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Abstract

A framework for a design tool based on shape grammars is presented as an effective means for supporting the early
stages of design. The framework uses a shape grammar interpreter to implement parametric shape grammars, allowing
the grammar to be used interactively by a designer or optimization routine. A shape grammar to design inner hood
panels of vehicles is introduced as an example of a parametric engineering shape grammar, and it is used with the
framework to create standard and novel designs made possible by rules that take advantage of shape emergence.
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1. INTRODUCTION In contrast, shape grammars have recently been shown to
be an effective engineering design tool. They succeed in
Many classes of products and devices undergo repeated rareas where traditional expert systems have failed because
design because of changing design parameters and coof their direct handling of and reasoning about geometry,
straints. For these types of design problems, it is useful fotheir ability to operate on a parametric geometric represen-
the engineers and designers involved to have a computaation, and their ability to support the emergence of shape
tional tool that can build the product or part based on ex{Agarwal & Cagan, 2000 A shape grammar defines the
perience. Ideally, that tool would possess three key featuresanguage of a product or part through a set of rules, which
it would have a way to store knowledge about the class otontain the logic behind the design of the device. Shape
products and the logic to successfully generate one of thgrammars are able to create novel designs through the emer-
products through interactions with a human user or comgence of shapes that are not directly added to the design but
puter process; it would reason directly with a sufficiently rather are created through the algebraic properties of shape.
detailed geometric representation of the product, and the This paper introduces a parametric shape grammar that
level of detail necessary would be dependent on the geanodels the inner hood panel of automobiles. The inner hood
metric intricacies of the product involved; and the tool would panel is the structural panel that is joined with the visible
support the creation of novel instances of the product. Toolguter hood panel to form the hood assembly. The part con-
exist in the form of expert systems, which can performsists of structural beams, hinges, the striker, hood support
some of the desirable tasks but with significant limitations.means such as a prop rod or gas struts, and other hood
Traditional expert systems lack a sufficient geometric rep-operational features. The properties of the hood, such as
resentation and general approach to reasoning about proftequent redesigns and geometric features that define its
uct forms. Additionally, they are unable to produce innovativefunction, make the inner hood an appropriate product to be
designs that are more than just the sum of different combimodeled with a shape grammar. While providing the rigid-
nations of the information contained within its set of rules.ity to the hood assembly, the inner hood panel must be
designed to fit around the engine, battery box, and shock

_ _ towers. Redesign of the inner hood panel is also necessary
Reprint requests to: Jonathan Cagan, Department of Mechanical Engi;

neering, Carnegie Mellon University, Pittsburgh, PA 15213, USA. E-mail: if any one O_f _a n_umber of related components Is altered
cagan@cmu.edu. such as modifications to the outer hood panel appearance or
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changes in size or location of the uppermost components in
the engine compartment. The inner hood panel shape gram-
mar is the first engineering shape grammar to take advan-
tage of emergence, which makes possible the generation of
novel items, in this case, hoods. Figure 1 shows an actual
inner hood, a representation of the structure of the same
hood from the shape grammawith labels removed for
clarity), and a novel hood that was generated by an optimi-
zation routine.

This paper also presents a framewaork for a CAD system
based on shape grammars, as shown in Figure 2. This frame-
work allows us to illustrate the power of the hood grammar
and its feature of emergence, but it also provides a means to
implement and use shape grammar technologies in design
practice. The rules of the shape grammar are implemented
with a shape grammar interpreter. A user working with the
grammar through an interactive loop chooses which of
the applicable rules to apply and where to apply it. Alter-
natively, an optimization routine can make the choices
presented by the interpreter concerning rule selection, ap-
plication location, and parameters during instantiation. In
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Fig. 2. The framework of the shape grammar based design tool.
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this application an agent-based optimization technique as-
sociates the shape grammar rules with individual agents
and provides an effective means for configuration optimi-
zation. After each rule application, the design is examined
and, if it is deemed completed, it is passed along to the
user; if not, the design is again modified by the user or the
optimization routine. Unlike other engineering shape gram-
mars, the hood grammar uses shape matching for determin-
ing rule applicability and location. Therefore, the interpreter
has to be able to perform parametric shape recognition to
implement the inner hood shape grammar and remain flex-
ible in order to implement future grammars. The interpreter
and the optimization routine are each described and dem-
onstrated through their interactions with the shape gram-
mar describing inner hood panels.

