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Abstract

A grammatical approach to product design is demonstrated. In particular, shape grammars are shown to be especially
useful for products that are differentiated primarily on the basis of form yet driven by function; they allow products to

be designed as a sequence of well-defined steps. However, it is not always clear how to choose the sequence of rules
that should be applied to generate the final shape. In this paper we demonstrate that at each stage during the process,
partial designs of the final product can be used to provide feedback to the designer based on specific design objectives
and thus suggest possible rule choices. We take advantage of the shape grammar for the generation of coffeemakers
introduced by Agarwal and Cagan, and associate with the grammar rules expressions that model manufacturing costs.
With each application of a shape grammar rule, an understanding of the overall cost of manufacturing the product is
incrementally improved. Thus, at each stage of the design process the designer has an indication of what the overall
cost of the product will be and how the selection of one grammar rule over another influences the final cost. Once the
complete product is generated, an appraisal of its manufacturing cost is given to the designer. This evaluation meth-
odology helps the designer understand the implications of decisions made early on in the design process. We have also
verified the accuracy of this approach through the costs of some commercially available coffeemakers, generated by
this method, which are comparable to the costs for those designs listed in the literature.

Keywords: Coffeemakers; Shape Grammars; Manufacturing Cost

1. INTRODUCTION in terms of performance metrics are often the ones that are

the most successful in the marketplace. However, the asso-
Shape grammar-based systems have been successfully usgation of such metrics within shape grammars for engineer-
for generative design in architecture and recently for proding applications has received little attention. One approach
uct design. However, there are no formal techniques thalo the evaluation of designs created by grammars is to use
help the designer in selecting which rule to apply at anyexternal analysis after the generation sequence is complete.
given stage. In this work, we argue that using performanc&’he drawback to such an approach is that since the evalu-
metrics along with a grammar-based generative system wilhtion is carried out after the design is completed, no infor-
create a powerful feedback mechanism for the designer dumation can be provided to the designer during the design
ing the design generation process. Additionally, in the gengeneration phase. In contrast, our approach is to associate
erative design of products, those designs that fare the beperformance evaluation directly with the grammar rules
themselves. We illustrate the power of such an approach by
associating manufacturing costs with the coffeemaker shape
grammar of Agarwal and Cagd©998.
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priced for its intended market. Studies of product design andhose reported by Ulrich and Pears¢h993 using a
product manufacture suggest that a significant portion of alisassembly-based costing approach. In spite of the com-
product’s cost is determined by the decisions made early ipletely different costing strategy used in the two studies,
the design procege.g., Nevins & Whitney, 1989; Ulrich & the costs estimated by both methods turn out to be similar,
Pearson, 1996Thus, the designers need to be made awarealidating our approach. Before we discuss the details of
of not only how their later design decisions affect the costour method, it is worthwhile to examine the traditional cost-
of a product, but als@and perhaps more criticalljhow their  ing approaches and contrast them with our technique.
early decisions affect the manufacturing cost. Further, it is Most of the current costing methodologies are either based
important that this information be made available as sooron parametric estimation models or require a bottom-up cost
as a design change is made so that a more extensive realculation. Bottom-up cost estimation techniques require
design iteration can potentially be avoided. To be able teither a complete computer aided des{@AD) model of
make this information available, it is necessary that the manthe producfe.g., complexity theoryHoult & Meador, 1997
ufacturing costs are correlated with the product configuraor commercial software like Cost Advantage from Cogni-
tions that exist at any given stage of the design creation cycléon Corporation or a detailed step-by-step manufacturing
and not just with the final finished product. Such a tech-breakdown of the produde.g., commercial software like
nigque will enable the designer to gauge the effect of a chang€APES from PS IndustrigsNeither of these two bottom-up
when it is made as well as ensure that an accurate apprais&ichniques can provide information about estimated cost
of the final manufacturing cost is provided to the designerearly on in the design phase because they work with com-
as soon as the design is completed. An immediate feedbagiete product designs. Also, to determine how a design
of this nature will enable the designer to explore a varietychange will affect the cost, the cost has to be reestimated
of design alternatives that may otherwise have been too timder the new product and compared with the original cost.
intensive to consider. However, to achieve this, it is impor-These techniques also require a significant amount of set-
tant that the design and costing methodology allow for rapidup time before actual estimation can be carried out. Para-
generation of results and, thereby, enable the designer tmetric estimation techniqués.g., commercial software like
create designs with a small turnaround time. SEER H from GASEER and PRICE H from Lockheed Mar-
We propose that a shape grammar-based design partin PriceSystems on the other hand, require little informa-
digm will meet all the requirements of such a system. Gramtion about the product design. They use statistical methods
mars not only allow the rapid generation of a wide varietyto relate the product weight, volume, manufacturing pro-
of feasible designs by the application of different rules in acess, and a few other parameters to the final product cost.
rule set, but they also maintain representations of the parfhese techniques require extensive calibration based on ex-
tial designs at each stage. We claim that based on the rulésting products before they can be used to estimate cost and
applied to reach a particular design stage, it is possible tthey do not provide any information about the influence of
estimate the manufacturing cost at that stage. In this pape&fesign decisions on cost. Because they do not identify the
we argue that by associating manufacturing cost with théey cost drivers, these techniques are unable to provide feed-
grammar rules, one can identify design changes that havieack regarding possible redesign directions. They also usu-
positive and negative effects on the product cost. The deally require an estimate of the final weight and volume of
signer can then receive immediate feedback on how the vathe productwhich may not be readily availablbefore cost
ious changes will affect the cost of the product, therebycan be estimated. In summary, most traditional costing tech-
allowing informed decisions to be made about whether tmiques are unable to provide information about the product
accept or reject those changes. In addition, because partiabst until after the design is completed and therefore may
design costs are available at each stage, the final cost is obequire the products to be completely recosted if a design
tained as soon as the design is completed. As an example ochange is made. We believe that the technique proposed in
the usability of such a strategy, we apply this technique tdhis paper will address these concerns.
the generation and costing of coffeemakers based on a gram-Next, we will briefly discuss the coffeemaker grammar.
mar developed by Agarwal and Cagél®98 by associat- We will then define a manufacturing cost structure for in-
ing manufacturing cost expressions with the shape rules ifection molded parts, metal stamped parts, and product as-
the grammar. This then provides the designer with an intesembly. By associating various elements of this cost structure
grated methodology for the design and costing of coffeewith the coffeemaker grammar rules, a methodology for es-
makers and allows various trade-offs to be studied from dimating costs of the designs generated by this grammar will
manufacturing cost perspective. It is important to note thatpe obtained. We will demonstrate the technique by discuss-
while this paper discusses the strategy for associating exng an example and verify the results by comparing them to
pressions modeling cost with the coffeemaker grammar ruleshose in the literature. We will demonstrate how this method
the underlying technique is general and can be applied to ean be used to study design trade-offs and guide the design
variety of grammars and performance metrics. generation process. Finally, we will conclude with a brief
Some commercially available coffeemakers are designediscussion on how this technique can be applied within other
and costed using our method and the results compared ghape grammars.
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2. COFFEEMAKER SHAPE GRAMMAR ber of new designs. The rules in the shape grammar manip-
ulate one or more of the three views of the product—top,
2.1. Shape grammars side, front—to create a final 3D shape. The coffeemaker is

