulary of the designer. It also
s0 in a form which iz meaningful to the the provides a convenient, graphic means to relate
architeot. The postprocessor subsystem of the thermal performance to bullding geometry. The
ENERGY program performs this function. Analysia primary goal of the ENERGY environment 1s to
reaults are displayed in graphic form, thus provide & =et of tools for the architect to deal
facilitating tha study of the relationships with thermal performance of buildings. The
between  the thermal perforsance of various postprocessor  subsystem  meeta  this goal by
building components. providing the architect with the means to olearly
and conveniently evaluate the reaulta of an energy
Two means of graphically displaying analysis analysis.

results currently exist i1in the ENERGY deaign
environment: 3=dimensional graphing of results
and color representation.

It is frequently wvaluable to observe the thermal
behavior of & building or ita components over
time. The 3-D graphing facility allows the
architect to =elect & building component at any
level of the building group structure and display
the analysis results (or a summary of results)
asaociated with it. This package displays the
average heat losafgain for each hour of an average
day for each month of the year (Fig. 13). The
graph may be rotated or scaled to exaggerate or
minimize tha wvariation in the heat loss/gain
display.

Color represantation of thermal loads is another
means of displaying the results of thermal
analysis data. Each bullding element iz given =&
color oode baszed on its thermal performance. The
color coding indicating Lhermal perlornance
resulta in a pseudo-color for each polygon in the
display of the building. Since the psaudo-color
may rasult in 2 loas of three-dimensional
perception of the building geometry, two displays
are generated, one to indicate diffuse shading of
the building, and another Lo represént thermal

performance parameters. These displays may be Figure 13. Three dimensional graph of thermal
viewed on a color raster display device load summaries for the 15th of each month.

Figure 14%. Color representation of a building Figure 15. Color representation of a building
showing diffuse shading. using pseudo=colors to ashow thermal performance.
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CONCLUSION

The ENEROY design environment described above
providez & design tool which closely matohes the
needs of the  architectural deaign process,
Becauze of the graphic communication, the
architect can work with the ocomputer using a
familiar graphic vocabulary. It thus allows
architects to use the computer as a design tool
without having to adapt their methods to the
computer. Furthermore, the immediate Feedback
allows itz wuse in the preliminary deaign phasea
aipnce it can easily be wused in an iterative
fashion. Tne architect may evaluate a design
selution and generate a new design solution based
ofn that evaluation. Finally, it is evolutionary.
The base of design informaticn about a given
project becomes more and more complete as the
dezign progresses. There is clearly a cloze fit
between Lhe features ipcluded in the EMERGY design
environment and those needed by architectural
designers who are concerned with energy issues.

Interactive computer graphlc energy programs would
benefit the architectural profession in a number
of ways. They would extend the capability of the
architect by enabling parametric atudies of
thermal parformance. relating numeric output to
graphic representation of data, and allowing ease
of data input for energy analysis. Designs would
be evaluated on a rational basis, thereby allowing
the architect to become more accountable ffor
deaign deciziona. Time for data input would be
reduced and interpretation of analyses would be
enhanced, thus making energy analysis more cost
affeative. Finally, it  would force the
improvement of energy analy=zis routines due to the
availability of precise geometric input data.

In a more general sense, the ENERGY design
environment is a prototype for the use of computer
graphics in the architectural design process. It
is focused on energy analysls but addresses
concepte and 1ssues that are relevant to all
architectural problems. It attempts to provide a
partnerazhip between architect and computer which
will extend the architect's capability to deal
effectively with inoreasingly complex problems.
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