2. SHAPE GRAMMAR BACKGROUND

A shape gramma(Stiny, 1980 is a set of rules based on
shape that is used to generate designs through a series of
rule applications beginning with an initial shape. Rules take
the form ofa — b, wherea andb are both shapes. Arule is
applicable if the shape on the left-hand sidezan be found

in design shape by applying a set of transformations to
shapea. One such rule and design shape are shown in Fig-
ure 3. If the rule is applied, the shape on the left-hand side

Fig. 1. (a) Areal inner hood panelp) our representation of the real hood

beam geometry with the labels not shown, &c)da novel hood generated
automatically.
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is subtracted from the design and that on the right-hand side
is added to the design— 7(a) + 7(b), where shapea and

b undergo a transformationaccording to the transforma-
tion required to make shajpea subshape of shapme Fig-

ure 4 shows one potential shape maftaighlighted in bold

for shapeain shapec from Figure 3. Application of the rule

in Figure 3 to the shape match in shapean produce one

of the four shapes on the right side of Figure 4, depending
on orientation of the matched rectangle.

Shape grammars, which have their roots in the architec-
tural literature(Stiny & Gips, 1972; Stiny, 1980 have re-
cently found application in engineering. For example,
Agarwal and Cagafi999 introduced the coffeemaker gram-
mar [Fig. 5(a)], Brown et al.(1994), the lathe grammar,
Shea and Cagaf1997), the truss grammar, Agarwal et al.
(2000, the MEMS resonator grammafig. 5(b)], and
Pugliese and Cagaf200)), the Harley motorcycle gram-
mar. For further reference and discussion on engineering
shape grammars, see Cagano0l).

(b)

Fig. 5. (a) Actual and grammar generated coffeemakers(@hdctual and

The inner hood panel designer is presented with variougrammar generated MEMS resonators.
hood parameters concerning the placement and shape of the
inner hood. The designer then follows a logical pattern to
create the hood, according to the methods learned from . .

. : : : ._The inner hood panel was modeled with a shape gram-
previous designers and through experience. The designer is o . o
. . mar consisting of 28 rules that describe the addition and
first given the shape of the outer hood panel and front fender

. o . modification of structural members and operational fea-
and the location and shape of the automobile’s frame in th . .
L o . X ures. The grammar was then implemented with our para-
vicinity of the hood. From this information the designer

uses a rule of thumb to determine where the side cut lines etric shape grammar interpret@lcCormack & Cagan,

) ; . 2 h Iti ly link ith
the hood are located. The location of the windshield glass 000, 2001, and .t € process was u timately linked wit an
: ; agent-based optimization approach. The shape grammar in-
then dictates the placement of the hood cut line near th? : .
. . o : rpreter enabled the implementation of the emergent prop-
windshield, and the front cut line is established last, basede . .
: : : rties of the hood grammar, which allowed powerful,
on the side cut lines and the frame structure in the front OF . . )
: . . : encompassing rules to be written and novel designs to be
the automobile. By following this process, the designer es-
. . . created.
tablishes the outline of the inner hood panel. From here the . . . .
. . The inner hood panel shape grammar is a 2-dimensional
designer places the operational features and the structural . . : )
. . . . . .grammar whose shapes are defined using points, lines, and
beams, which avoid obstacles using structural integrity cri- : . L - .
) . . . . . ; labeled points and lines. The initial shaf¥ég. 6) consists
teria as a guide. This logic behind the design of the inner .
! : of the beams that make up the outer portion of the structure
hood is captured in the shape grammar rules. . .
and rectangles, which represent the packaging obstacles
around which the structural beams must be placed. Lines
labeledb represent beams and lines labete@present ob-
— stacles. In order to represent a 3-dimensional object with a
single line, labels are used to store additional information.
The labelt stores the thickness of the beam, and the label
stores the beam width. Labél on beams and obstacles
stores the height of the beam or obstacle from a datum
~ (Fig. 7). By comparing the numeric values of théabels of
an obstacle and a beam, the designer can determine if a
beam passes over an obstacle or if the obstacle and beam
occupy the same space. The list of labels to the side of the
Fig. 4. A shape match of shapein shapec is shown in bold. The four initial shape re_present_s the global Iabe_ls' The global labels
shapes that can be produced from rule application to the highlighted matci2l® Not associated with any geometric features but must
ing shape are also shown. also be matched when determining rule applicability. The