) ) . . considered to be made up of three main parts: the filter unit,
A shape gramma(Stiny, 198@, 198(0) derives designs in  {he \yater storage unit, and the base unit. These three units

the language it specifies by successive application of shapg, arranged around the space for the coffee pot, which acts
transformation rules to some evolving shape, starting withyg the injtial shape for the grammar. The grammar creates a
an initial shape. It can be used to describe how complex o hiete coffeemaker by first designing the base and the
shapes are built from simple entities and how a complex;er ynjts and then blending them together using the water
shape can be decomposed into simpler subshapes. Shagg,aqe unit. Due to the similar functional breakdown of cof-
grammars have been successfully used for spatial design f@emakers, the function drives the form in the product and
the.field'of archi?ecture including villas in the stylg of Pal- i the application of the grammar rules; function labels are
ladio (Stiny & Mitchell, 1978, Mughul gardendStiny & ;56 to maintain the proper function-to-form sequence.
Mlt_chell, 198_0, prairie houses in the style of Frank Lloyd ¢ designs generated by the grammar can satisfy a wide
Wright (Koning & Eizenberg, 1981 Greek meander pat- ariety of functional requirements. For example, the design
terns(Knight, 1986, suburban Queen Anne Houd#Sem- o, pe 5 single-heater or double-heater unit, have a conical
ming, 1987, and windows in the style of Frank Lloyd Wright o 5 fiat filter (with or without a flow rate control mecha-

(Rollo, 1993. nism), and can use a lid or a grating to cover the water stor-

Examples illustrating the ideas behind shape grammargge ynit. It should be pointed out, though, that the designs
can be found in Stiny198(, 198(). While there has been  ganerated by the grammar do not incorporate all of the de-

a limited application of shape grammars to engineering degjgn, getails. For example, the number and position of screws,
sign, they had not been used for the generation of individi,e hower cord, the color of the product, and the form of the
ual products until Agarwal and Cagai997, 1998  gyitch are not designed by the existing grammar rules. Thus,
presented the coffeemaker grammar. Fitzh@®90 and  jj, this work, the cost corresponding to these components is

Longenecker and Fitzhorfl991) have presented shape ,qqeq separately and is not obtained directly through the
grammars specifying the languages of constructive SOI'%hape grammar.

geometry and boundary representati@res, realizable sol-

ids). Brown, McMahon, and Sims William§1993 pre-

sented a manufacturing-oriented shape grammar thaf AgsOCIATING COST EQUATIONS WITH
specifies the language of all axi-symmetric objects manu- THE GRAMMAR RULES

facturable on a given lathe. That work is particularly rele-

vant here because, although they used a completely differeft,q first step in associating the manufacturing costs with
strategy, they presented a technique for estimating the Magyg jes of the coffeemaker grammar involves breaking the
ufacturing time(which is an important component of man- .t into its components in a manner compatible with the
ufacturing costfor the various parts machined by the lathe. shape rules, that is, such that each of the components can be
Redd¥ and Cagafi99%, 199%); Shea, Cagan, and Fenves ,qqqciated with the rules. In this work we assume the cost
(1997); and Shea and Caga997) presented parametric 5 coffeemaker to be made up of three main components—
shape grammars for the design of planar and_ geodesu? donﬂﬁe cost of manufactured parts, which will form the focus
truss structurgs that used the shape anngallng technique gf ihis work: the cost of purchased parts; and the cost of
Cag{:m and Mitchel{1993 to generate .Optlmal ;trgctures. assembling all of the parts into a functional product. The
Stiny (1981 p_resented aggnt_eral deS|g_n c_iescnptlon_meth-cost of the manufactured parts can be further broken into
odology that relied on_assomatlng description rules with theﬁve components—material cost, equipment operating cost,
grammar rules much like we do here. However, the descripg,g|ing cost, burden, and labor cost. Expressions for each
tion rules themselves as well as their association with they ihace componentéor plastic and metal partsre given
grammar rules vary vastly based on the application domainn, Apnendix A. As mentioned in the appendix, each of these
No formal techmqugs exist for. creating these descrlp'uo.rﬁve cost components depends primarily on the part config-
rules or for associating '_[hem with thg grammar rules. Thi, ation and geometry and that is precisely the information
work uses cost expressions along with the shape rules anghained from the shapes representing the designs. This fact
thus applies grammars to the concurrent design and costing ¢ cja| to the success of our methodology because it al-
of a class of individual products. lows us to develop general parametric expressions from the
shape rules that are then instantiated as the shape rules are
applied. More specifically, we develop expressions for the
areas and volumes of the shapes generated by the shape rules
The coffeemaker grammar is a parametric, labeled 2D shapend then use them together with E¢al)—(A9) to deter-
grammar consisting of 100 rules and can recreate a numbenine the manufacturing costs. If the cost components in-
of existing coffeemakers as well as create an infinite numvolved an attribute that could not be determined from the

2.2. Coffeemaker grammar
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Fig. 1. (a) Shape rule creating a sliding filter unity) top view created by the shape.

shape rules, then this technique could not have been dthat part of the unit is designed by this rule. The volume is

rectly applied. given as:
Developing expressions for areas and volumes that are as-
sociated with the shape rules involves examining the geo- @2 w2 wd?
metric forms created by arule. Note thatthe most general form Viop = (? s T) 2 2

of the grammar rule must be used, though frequently approx-

|mat|otnsknee:jhto be ma(_JIe wthent Csllcﬂatmg areasl and Vplfhe first two terms in the parentheses correspond to the to-
umestokeep the expressionstractabie. As an examp econsqg[ area of the filter unit. The third term in the parentheses

g‘el squef rﬁle shhown in Figureéa%.AThis fig:uredr((a:presentsd corresponds to the hollow area of the filter ufiiased on a
uc; ofthe s apel_g_ramfrlraro . gfjarV\r/]a anﬁ aganandis_mm wall thicknesp Thus, the quantity in the parentheses
used to generate a sliding filter unit for the coffeemakies corresponds to the total solid area of the filter unit. This

three views on the right-hand side of the ;hape rule—at th uantity multiplied by the heightagain equal to 2 minis
top, at the bottom left, and at the bottom right—correspon he volume of the top part of the filter unit at this stage.

tothe three vi_ews—top, _side, and front—oft_he COﬁ_eemhkerThese two equations are the same as Hg[$5) and(B16).

To determine the projected area of the filter unit created As another example, consider the shape rule shown in
by th|_s Sza'_)l_i rule, theftc;]p view (.)f th_e shz{ﬁeg. ﬂbg (;S Figure 2a). This rule corresponds to Rule 29 of the coffee-
exarglrf]_e .d b eEareaB?c: t Ztgﬂ v.|ew is given[dgandd, maker grammar and is used to design an elliptical base unit
are defined by Eq¢B3) and(B4)]: (as opposed to a polygonal uniffo determine the pro-

5 ) jected area of the base unit generated by this rule, the top
Acop = g mda ) (1) view shapédFig. 2b) is examined. The projected area is given
2 8 by [the diameters are defined by E4B37)—(B39)]:*

The first term in the expression corresponds to the area
of the half squaréin the left part of the top vieyvand the Area = 7 (Amajor_outer Gminor_outer™ Uffate)- ©)
second term corresponds to the semicifatethe right part
of the top view. Next, the volume of the filter unit at this _ . .
is determined. Note that the volume at this stage cor- _These expressions have be_en derived by assuming that the heate_r p_Iate
stage Is dete . - ’ g I5 circular. This assumption, while not necessary, was found to be valid in
responds to only the top part of the filter unit because onlyall commercially available designs.

https://doi.org/10.1017/50890060499134024 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060499134024

Design and costing through shape grammars 257

d

y y
Rule 29: W f B ] > w B
v e 6 v e ;
6

(@)

dplate

ﬁ

dminor_outer

Ly

dmajor_outer

(b)

Fig. 2. (a) Rule generating a base un{h) top view of the unit generated by the rule.

This equation is the same as HE@®40). Equations corre- shown in Figure 8b); a similar rule designs a two-heater
sponding to the other shape rules can similarly be derivednit. Next the filter, the base, and the water storage units are
and are listed in Appendix B. designed separately. For each of these three units, the var-
ious shape rules ensure that form design is carried out within
the context of function design, that is, only forms that do
not violate any functional specifications can be created. This
is done by first applying the function design rules that add
This section demonstrates how the expressions derived ilabels to the shape based on the required functional speci-
the previous section can be used to guide the design gendieations and then using the various form design rules, based
ation process for coffeemakers. The methodology will beon the labels, to create the actual shapes. Because the func-
illustrated by following an example generation sequencetion design rules do not directly create 3D shapes, they add
The first set of rules that are applied to the initial shape showmo cost to the design. Note that the decisions made during
in Figure Ja) distinguish between the two main classes ofthe function design will strongly influence the cost of the
coffeemakers, those with one heating element and those withroduct; they just do not directly add cost to the design.
two. They also break apart the space around the initial shape First, the form design of the filter unit is carried out based
into three regions, corresponding to the filter, base, and waen the functional specifications. This step creates new shapes
ter storage units, and design the basic cross-sectional shapsmsd modifies existing ones and thus cost equations are as-
of the filter and the base units. The rule designing a onesociated with these form design rules. The rule shown in
heater unit(signified by the square labelfor example, is  Figure 4, for example, generates a rotating filter. This rule

4. USING COST EXPRESSIONS TO GUIDE THE
DESIGN GENERATION PROCESS
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Fig. 3. (a) Initial shape for the example generation sequeflgerule designing a one-heater unit.

also creates a top view for the filter unit and thus converts imaker are now determined. In addition to the material and
into a 3D object. The shape around the filter unit obtainedequipment operating costs, the cost at this stage also in-
after this rule is applied to the evolving shape is shown includes tooling, burden, and labor costs. From the geometry
Figure 5. Note that the shape generated has a top view araf the shaped, = 120 mm andd, = 116 mm. Using Eq.
a side view(a single view is defaulted to be a side view; (B17), the area of the top of the filter is given by =
multiple views separated by a hairline are the top and thd€2081 mn?. The equipment size that is required is now cal-
side views. The labels correspond to the various functionalculated from Eq(A3) and is equal to 3200 kN. The tooling
attributes of the filter unitFT, signifies a conical filterFl cost based on an annual volume of 1,000,000 pEdGsA2)]
corresponds to the inlet tubel-; means that the coffee flow is thus $0.015. The operating cost, calculated from(E4)
rate cannot be changed, aR8, signifies that a flow stop based on a cycle time of 30 s, is $0.165. The labor and bur-
mechanism is present in the coffeemaker. den cost$EQs.(A5) and(A6), respectivelyare $0.015 and
The first step in associating the manufacturing cost with$0.018. To calculate the material cost, first the volume of
this rule is to calculate the volume and projected area of thenaterial used needs to be calculated. Using @&1.8),
created shape. The area and volume calculated are then uség, = 3027.96 mm. The cost of the material required can
along with Eqs(Al), (A3), and(A4) to calculate the ma- now be calculated using E¢A1), and is equal to $0.002
terial and equipment operating cost. Note that the area anfdbr this particular design. These costs can be used by the
volume are calculated only for the top part of the filter unit designer to get some indication of the final cost of the filter
(based on a 2-mm wall thickness mentioned earl-  unit even before it is designed.
cause the rest of the unit has not been completely designed The design of the filter unit is completed by applying the
yet. The expressions for the ared and the voluméV,,) other filter form design rules based on the function labels
are given by Eqs(B17) and (B18). It must be reiterated previously associated with the design. The filter design se-
that these equations have been determined solely based goence is shown in Figure 6, where labels are omitted for
the geometry of the shapes created by this shape rule and
are independent of the rest of the design. The incremental
totals for the cost of the filter unit for the example coffee-

ci
c2
c2
ci
 pozes I 172345,
——————— > , FT1 FI FF1 FS1
~ FM2 S
¢ t
Fig. 4. Shape rule designing a rotating filter. Fig. 5. Shape after the design of a rotating filter unit.
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Table 1. Incremental cost (in $) of the filter unit for the
example coffeemaker at each stage during the design sequence

— - > Equipment
Material ~ Operating  Tooling Labor
; Design Step Cost Cost Cost Burden Cost
f Top view 0.003 0.165 0.015 0.018  0.015
— ) » Conical filter ~ 0.115 0.033 0.013 0 0.003
(Designing the top view (Designing the Flow stop 0.027 0.045 0.009 0.003  0.008
of the rotating filter) conical filter)
— B
1
_ |
1
/ and suggest directions for redesign. For example, if the de-
(Adding the flow inlet o signer decidesbased on the feedback provided by the tech-
tube -- purchased (Designing the nique that the cost of the unit is too high, one possible

part) flow stop unit change might be to remove the flow stop mechanism. This
would then bring down the cost of the filter unit to $ 0.38
(the first two rows of Table )L Note that this change in the
design(and therefore the cgsif the filter unit can be made

at this stage itself, rather than at the end of the design cycle
clarity. The manufacturing costs associated with each dewhen redesign might be more expensive. While removing
sign step are shown in Table 1. The first row corresponds tohe flow stop mechanism from the filter unit is a rather ob-
the design of the top of the filtédiscussed aboyewhereas vious choice for reducing the cost of the unit, the same pro-
the second row corresponds to the design of the conical fileedure can be applied to study more complex trade-offs.
ter. Because the same machine is used both for manufactur- Continuing with the design process, the next step is the
ing the top of the filter and the conical cup, the burden costdesign of the base unit, which follows the same procedure
is added only once. The third row corresponds to the desigas the design of the filter unit. The base design sequence for
of the flow stop mechanism. The costs in the three rows othe example coffeemaker is demonstrated in Figure 7. A
Table 1 must be added together to determine the final cosmooth blend is assumed between the top and bottom planes
of the filter unit and it is equal to $ 0.472. Note that becauseof the base unit. The manufacturing costs are calculated using
the inlet tube is a purchased part, no cost is added for th&qs. (B37)—(B41), (B43), and(B69). The costs obtained
step. are shown in Table 2.