3. INNER HOOD PANEL SHAPE GRAMMAR
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coarse,
f.b. h=D. t=E, w=F strikerl,
f. b, h=D, t=E.
weF bumper domesl,
hood supportl,
0, h=A hingel
0. h=A
0. h=A
Y7 b: h:D-
0. h=C t=E, w=F
0, h=B
h=C
0, h=C
¢, b, h=D,
t=E, w=F ¢, b, h=D,

hinge pivot t=E, w=F

Fig. 6. The initial shape.

line in the initial shape labelekinge pivotmarks the loca- and operational features of the hood. The width of a beamis
tion where the hinges attach to the inner hood. The globatepresented with labels during the coarse stage, allowing
labelsstrikerl, bumper domeshood supportlandhingesl the rules that operate on instances of obstacle interference
found on the initial shape are used to ensure the placemetd modify shapes more easily because there are fewer line
of the proper number of their associated features. segments in the representation. The fine setting allows the
The rules are divided into two sets using the global labelglesigner to check for minor interference by representing
coarseandfine. These labels refer to the level of detail the width of beams geometrically, but the designer cannot
within the rule. By dividing the design process into two adjust most features.
stages, shape searches can be performed more quickly be-Rules 1-7 in Figure 8 deal with the creation and place-
cause the coarse representation contains fewer geometiigent of hood components and obstacles in the coarse stage
entities than the fine representation. During the coarse setf design. Application of rule 1 adds a beam between two
ting the designer can add, subtract, and move geometriother beams. Rule 2 adds a point that marks the location of

cross section of beam

I z obstacle

Fig. 7. A cross section of a hood panel beam.
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coarse coarse
b
1 _—
—>
—
b
coarse, coarse,
striker1 striker2
2 f, w=B . f, w=B
r f f r
S AN —> striker,
depth=D
coarse, coarse,
hood supportl hood support2
3 f f

. - i .
f . f — prop f
rod

coarse, coarse,
bumper domes| bumper domes2
4 f f
f f f f
e AN A bumper bumper ™\
dome dome
coarse, coarse,
hood support1 hood support2
5
y y
y y —>
gas strut gas strut
coarse coarse
6
coarse coarse,
hingel hinge2
hinge pivot ) _lgi_ngt;: ____. hinge pivot
7

Fig. 8. Rules 1-7 apply to the creation and placement of hood components and obstacles in the coarse stage of design.
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the striker along with a labalepth whose numeric value the height label on the beam is less than or equal to the
stores the location of the striker on the width of the frontvalue of the height label on the obstacle. Application of rule
beam and changes the global lalstiikerl to striker2to 8 moves the endpoint of the intersecting beam along the
prevent reapplication of the rule. Rule 3 adds a point toconnecting line segment in order to rectify the interference.
designate the location of the prop rod and changebdloel ~ Similarly, rule 9 can be applied in the same situation as rule
supportlglobal label to prevent rule reapplication. Rule 4 8; however, application of rule 9 removes the interfering
locates the bumper domes and changedtheper domesl beam and replaces it with two beams to avoid the obstacle.
global labels to prevent rule reapplication. Rule 5 adds ga3he final method for correcting interference in the coarse
struts to the side beams of the inner hood and also changeesign stage is to increase the height of the beam in order
the hood supportlabel. Rule 6 allows the user to add ob- to have it pass over the obstacle. The designer would un-
stacles to the design. This allows the designer to modedloubtedly have restrictions on how high the beams could
additions to the engine package within the confines of thdbe moved. This situation is addressed in rule 10.
shape grammar. Rule 7 places the hinges along the hinge During the design process some features may need to be
pivot line. adjusted. Several rules were written to allow this change to
Rules 8-10(Fig. 9) are powerful rules, which take ad- be modeled within the confines of the grammar. Rules 11-14
vantage of shape emergence. They can be used to rectiffFig. 10 allow features to be moved to new positions. The
situations where a beam is interfering with an obstaclefour rules work very similarly, recognizing features that are
From the interference, a pair of intersecting lines emergesepresented with labeled points and moving them to new
one line labeled and the other line labeled The left-hand locations on the same line on which they were originally
side of each of these rules features the intersection of a linlvcated. Rule 15 moves the hinge pivot line, as well as the
labeledb and a line labelea, which, when using a para- hinge pivot points, vertically to a new location.
metric shape recognition scheme, allows these rules to be Rules 16-18(Fig. 11) change parameter values of
matched to any parametric equivalent of the intersectindbeams by changing label values. Rule 16 allows the de-
lines. Section 5 contains further discussion on the shapsigner to change the beam width, rule 17 allows changes
recognition strategy, which allows for these rules to coverin the beam height, and rule 18 allows changes in the thick-
instances of interference comprehensively. Rule 8 can beess. Application of rule 16Fig. 11) allows the removal of
applied when a beam intersects an obstacle and the value afbeam.