The cost of $ 0.472 for the filter unit of the coffeemaker Again, suppose the designer wants to make changes that
is derived independent of the rest of the dedigshich, in  will bring down the cost of the base unit. There are various
fact, has not even been completed at this Stafjeis pro-  possible changes that can be explored to determine their ef-
vides useful feedback to the designer about the cost of thiect on the cost of the base uiiénd, therefore, the cost of
design and can be used to guide further design decisiorthe coffeemakegr One alternative is to use a cylindrical base

Fig. 6. Filter design sequence for the example coffeemaker.

> — >
(designing the top view of the (adding a heater to the base
base unit an putting in the -- purchased part)

heater plate)

Fig. 7. Base design sequence for the example coffeemaker.
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Table 2. Incremental cost (in $) of the coffeemaker at each Table 3. Incremental costs (in $) of the modified base unit
stage during the base design sequence
Equipment

Equipment Design Material Operating  Tooling Labor
Design Material ~ Operating  Tooling Labor Step Cost Cost Cost Burden  Cost
Step Cost Cost Cost  Burden Cost i view 0.073 0.166 0022 0007  0.024
Top view 0.102 0.264 0.022 0.018 0.024 Heater plate 0.019 0.039 0.015 0.004 0.018
Heater plate 0.019 0.039 0.015 0.004 0.018

by merging together shapes created by sweeping a desired

unit similar to that shown in the base design sequence afiumber of squares and circles in a designer-specified man-
Figure 8. It is not immediately clear whether such a changeer. One such rule that sweeps a square about the center of
will reduce the cost of the base unit or increase it. Howeverthe filter is shown in Figure 9. The dimensions of the square
the equations discussed above can be used to determine the well as the distance from the center are specified by the
costs shown in Table 3. By examining the table, the de<designer and can change as a function of the sweep angle.
signer can determine not only that the cost of the base unithis process imparts the grammar with an ability to gener-
will decrease due to the proposed change, but the exact magte shapes not commonly seen in commercial products as
nitude of that change is also knowf0.387 instead of well as the more traditional ones.
$0.525. If the designer feels that the reduction in cost is For the example, the sweep and merge sequence gener-
significant, then the change can be accepted; otherwise thaing the water storage unit cross sections is shown in Fig-
original designer preference of a tapered base unit can here 10. The manufacturing costs at the various stages of the
preserved. Note, however, that these decisions can be madeeep sequenden a plangare shown in Table 4. It should
at this stage, rather than waiting until the design of the enbe noted that each row corresponds to the cost of the water
tire coffeemaker is complete to determine their effect. It isstorage unit after the respective design step, and the costs at
information like this that helps the designer in making thethe end of step 2 must not be added to those at the end of
appropriate choices with respect to rule selection, highlightdesign step 1 to obtain a total cost. This is because the shape
ing the value of this approach. at the end of step 1 is just an intermediate shape and the

The last stage in the design of a coffeemaker is the creeosts corresponding to that shape are relevant only at that
ation of a water storage unit that satisfies all functional re-step. Once a new shape is created by step 2, the costs must
quirements and blends the three units together into a findbe updated. This is different than the design of the other
product. To do this, the top view cross sections of the wateunits of the coffeemaker where, once a part is created, it is
storage unit are generated on four horizontal pldaéthe  not modified and thus the costs calculated after the appli-
top and bottom of the base and the filter upifBhe cross cation of each rule remain valid throughout the process.
sections on these four planes are then blended together in The 3D shape of the final product is shown in Figure 11.
the vertical direction to create the final 3D shape of the wadt is similar to a Rowenta FK26-S coffeemaker shown in
ter storage unit, which also integrates together all the unit§igure 12. The final cost of the coffeemaker estimated by
of the product. The cross section on each plane is generatesing the method discussed above is $7&%t of manu-

> >
(designing the top view of the (adding a heater to the base
base unit an putting in the -- purchased part)
heater plate)

Fig. 8. A modified base design sequence.

https://doi.org/10.1017/50890060499134024 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060499134024

Design and costing through shape grammars

Table 4. Incremental cost (in $) of the water storage unit for
the example coffeemaker at each stage during its generation

Equipment

Design Material Operating Tooling Labor
Step Cost Cost Cost Burden Cost
Step 1 0.123 0.199 0.035 0.010 0.024
Step 2 0.111 0.199 0.035 0.010 0.024

(Final design

f(9), 3
Xq G — X1’ °c

v

f(¢)\<>

Fig. 9. Representative sweep rule.

Step 1

Step 2

261

Fig. 12. Rowenta FK26-S coffeemaker.

factured and purchased parts and the cost of asseniiblg

cost of the Rowenta FK26-S estimated by Ulrich and Pear-
son(1993 is $7.09, which is within 3% of the cost gener-
ated by using the shape grammar. Further, and perhaps more
critically, the shape grammar costing method also provides
incremental costs at each stage of the design process in ad-
dition to estimating the cost of the final product.

Suppose, however, that the designer decides to use a new
water storage sweep sequence shown in Figure 13. The costs
resulting from this sequence are shown in Tabl@gain,
only the last row must be usgd

If the designer, based on the feedback received at each
stage, chooses to accept all the design changes discussed

Fig. 10. Sweep sequence generating the water storage unit of the examp&bove, then the design shown in Figure 14 results. It is sim-

coffeemaker.

Fig. 11. Coffeemaker generated by the choice of shape rules.
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Table 5. Incremental cost of the modified water storage unit
during each stage in its design

Equipment
Design Material Operating Tooling Labor
Step Cost Cost Cost Burden Cost
Step 1 0.177 0.180 0.033 0.007 0.026
Step 2 0.236 0.199 0.035 0.010 0.024 J
Step 3 0.170 0.264 0.035 0.018 0.024
Step 4 0.163 0.264 0.035 0.018 0.024

(Final design

ure 15. The manufacturing cost of the coffeemaker based
on our costing scheme is $5.87. The cost of this coffee-

maker as reported by Ulrich and Pearson is $5.92, which is
within about 1% of the cost generated using the shape gram-
mar costing method.

This method was also used to determine the cost of a Mr.
Coffee coffeemaker as $6.30 and the cost of a Proctor-Silex
coffeemaker as $6.12. Even though these costs could not be
verified from the literature, they are in the same range as
the costs determined above.

Fig. 15. Rowenta FG22-O coffeemaker.

ciency, etc).can also be changed to simulate different kinds
5. CONCLUDING REMARKS of production facilities.