b, h=B
coarse coarse
8
> o,
h=A
A>C
coarse coarse
b, h=C,
9 —> w=D, t=E
O,
h=A
b, h=C
A>C w=D, t=E
coarse coarse
10 —»
A>B

Fig. 9. Rules 8-10 are for correcting obstacle interference.
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coarse coarse
f f
11 — —
bumper > bumper
dome dome
coarse coarse
f f
12 —————— — —
prop rod prop rod
coarse coarse
y
y
Y Y
3
! —
oas strut gas strut
gas strut gas strut &
coarse coarse,
hinge2 hinge2
hinge hinge pivot
Y A N
y
coarse coarse,
hinge2 hinge2
y
15 ¥ - y
. : S N A Ry PR -ethinge
hinge (mmmmmmmmmmmmm oS hinge  hing . .
e hinge pivot 1mee 1nee hinge pivot

Fig. 10. Rules 11-15 are the coarse stage feature adjustment rules.

Rules 20 and 21Fig. 12 are used to adjust obstacle center line does not have to be moved. Rules 26 and 27
parameters and locations. Rule 20 allows existing obstacleallow the designer to geometrically represent the width of a
to be moved to new locations, and rule 21 changes thbeam. In the coarse design stage, only a label represents the
height of an object. beam width, but the geometric representation of the beam

Rules 22-24(Fig. 13 allow the designer to transition width in the fine stage lets the designer perform a finer
from the coarse rules to the fine ruléRule 22 and from  check for interference. Finally, if the appropriate global
fine back to coarséRule 24. Rule 23 removes the geomet- labels are present, rule Z8ig. 14 can be applied and the
ric representation of the beam width. design is completed.

Rules 25-27Fig. 14) let the designer work in the fine The 28 rules of this shape grammar can be applied in any
design regime. If there is fine obstacle interference, appliorder, providing that a match for the left-hand side of the
cation of rule 25 places a notch in the beam so that theule can be found.
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coarse
coarse
16
b, w=A b, w=B

coarse
coarse

b, h=N

coarse
coarse

b G

18

coarse

b coarse
19

Fig. 11. Rules 16-19 apply to beam parameter adjustment rules and beam removal.

4. SHAPE GRAMMAR INTERPRETER preters do not often meet the needs of engineering grammars,
which require parametric handling of shape. In some com-
Shape grammars serve as useful guides to a designer whplex grammars, each rule is accompanied by text explain-
used on paper but can be even more valuable if they aring what the writer intends as a shape match. This is
implemented and used as a computer tool. As shown in theecessary because the rule writer’s intentions do not always
framework in Figure 1, the interpreter takes the rules of thematch the interpreter’'s shape matching scheme. This ulti-
shape grammar and performs three key tasks for implememnately leads to three unfortunate consequences: rules do
tation. First, it determines if a rule can be applied by searchnot rely on shape recognition for determining rule applica-
ing for an instance of the rule’s left-hand side shape in theility and instead rely on label matching, thereby eliminat-
working shape. Second, the interpreter determines wheri@g opportunities for shape emergence, the creative potential
that rule can be applied by finding all instances of the rule’sharnessed within shape manipulation; rules have to be im-
left-hand side shape in the working shape. Third, it posplemented individually, requiring an unacceptable amount
sesses the functionality to apply a rule by working inter-of time, possibly 6—12 months for a large rule @gpically
actively with a user or optimization routine. Traditional around 50 rulels and rule sets are generally larger, requir-
interpreters(Krishnamurti, 198D have employed a shape ing multiple rules to model subcases covered by a single
matching scheme wherein the left-hand side shape has beparametric rule that uses shape recognition.
transformed using a combination of translation, rotation, Asanexample of the limitations of shape matching using
and scaling to find a match in the working shape. Unfortu-translation, rotation, and scaling of entire shapes, consider
nately, the shape matching schemes of traditional interrule 9 (Fig. 15. The rule is to be applied to any situation
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coarse coarse