Thi s forth int ted duct desi This method strikes a balance between the rough para-
IS paper sets forth a néw integrated product design ar]%etric estimation techniques based on a few parameters like

costing methodology using shape grammars. The Validit3(/veight and volume and the extremely detailed bottom-up
of this approach is demonstrated by developing cost expresg;

. . . stimation methods. Such an integrated design and costing
sions that are associated with the shape rules of the COﬁe?ﬁethodology would help the designer to quickly identify
maker grammar. By following the grammar, a variety of

the key cost drivers by recognizing the design steps that con-

cofieemakers can be generated; by applying the aSSOCiathHbute the most to the cost. This information can then be
cost equations, the designs can be costed during and aft

the desi B difving th I ¢ ted during the design of new products and the redesign of
€ design process. by modilying the ruies or parameterg isting ones, for example, to accept or reject design changes

along the genera’gon sequence, new de5|gns can be creat ring the generation process rather than after the design is
The cost expressions can be used to provide feedback abo mpleted

how those changes affect the cost of the design and thus al To automatically generate designs and costs using this

N Fhe generation Process. These costs can also b? used c’ethodology, the shape grammar and the cost expressions
guide the generation process by suggesting possible ru

. . . ust be implemented. The geometric representation of the
choices based on certain cost preferences. The various Coc%ffeemaker grammar, however, has not been implemented
and manufacturing parametefitke labor rate, tool effi- computationally. The cost expressions discussed in this work,
on the other hand, have been implemented in the computer
package MAPLE. Thus, as the designer chooses the various
design rules and parameters, the cost of the design can be
updated automatically. It is also possible to optimize the de-
sign parameters, based on a designer specified objective like
cost, once the designer chooses a sequence of grammar rules
that result in a valid design. Once the shape grammar is im-
plemented, the cost expressions could be called automati-
cally depending upon the choice of shape rules, which could
in turn be governed by the feedback obtained from the ex-
pressions. This strategy can then be used to explore the de-
Fig. 14. Final shape of the modified coffeemaker generated by theSIgn space and optimize valid designs with a technique such
grammar. as shape annealin@agan & Mitchell, 199Bthat has been
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previously applied to truss and dome desigeddy & Ca-  Boothroyd, G., & Dewhurst, R1989. Product design for assemblgoo-

. . throyd Dewhurst Inc., Wakefield, RI.
gan, 1998, 199%; Shea & Cagan’ 1997; Sheaetal., 1997 Brown, K.N., McMahon, C.A., & Sims Williams, J.H1993. A formal

This paper discus_ses how manufacturing cost equations |anguage for the design of manufacturable objectsdrmal Design
can be associated with the coffeemaker grammar rules; how- Methods for CAD (B-18)(Gero, J.S. and Tyugu, E., Eglspp. 135-

; ; ; 155. North Holland, Amsterdam.
ever, the underlymg.tec.hmque IS more gener.al and can b(?agan,‘]., & Mitchell, W.J1993. Optimally directed shape generation by
Used fOF Other app'lC&tIOﬂS as We”. We bel'eve that the Shape annea”n@nvironment and P|ann|ng B 26_12

proposed strategy would be even more useful for domainBewhurst, R(1988. Cutting assembly costs with molded pafgachine

; ; Design 60(17)68-72.
that are less constrained and thus require more parametqgﬁzhom' P.A.(1990. Formal graph languages of shagdEDAM 4(3)
and shape rules to be chosen. Note, though, that to associ- 151-1g4.

ate a performance metric with the grammar rules, it is crit-Flemming, U.(1987. More than the sum of the parts: The grammar of

; ; ; ; ; Queen Anne House&nvironment and Planning B 1823-350.
ical that the metric dEpend Only on the information proVIdedHouIt, P., & Meador, C.L(1997). Predicting product manufacturing costs

by the shape_ rules. Give_n such a met_ric and a sh_ape_ gram- from design attributes: A complexity theory approach. Working Paper,
mar, developing expressions associating the metric with the Management Support Technologies, Framingham, MA.

grammar rules is, in principle, straightforward. The left- Knight, T.W.(198©.“Transformatiqnsofthe meander motif on Greek geo-
. . . metric potteryDesign Computing ,129-67.
and right-hand sides of a shape rule have to be examingghning, H., & Eizenberg, X1981). The language of the prairie: Frank

and parametric expressions modeling the performance met- Lloyd Wright's prairie housesEnvironment and Planning B, 295~

; ; R 323.
ric have to be written in terms .Of the p.arameters of theLongenecker, S.N., & Fitzhorn, P.A1991). A shape grammar for non-
shapes. For example, expressions estimating the coffee manifold modelingResearch in Engineering Design Z59-170.

brewing time can be developed and associated with th8evins, J.L., & Whitney, D.E(1989. Concurrent design of products and

_ processesMcGraw Hill, New York.
COﬁee_maker gramma_r rUIeS'_ To use SUCh_ a system, the eﬁeddy, G., & Cagan, J199%). Optimally directed truss topology gener-
pressions have to be instantiated along with the shape rules ation using shape annealingSME Journal of Mechanical Design

and an updated performance measure obtained as soon asl117(1) 206-209.

; ; ddy, G., & Cagan, J199%). An improved shape annealing algorithm
a shape rule is applied. The feedback can then be used Eif“for truss topology generatioMSME Journal of Mechanical Design

accept or reject design changes or indicate directions for 117(2(a)), 315-321.
further explorations, as was done in the example discussegbllo, J.(1995. Triangle and T-square: The windows of Frank Lloyd Wright.

; ; ; ; i«_ Environment and Planning B 225-92.
earlier. We b_elleve that mtegrated systems like the one dlsShe& K.. & Cagan, 41997, Innovative dome design: Applying geodesic
cussed in this paper would increase the usefulness of shape patterns with shape annealinf§lEDAM 11, 379-394.

grammar-based generative techniques by helping the d&hea, K., Cagan, J, & Fenves, $1997). A shape annealing approach to

; ; ; ; ; ; _ optimal truss design with dynamic grouping of memb&SME Jour-
signer in making appropriate rule choices during the gen nal of Mechanical Design 119(3388-394.

eration sequence based on a specified performance measugny, G.(198). Introduction to shape and shape gramméisviron-
In summary, we argue that it is possible to obtain a mea- ment and Planning B,7343-351.

sure of the performance of a design along with the creatiorfi"Y: G-.(fltgsm)-.Ki”derga“eg grammars: D%Sggmgg with Froebel's build-
- . . ing gifts. Environment and Planning B, 209-462.
of that design rather than at its completion. The coffeetiny, G.(1981. A note on the description of desigrEnvironment and

maker grammar and the manufacturing costs were used to Planning B § 257-267.

demonstrate the feasibility of such a system in this paperStiny, G., & Mitchell, W.J.(1978. The palladian grammaEnvironment
’and Planning B 55-18.

other integrated systems like this one would make it easiestiny, G., & Mitchell, W.J.(1980. The grammar of paradise: On the gen-
for designers of consumer and other products with frequent  eration of Mughul garden€nvironment and Planning B, 209-226.