20 2
= - +

coarse

coarse

0, h=A o, h=B

0, h=A o, o, h=B 0,

o,h=A 0, h=B

Fig. 12. Rules 20-21 are for adjusting obstacle parameters and locations.

where a line labeled and a line labeledb intersect. An However, the hood grammar was implemented with a
attempt to match the shape using only translation, rotationrshape grammar interpreter created by(MeCormack &

and scaling will exclude desired matches such as properlZagan, 2000, 2001hat gives the designer freedom to use
labeled lines that meet at a different angle or lines with ashape recognition where matching does not have to be uni-
different ratio of lengthgFig. 16). Shape grammar inter- formly applied to an entire shape and is customizable to the
preters employing this shape matching scheme would baser’s needs. This interpreter allows not only the hood gram-

e mar but also other grammars to be implemented very quickly
22
coarse ﬁne
fi
mne ﬁne

’7’% e _’

fine
2 k]
_4 (no lines labeled e —> coarse

are present)

Fig. 13. Rules 22-24 apply to transitions between the fine and coarse stages of design.
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fine

fine b, w=A,

b, w=D,
t=E, h=F

fine

fine

fine,

striker2,

bumper domes?2,
hood support2,
hinge2

> design finished

Fig. 14. Rules 25-28 are the rules for the fine stage of design and termination.

(hours vs. months making the use of a shape grammar asarately and differently in an effort to find equivalent shapes
that match according to the designer’s concept of a shape
Our shape recognition process begins by dividing thematch. A section of the hood in Figure 17 is broken down

left-hand side shape into a set of subshapes for which thimto its subshapes as an example of the hierarchy.

sum of the subshapes equals the whole original shape. The The shape extracted from the inner hood is decomposed
division into subshapes through the user-defined hierarchinto three subshapes. These subshapes match the first three
allows portions of the original shape to be transformed seplevels (s;, s,, ands;) of our default hierarchy presented

a computational tool for design more practical.

coarse

9 b, h=C,

w=D, t=E

o,
h=A

Fig. 15. Rule 9 is from the inner hood shape grammar.
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are members of the, grouping in Figure 18. Shap® is
composed of line segments that intersect perpendicularly,
are symmetric to one line, or are symmetric to more than
one line that are parallel. In the example, the subslsaj=
composed of the sides of the isosceles triangles. $he
shape contains lines that are to be matched with an equal
number of line segments with the same connectivity. $he
subshape in Figure 18 is formed from the remaining line
segments. The fourth level of the default hierarchy, ghe
shape, contains line segments that have no apparent geo-
metric relations to other line segments. There argytines
in the example.

By placing sets of line relationssymmetry, right angle
intersections, etgtogether into groupings based on levels

of constraint, sets of transformations are determined that

o form the default hierarchy. The transformations for each
b level of the hierarchy are chosen to transform the shapes at

that level without destroying the key line relations. The line
relations and their importance are chosen based on its en-
gineering and design significance, as determined by the au-

thors and verified as relevant through available published
I:I I:I shape grammars. The default hierarchy is composed of four
groupings that are associated with the four subshapes from

the most constrained to the ledst, s,, s;, ands,). For
example, with the sides of a squaig), any anisotropic
scaling or shearing would destroy the symmetry or the per-
pendicular intersection of the line segments. The transfor-
mations associated with the other groupings are chosen for
similar reasons. Itis important to note that other hierarchies
may be created to meet the specific needs of the shape
grammar writer. Additionally, the presentation of the hier-
previously(McCormack & Cagan, 2000, 20DIShapes, is  archical decomposition in this paper is done in a manner
formed from line segments that intersect perpendicularlythat implies that the shapes that define rules are decom-
and are the same length or lines that are symmetric to morngosed in an effort to determine the intentions of the rule
than one line that are not parallel. The sides of the squareriter. In fact, the rule writer has knowledge of and even

A

Fig. 17. A section of an inner hood is extracted for decomposition.

Fig. 16. Instances that cannot be matched with traditional interpreters.
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. . . o
Syt Syt S3: Ie)

J

Fig. 20. The left-hand side shape of rule 2 broken down into line seg-
ments.

lo

Fig. 18. The example shape and each of its subshapes.

determines the hierarchy while writing the grammar rules,and the same shape broken down into the set of smallest
allowing the writer to specify an entire shape and its dedine segments based on actual line intersections. By extract-
composition based on that hierarchy of spatial relations. ing the matching subshape in the sample hood and also

The shape search begins with the most highly conbreaking down this subshape, the equivalent connectivity
strained subshape and progresses through each of the leetween line segments is apparent. The search to find the
maining subshapes until a search has been conducted feubshape is performed by a complete search through the
each. After the first subshape search, matching instanceshape, which can be expedited by searching for line seg-
are subtracted from copies of the original shape. The nexnents with more rare labels and for line segments with
subshape search is performed in the altered copy, so as taultiple shared points first, thereby identifying the location
not match line segments in multiple searches. The pointsf potential subshapes.
that are shared between the two subshapes are marked withApplication of rule 8 to the bold subshapeig. 21) pro-

a label so that an entire shape can be recreated after titkices the corrected hood in Figure 22. Despite the fact that
shape matches have been found. the designer did not add the bolded obstacle line and the

Having established this default hierarchy, it is importantbolded beam line individually, the shape that matches the
to reiterate the point that the hierarchy is customizable tdeft-hand side of rule 8 emerged. Without a parametric shape
the designer’s needs. The type of transformations to be usgécognition scheme, however, no single general rule could
for each subshape grouping is up to the designer as long && written to account for the variety of possible obstacle
the set of shape decompositions is complete. Our earligntersections that could occur or to recognize the emerging
work (McCormack & Cagan, 2000, 20pprovides more  shape.
detail on the interpreter.

The application of rule 8 from the inner hood grammars  oavPLE HOOD GENERATION
demonstrates the shape matching process for a shape that
contains line segments in tisggrouping. The bold linesin  The inner hood shape grammar rules can now be used to
Figure 19 show where a subshape matching the left-handreate valid hoods by working interactively with the inter-
side of rule 8 is located. The subshape is matched by findpreter. The interpreter provides the user with the rules that
ing line segments with the same labels and an equivalertan be applied, then the user chooses one and is presented
connectivity. Figure 20 shows the left-hand side of rule 8with all the locations where the chosen rule can be applied.
The rule is then applied, with the user providing any param-
eters that may be necessary.

Several steps in an example design sequence are shown
in Figure 23. The process begins with the initial shape in
Figure 23a). The application of rules 2, 3, 4, and 7 adds
labeled points representing the striker, prop rod, bumper
domes, and hinges in Figure @8. Figure 23c) is the de-
sign after four applications of rule 1, which add four inte-
rior beams. Rule 1 is written such that the interpreter will
match any two properly labeled line segments because of
the lack of geometric information in the rules left-hand side.
Next the grammar is used to model a changing engine pack-
age. Rule 20 in Figure 28) is used to move the obstacle to
its new location, creating interference. The interference is

Fig. 19. A beam interfering with an obstacle is corrected through appli- identified through shape recognition, and ruleg=8y. 23(e)]
cation of a rule. is then used to alter the beam structure and avoid the moved
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Fig. 21. A matching subshape found in the sample hood broken down into line segments.

obstacle. Again, note the power of shape recognition andcheme that applies rules and instantiates parameters of the
the benefits of our interpreter in directly acting on the emershape grammar using the interpreter. Cagan and Mitchell
gent interference. (1993 introduced the idea of optimization coupled with