; ; ; ; Irich, K., & Pearson, S(1993. Does product design really determine
but varying prOdUCtlon runs to create new deSIQnS qUICkIW 80% of manufacturing cosWorking Paper WP #3601-93, Alfred P.

as well as meet the various performance criteria. Sloan School of Management, Massachusetts Institute of Technology,
Cambridge, MA.
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depends primarily on the material used, the part configurain the tool, and the desired surface finish on the parts. The
tion and size, labor rates, equipment operating costs, toohumber of cavities in the tool depend on annual part vol-
ing costs, burden, equipment depreciation, and the annuaimes(assumed to be 1,000,000 per yeand quality re-
volume. Because the parts in this work are designed usinguirements. Because the volume is relatively low and the
the coffeemaker grammar, the rules of the grammar are usqzhrts are all “decorative,” that is, the aesthetics of the part
to calculate the part sizes and configurations. The part gds an important quality component, it is assumed that two
ometries also influence the equipment and tooling costs. Rezavity molds will be used for all the plastic parts. Two cav-
alistic values, based on standard industry practice, are uséty molds can easily support the required annual volume
for the cost of the purchased parts, the material cost, andhile allowing special part handling to avoid scratching and
other financial variablegburden, depreciation, ejcindus-  warping of the plastic. In general, parts with no undercuts
try information is also used to determine the affect of partresult in simple two-part molds, whereas parts with under-
geometry on manufacturing parameters like cycle time anduts result in more costly molds that require multiple mov-
size of machine required. Assembly cost, which varies amon@ng parts. The tooling cost per part is then:
coffeemakers and depends on the overall size and complex-
ity of the design, is calculated based on the approach OUt'Tooling Cost per part Total tooling cost
lined by Boothroyd and Dewhur&t989. Note that the cost Useful tool life based on the number
of tooling, manufacturing cycle times, and assembly times of parts produced by that tool
depend on the manufacturing facility used; we assume a me- A2)
dium cost, well-run facility for the calculations in this work,
but other cost parameters can as easily be used. The final The cost to operate injection molding equipment de-
cost of the coffeemaker is obtained by summing the cost ohends on the manufacturing cycle time and the size of the
all the parts and the assembly cost. equipment. Manufacturing cycle time includes the time re-
The focus of this work is to compare the costs betweeryuired to fill the mold cavities with plastic, the time re-
different product designs and illustrate how applying dif- quired to cool the plastic, and the time required to open the
ferent shape grammar rules during the generation procesgold, eject the parts, and close the mold. Of these, part cool-
results in different costs. Hence, to reduce the variations dugg requires the largest proportion of the time. Total cycle
to manufacturing processes, all external parameters are agme depends on the number of mold cavities, the material
sumed to correspond to a well-run, medium-cost environpeing injected, the ejection system, and part design. Be-
ment, as defined by Ulrich and Peardd®96: a labor rate  cayse our focus is on cost variations occurring due to the
of $11/h, useful tool life of 1 yeaf,and annual volume of changes in part design, the number of cavities, material, and
1,000,000 are used. In addition, all injection molded partsjection system are not considered variables while calculat-
are assumed to be polypropylene, all metal bases are alihg the cycle time. Also, wall thickness and tolerances are
minum, and all heating plates are steel. Thus, the major variassumed to be the same for all injection molded parts. Thus
ations in the cost of manufactured parts come from the pargnly the part configuration and size influence the cycle time.
size and part configuration. Next, we will discuss how these=or example, parts that have thick sections require a longer
variables affect the cost of the parts. cycle time to allow all the material to cool before the part is
The manufacturing cost of the injection molded parts isgjected from the mold. Similarly, parts with long unsup-
generally obtained by adding the material cost, tooling costported walls also require a longer cycle time to cool the parts
equipment operating cost, labor cost, and burden, which inangd avoid warping.
cludes equipment depreciation. The cost of material de- Equipment size depends on the projected area of the part
pends on the market rate for polypropylene and the size 04nd the number of cavities in the mdiahich are held fixed
the component, that is, the total volume of material con-at two cavities for each mold in this studyrhe plane upon
tained in the part. A constant market rate of $08gis as-  \hich the area is projected for this calculation is the one
sumed for polypropylene. The density of polypropylene isthat is normal to the direction of motion of the die. The pro-
assumed to be 0.00091 KOO mnt. Thus, the material jected area corresponds to only the solid areas in the part

cost of a part is obtained as: and excludes any hollow sections. A clamping force of 6.9
kN/cm? is required to hold the part in place. The equip-
Material Cost= ($0.84/kg) X (0.00091 kg’1000 mn#) ment size is now given by:
X (part volume. (A1) Equipment Size= Projected part area number of cavities
X 6.9 kN/cm? (A3)

The tooling cost for injection molded parts depends on
the part size and configuration, number of cavities required Once the appropriate equipment is seledtesed on the
equipment sizg the operating cost is determined using the

3Itis assumed that design changes would necessitate tool change abJLﬁlatlve operating cost matrix shown in Table [dﬁﬂom De-
once each year. whurst(1988)].
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Table Al. Equipment size versus relative operating Table A2. Equipment size versus relative operating cost for
cost for plastic parts metal parts
Equipment SizékN) Relative Operating Cost  Equipment Siz€kN) Relative Operating Cost
0 < 500 1.00 0< 190 1.00
501 < 1000 1.08 191 < 285 1.06
1501< 1600 1.29 286 < 400 1.18
1601< 3200 1.71 401< 535 1.25
536< 670 1.92

The total operating cost for the equipment based on an
operating rate of $28 (which corresponds to the costs of | st pe kept in mind that the burden cost must be added
the facility and energy consumgis now found as: only once for each machine even if it is used to manufac-
ture more than one part for a coffeemaker.
Operating Cost per Part The cost of the metal stamped parts consists of the same
$23/h X Relative Operating Cost Cycle Time five basic components—material cost, tooling cost, equip-
= (A4) ment operating cost, labor cost, and burden. Appropriate
modifications must be made to certain parameters to ac-

Tool efficiency accounts for scrap, downtime, and othercount for the differences between the plastic injection mold-
miscellaneous losses. Efficiency is assumed to be a cori0d Process and the metal stamping process. The equipment
stant 99.5% for all pieces of injection molding equipment.Size is determined from E¢A7) (where the clamping force
This figure corresponds to a medium-cost, well-run facility IS 125 N'mm?):
defined by Ulrich and Pearson.

Labor cost per part depends on the labor rate, part cycle
time, number of tool cavities, and the number of machines X 125 N/mm?. (AT)

manned by one operator, that is, the percentage of an op-

erator’s time that is dedicated to each part. The number oThe relative operating costis obtained from Table[#2m
machines required is estimated initially by determining theDewhurst(1988]. i
Cost expressions for the material cost and burden cost

total number of plastic parts to be made and the collective : )
base cycle time for these parts. The base cycle time for thi" the metal stamping process are now given as:
filter, water storage unit, base unit, and lid is 156 s. Based ) . 5
on a 3-shift operation, running 235 days per year, three piecé\ﬁate”a' Cost per Part ($0.33/kg) X (2.7 X 10~® kg/mm?)

of equipment are required. If additional pieces such as a flow X (Part Volume, (A8)
stop are added, then more equipment will be required. The $(30400+ 73X Equipment Size in ki

labor cost is calculated as: Burden Cost per Part —— - &< 1,000,000 parté/ear

3600 gh X number of cavities< tool efficiency

Equipment Size= 0.7 X Part Thicknesx Part Perimeter

Labor Cost per Part (A9)

$11/h X Cycle Time The other cost components are the same as for the injection
molding process except that the number of machines per
operator for the metal stamping process is 1 and not 3 as for
(a5)  the injection molding process.

- 3600 gh X number of cavitiesk number of machines

AIthqugh burden typically consist§ of multiple.sources,APPENDIX B
the main component of burden cost is due to equipment de-
preciation. A straight line depreciation is assumed over 65 a4 and volume expressions
years. Thus, the burden depends on the original cost and the
useful life of the equipment. Burden cost per part, as deThis appendix lists the complete set of area and volume equa-

fined by Ulrich and Pearson, is now: tions associated with the coffeemaker grammar that are
needed to determine the manufacturing costs of a design.
$(21873+ 59 X Equipment Size in k) All the labels refer to the corresponding labels from the cof-

Burden Cost per Part —— o< 1,000,000 partgjear - feemaker grammar of Agarwal and Cagan. The figures shown

depict the representative rules from the grammar that are
(A6) used to develop the expressions that follow the figures. Note

https://doi.org/10.1017/50890060499134024 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060499134024

266 M. Agarwal et al.

N r P da = (X = %] + [xs = xg[)/2
Rule 3: F — > F s d—d 4
b a t b’ al t b= Ya™
Fig. B1. Rule designing the basic cross section of the filter unit. This rule de = Ixt = x|
is applied after the initial form decomposition rules have been appdiee
Fig. 3. dy=d.—4
de = X6 — x|
that these rules do not constitute the complete coffeemaker d=d.—4
grammar, but rather only those that directly affect the man-
ufacturing cost. See Agarwal and Caga@98 for the com- X{ = (X, +x/)/2
plete grammar and the context of these rules. In the figures,
x and they coordinates of a labeled point, sa¥, are rep- vi = (YL +y0)/2
resented ag/, Y.
ha = Vi — W

Filter area and volume equations _ bt i et
hb - -5"Xs _Xs|“YS W |/|Xs = X

Chop = [ X/ + Xp] (B1) he = hy +y{ —yZ

Opot = [Xg = X¢| (B2) hg = yf — Vs

. rzaes . rzIes
==
Rule 18: & %F’ FM1 > g %F’ N /
t t
(a)
c2
c1i
o 112345 P 172'3 45 |
. = — — — - — )
Rule 19: o Mz T
)
(b)

Fig. B2. (a) Rule designing a sliding filtertb) rule designing a rotating filter.
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filter area= .8927.d2 (sliding filter)
filter top volume= 1.7854 d2 — 1.5708 d? (sliding filter)
filter area= .8390-d2 (rotating filter)
filter top volume= 1.6781.d2 — 1.5708 d? (rotating filten
filter bottom volume= .785.(d? — dZ.c) (flat filter)
filter side volume= 5.36-(d? — d?) (flat, sliding filter)

filter cup volume= .785-h,-(d2 — d3) (flat, sliding filter, xJ’ = x{")

filter cup volume= .2618 (h,-(dZ — d?) — h.-(d2 — d3)) (flat sliding filter, xZ # x{")

filter side volume= 0 (flat, conical filter,xZ = x{")

filter cup volume= .785-h,-(d2 — d?) (flat, rotating filter,x) = x{")

filter cup volume= .785. (hy,-(d2 — d?) — h.-(dZ — d2)) (flat rotating filter,x2 # x{")

filter bottom volume= 0 (conical filterxZ = x{")

filter cup volume= .2618 (h,-(d2 — d?) — he- (dZe — (dnole — 4)?) (conical filter,xZ = x{")

filter side volume= .785-h,-(d2 — d?) + 5.36-(d? — d?) (conical sliding filterxZ = x{")

filter side volume= .785-h,-(d2 — d?) (conical rotating filterxZ = x{")
filter cup volume= .2618 (d2-(h, — h,) — h.-d2) (conical filterxZ # x{")
filter bottom volume= .785.(d2 — d?ye (conical sliding filterxZ # x{")
filter side volume= 5.36-(d2 — d?) (conical sliding filterxZ # x{")
filter bottom volume= 0 (conical rotating filterxd’ # x{’)

filter side volume= .785-hy-(d2 — d?) (conical rotating filtexxZ # x{")

filter volume = filter top volume+ filter side volume+ filter cup volume+ filter bottom volume

filter volume = filter top volume+ filter side volumet filter cup volume+ filter bottom volume+ 15.d. + 20

Initial base unit area and volume equations
Upjate = [x¢ — X4
dmajor_outer: [x; = %
Omajor_inner= |X§/ = Xl
base area 7 - (dmajor_outet Iminor_outer— Oiate)/4

base top volume= 2-base area

base side volume |y)// - y\;v‘ . (((dr2najor_outer+ dr%inor_outen)/z) 4 ((dr%ajor_inner"_ dr%inor_inner)/z) '5)(X{/ =XwOryy =VY,)

base side volume: |y),/ - y\;v‘ : ((d%ajoriouter"_ d%inorﬁoute) ‘5) + |y\;v - yz;| : ((dr%ajoriouler"' drzninorioulel)/z) s

+ ‘y\;\/ - yu' ‘ : (((dr%zzljor_outer+ dr%inor_outer)/z)'5 + ((dr%ajor_inner+ dr121inor_inner)/2) '5)()()’/ 7 X\;v andY\;\/ * ng)
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(B15)
(B16)
(B17)
(B19)
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(B21)
(B22)
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(B24)
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(B26)
(B27)
(B29)
(B29)
(B30)
(B31)
(B32)
(B33
(B34)

(B35
(B36)

(B37)
(B38)
(B39)
(B40)
(B41)

(B42)
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170" 37 4" 5

, , -
. s F F§1 — —
Rule 25: 't\.— —/ Fst ?-—-p

Fig. B3. Rule adding a flow stop unit to the filter unit.

ak = [k — CI? + (k. — C)?]°
&= [0 — C)? + (v, — C) %] °
ap = [(vix — C)? + (v, — C)?]°
a, = [(vnx = C)? + (vn,— C)%1°
bk = [(v(ks1x — C)? + (W{ks 1z — C)?]°
be = [(Wkr1x = C)? + (W2 — C)?1°

b = [(vix — Cx)z + (v, — Cz)z] s

o

n = [(v1 — C)?+ (v1,— Cz)z] °

k= [(ix = vikr %) * + Wz — V{kr1)2)*]°
G = [(0kx — var 1) 2 + (k2 — Vi 1)2) 212
ch = [(vix — vp)® + (01, — V) ?]°

Ch = [(va — Unx)z + (01, — Unz)z] °
Rule 4:

L

Rule 5:

(B44)

(B45)

(B46)

(B47)

(B48)

(B49)

(B50)

(B51)

(B52)

(B53

(B54)

(B55)

M. Agarwal et al.

s, = .5(a + by + ci) (B56)
Sc = .5(a + b + ¢ (B57)
s, = .5(a, + b, +c) (B58)
s, = .5(a,+ b, +¢cy) (B59)
ko = [si(sc — a) (s — b (s — ¢l ® (B60)
A = [sc(sc— @) (sc— b (sc— a)] ® (B61)
A, = [sh(sh—an)(sh — bp)(sh —en)l ® (B62)
An = [Sa(sh = @) (s, — bn) (s, = €a)] © (B63)
base aread’ = A + A, — - d3a/4 (B64)
base top aread = SA, + A, — 7-d3a/4 (B65)
base top volume= 2-base top area - dgjae/ 2 (B66)
base side volume: 3{(c, + ci)-|yy — Y|} + (o + ch)
Jyy = Vol =Xy oryy, = y;) (B67)
base side volume: S{((cx + ¢i)- [y — Yiul + 2-Ci- [y — Yo )}
e ten)lyy —yol +2-chrlyw — yil)
(xy # Xy andyy, # ;) (B68)
base volume= base top volume- base side volume (B69)
"o
—
.Z
(a)
— @l m
n
v z
(b)

Fig. B4. (a) and (b) Rules designing the basic cross section of the base unit. These rules are also applied after the initial form

decomposition rules have been applisée Fig. 3.
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V'q
c4

y
w B’
Rule 28: r —p
v’ l 4
6
(@)
d
v
Rule29: W r B’ ] —
Vo 6
(b)

Fig. B5. (@) Rule designing a polygonal base uriit) rule designing an elliptical base unit.