The design then moves to the fine design stage in Figshape grammars in which simulated annealing was applied
ure 23f) using rule 22. Multiple applications of rules 26 to a shape grammar to create optimally directed shapes.
and 27 create a geometric representation of beam widtifhe simulated annealing, or “shape annealing,” technique
and a check is then performed for interference among beamsas also applied to shape grammars whose rules described
and obstacles. Most labels are omitted in Figuréf 230  the construction of truss structuré€Shea & Cagan, 1997
make the diagram clearer. Repeated application of rule 2and transmission towefShea & Smith, 1999 The simple
removes the geometric representation of beam width in Fignature of these grammars required a directed search to move
ure 23g). Finally the design is completed by applying rule through the design space effectively, eliminating infeasible
28, which adds thdesign completethbel[Fig. 23(h)]. By  alternatives while moving toward an optimal design.
using the rules, the designer is assured of creating a hood More knowledge intensive grammars, through their own
design possessing the necessary functional componentefinition, eliminate some, if not all, infeasible designs and
However, the knowledge behind the arrangement of the inshould rely on a more generative approach for optimization
ternal beam structure is not present. Instead, only the meari€agan, 2001l We have begun to explore the feasibility of
to add beams and correct interference problems amongn agent-based approach that can take advantage of the
beams and obstacles exists in the grammar, leaving the déevel of knowledge present in the grammar to more selec-
signer(human or computeto interact with the grammar to tively create designs. For our work we define agents as
make decisions that determine the feasibility and quality okimple strategies that have the ability to perceive and affect
the beam structure. their environmen{Campbell et al., 1999 Through the sim-
ple actions of many agents a complex process can take
place such as the creation of a product. Each agent is cou-
pled to a shape grammar rule, which provides the knowl-
eedge that the agent uses when affecting the design through
II]he interpreter.

The amount of computational time potentially required
for performing detailed shape matching is significant enough
that it would be advantageous to avoid using an approach
that could potentially require tens of thousands of iterations
such as a robust simulated annealing method using a dy-
namic annealing schedule. We introduce a variation of the
A-Design agent-based approa@ampbell et al., 199%hat
uses a short geometric schedule to control the level of sto-
chastic search. The stochastic element of the scheme per-
mits infeasible designs to be created en route to an improved
final design. This method balances search with the use of
knowledge inherent in the hood grammar.

The method works as follows. Two types of agents were
used: manager and instantiation agents. Manager agents se-
Fig. 22. The result of the application of rule 8 to the shape in Figure 19.lect which rule to apply by first examining the design, com-

6. OPTIMIZATION

As opposed to using the grammar interactively through th
interpreter, the grammar can be used by an optimizatio
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puting the values of the objective and penalty functions, b | / \
and then, based on that data, deciding what facet of the H / \
design needs to be addressed. The manager agent uses a ,' |
bookkeeping system to track how each rule affects the ob- e ’ 0 |
jective and penalty functions and uses that history to prob- 'I ) ! - \
abilistically determine which rule is more likely to address If’ ]

th.e current ne.ed.' Each shape grammar rule is aSSOCIat%. 25. Preliminary designs of hoods created through automated
with an instantiation agent that, when called upon, can workgeneration.

with the shape grammar interpreter to apply its rule, pro-
viding the interpreter with the parameters that it needs to
complete the rule application. The instantiation agent sets
parameters by having knowledge of the objective functiorsign and the best design, respectively. The mean value of
and tests its own effect on the objective function at coarséhe objective function of the best design per run is 938,
increments. After a rule is applied, the manager agent keepghere the best value was achieved on average by the 49th
the new design if it is better than the previous and probabiiteration. Objective function values often increased in the
listically selects to keep a poorer new design according t¢econd half of the run due to the simplicity of the good
the annealing schedule. solutions as well as the stochastic nature of the approach.
The evaluation of the hood consists of determining thel he optimization work performed in this project could be
weight of the hood and the quality of the placement of theimproved and built upon by addressing the simulated an-
structural beams. The lengths of the beams are summed afgaling or agent portion of the approach, however, as a first
serve as the weight. The quality of beam placement is deeffort, it met our needs in demonstrating the automation
termined by the location of beams with respect to four keyloop of the grammar-based design tool framewdrlg. 2).
zoneqFig. 24). If a beam does not pass through each of the
key zones, a per_lalty is asse;sed. A pgnalty is also I_evied fgr_ CONCLUDING REMARKS
each beam that interferes with a portion of the engine, bat-
tery, or other under-hood obstacle. Some preliminary deThis work demonstrates the potential effectiveness of the
signs that were created from this exploratory optimizationshape grammar based computational tool. Our work and
work are shown in Figure 25. These hoods were generategrevious efforts show that a shape grammar is an effective
within 100 iterationg(or attempted rule applicationper-  way to represent the language of a class of parts and prod-
formed by the agents. It is worth noting that the agentsucts. The interpreter makes it possible to implement shape
created the hood with a symmetrical beam configuratiorgrammars with a customizable, parametric shape recogni-
[Fig. 25(b)] in only 4 iterations. The symmetrical design in tion algorithm that allows a user or an optimization scheme
Figure 25b) avoids all penalties by avoiding obstacle in- to work interactively with the grammar. By allowing the
terference and placing beams through all four key zonesdesigners to work with parametric shape grammars whose
The hood in Figure 2@) is a lesser quality design; it avoids rules employ shape recognition, the ability to create novel
interference but only places beams in three of the key struadesigns through shape emergence is possible.
tural zones. The other designs in Figure 26 were produced The level of detail represented in the grammar is a func-
from other runs. tion of what the designers wish to accomplish with the gram-
The objective function values of the designs in Fig- mar and current limitations in the types of shapes supported
ure 25a,b are 904 and 641, which represent a typical de-by the shape grammar interpreter. If the designers wanted
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Fig. 26. Additional runs of hoods created through automated generation.

to include additional details, this would be possible, but forAgarwal, M., & Cagan, 32000. On the use of shape grammars as expert

; ; systems for geometry based engineering dedgtificial Intelligence
our purposes, the level of detail Was. appropriate because inyEngineerigg Desigyn Analysis?and Me?nufming M1—4939.
we showed that the agents coupled with the shape grammagarwal, M., Cagan J., & Stiny, G2000. A micro language: Generating

interpreter could create hood designs while dealing with MEMS resonators using a coupled form-function shape gramimar.

; ; i i~ vironment and Planning B: Planning and Design, B15—-626.
hood packaging issues and providing sufficient structuralarown K.N.. McMahon Cg.A. 2 SimngiIIiams JQ’ng%_Aformal

support within t_he context of the shape grammar. language for the design of manufacturable objects:drmal Design
The automation work was exploratory but served as a Methods for CAD (B-18)Gero, J.S., & Tyugu, E., Edspp. 135-155.

fni ; Amsterdam: North—Holland.
test bed for future optimization problems based on Shap‘éagan, J(200)). Engineering shape grammars: Where have we been and

grammars using a similar approach. The current objective \yhere are we going? IFormal Engineering Design Synthegsnton-

function is useful for the early stages of inner hood panel sson, E.K,, & Cagan, J., Edspp. 65-92. Cambridge, UK: Cambridge
design. Downstream analysis or refined optimization would,, University Press.

- . . Cagan, J., & Mitchell, JW1993. Optimally directed shape generation by
require a more detailed structural evaluation. shape annealingnvironment and Planning B 26-12.

It is also apparent that an in-depth optimization mustCampbell, M., Cagan, J.,, & Kotovsky, K1999. A-design: An agent-

include an objective function that evaluates the true quality gg;fcdh?ﬁgﬁg&géﬂr?g’g:g;“na'lﬁgi_gl"gg‘ a dynamic environfiRent.

Of_th_e d§5ign- The shape grammar _rU|e Write_r_Shomd KeeRrishnamurti, R(1980. The arithmetic of shapeEnvironment and Plan-
this in mind and should include sufficient detail in the gram-  ning B: Planning and Design, #63-484.

; ; ; cCormack, J., & Cagan, J2000. Supporting designer’s hierarchies
mar used in downstream deSIQn so that the qua“ty of théﬂ through parametric shape recognitiéroc. 2000 ASME Design Engi-

designs produced can be properly evaluated. In order t0 neering Technical Conf. and Computers in Engineering Conf.: Design
include sufficient detail the grammar writer may have to  Theory and MethodologyDETCO0/DTM-14559, Baltimore, MD,
move to 3 dimensions, include curves, or simply include,, September 10-13.

. . . . . . McCormack, J., & Cagan, J200)). Supporting designer’s hierarchies
additional 2-dimensional detail. The concepts in this paper through parametric shape recogniti@vironment and Planning B

concerning shape grammars, implementation, and potenti&ugliese, M., & Cagan, 200]). Capturing a rebel: Modeling the Harley—

optimization as a computational tool can be applied to the Eﬁ;:gzgﬁnt’gr%”éjsg‘;ofﬁgga_ g%torcyc'e shape gramrResearch in
design of other car panels, car parts, or other products. shea, k., & Cagan, §1997. Innovative dome design: Applying geodesic
patterns with shape annealingrtificial Intelligence in Engineering
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