Sweep area and volume equations Yotop = I + Gsecond 2 (B75)
Straight Square Sweep Zibot = Ztirst — Diirst/2 (B76)
Prirst = N(Ziirst) (B70) Yibot = I — Crirst/2 (B77)
rirst = d(Zsirst) (B71) Zobot = Zsecond™ Nsecond 2 (B78)
d(z) increasing slop€irst corresponds to the smaller square Yobot = I — Osecond 2 (B79)

and second to the larger
sweep areas E{(ZZtop - thop) ‘ (yltop —r+ y2top_ l')}

Zytop = Zfirst — Nirst/ 2 (B72) + d(Zina) - N (Zfinar) (B80)
Yaop = 1+ st/ 2 BT sweep perimeter S{2-((yaon— 1 ~ (Yaop— 1)
ZZtop = Zsecond— hsecona(2 (874) + (ZZtop - thop) 2) '5} + 2. h(zfinal)

+ d(Zfinar) (B81)

d(z) decreasing slopéirst corresponds to the larger square
_ f(2) O X1’ and second to the smal)er
Rule 71: I:, °g —» f(2) / D\ G

x1 I:I Zytop = Ziirst T Nfirst/2 (B82)

Fig. B6. Representative rule depicting a straight square sweep. Yiop =TIt rirst/ 2 (B83)
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Zot0p = Zsecond ™ Nsecond 2 (B84) (o) ',Q

Yatop = T + Gsecond 2 (B85) Rule 74: X1 O g — Xt Q o

Zibot = Ziirst T Niirst/2 (B86) f(9) "\O
=r — Ohrst/2 B87

Yabor e/ ( ) Fig. B8. Representative angular circle sweep rule.

Zobot = ZsecondT Nsecond 2 (B8Y)

Yabot = I' = Osecond 2 (B89)

Angular Circle Swee
sweep areas 2{(ZZtop - thop) : (yltop_ r+ y2top - r)} 9 P

+ N(Zinitiar) - A(Zinitiar) (B90)
nitial nitial Ffirst = T (d’first) (8103)
sweep perimeter 3{2-((Yiop— I = (Yarop— I))? ” ) (5104
r =r
+ (ZZtop_ thop)z)ls} + 2'h(zinitial) (Bgl) second secon
Straight Circle Sweep MOfirst = T (Prirst) (B109
rOfirst = rO(Zfirst) (892) rosecond: r(¢seconc) (8106)
I0second= 0(Zsecond (B93) Ocnd = 0(Zmax) andro(zmin) (B107)
C= ((Zfirst - Zsecont)2 - (rofirst - roseconz)z) ® (894) > >
Cc= (rfirst + I'second™ 2'rfirst'rsecond
IOeng = r0(Zmax) aNdro(Zmin) (B95)
end me i 'COg(bsecond_ ¢first)) S (8108)
ro(z) decreasing or constaffirst corresponds to the larger
circle and second to the smaller L = (¢® — (1Ofirst — MOsecond 2) ° (B109
theta= Cosil((rofirst — I0second/(Zsecond™ Ziirst)) thetang = theta aizy, o andzy, (B110
(B96) ro(¢) decreasing or constant
theta,g = theta azsecond= Zmax@NdZyin (B97)

) sweep area S{L-(I0Ofys; + 0second} + thetaung-102ng
sweep area X{C- (IOfys + Ogecond} T thetang r0éng

(B98) (B111)
sweep perimeter 3{2-c} + 2-theta,g M0cng (B99) sweep perimeter 3{2-L} + 2-theta g r0ecnd (B112

ro(z) increasingfirst corresponds to the smaller circle and

second to the larggr ro(¢) increasing

~ sweep area Z{L-(rogs + ro
theta= cos 1((rosecond_ rofirst)/(zsecond_ Zfirst)) P 2{ ( first seconc)}

_ 102
(B100) + (7 — thetang) - r0éng (B113
sweep area 2{C- (I0fst + Osecond} sweep perimeter 3{2-L} + 2-(7 — thetang) -[0eng ~ (B114)
+ ro2,q- (7 — thetang (B101)
Angular Square Sweep
sweep perimeter 3{2-c} + 2- (7 — thetd -r0gng (B102
Ninitial = N(Pinitiar) (B11H
f(2) q initial = d(Pinitiar) (B116
Rule 73:  x1 —  xt b .
O ‘¢ @ Minitial = T (Pinitial) (B117)
i) o
Fig. B7. Representative rule depicting a straight circle sweep. diagonahiga = (hfigar + diitial) ° (B118
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()
Y

Rule 72: X1 D G — X1'D °

f<¢)\§

G

Fig. B9. Representative angular square sweep rule.

Pfinar = (final)
Ginal = d(final)
Ffinal = T (Pfinal)
diagonadna = (Nfnar + dfna) ©
angle = tan *(.5- hinitiat/(Tinitiat + -5 Ginitiar))
angle = tan (.5 hinitiar/(Finitiat — -5 Ginitiar))
angle; = tan *(.5- Nypar/(Finar + -5+ Grinar))
angle, = tan *(.5- Ninai/(Ffinar — -5+ diinar)
r1 = (.5-Niitia)® + (Finitiar + -5+ dinitiar ) >
r2 = (.5-Ninitiat)® + (Finitial = -5- dinitiat ) >
rs = (.5:Nina)® + (Ffina + .5+ dsinar) >
ra=(.5-Nfinat)® + (Ffinar — -5 dsina)®
Ziight1 = T'1-SIN(Pinitiar + angle)
Yiight1 = T'1+COS(Pinitiar + @ANQle)
Ziera = I1-SIN(Pinitiar — ANGlay)
Yiett1 = I'1-COSPinitiat — aNgley)
Ziightz = T2+ SIN(Pinitiar + aNQIS)
Yrightz = I2- COPinitiar + aNgley)
Zietz = T2+ SIN(Pinitar — ANQIS)
Yiettz = I'2° COY Pinitial — aNgley)
Ziightz = I'3-SiN(Prinal + angley)
Yrighta = '3+ COS(¢rinal + aNgl&s)

Zieitz = '3 SIN(Ppinas — aNgley)

(B119)
(B120)
(B121)
(B122)
(B123
(B124)
(B125
(B126)
(B127)
(B129)
(B129
(B130)
(B13D)
(B132)
(B133)
(B134)
(B135)
(B136)
(B137)
(B139)
(B139
(B140)

(B141

https://doi.org/10.1017/50890060499134024 Published online by Cambridge University Press

Yiefta = I3+ COS(brinal — aNgley)
Ziighta = [4-SiN(sinal + angle)
YViighta = T4-COSiinal + aNgley)

Zietta = T4-SIN(rinal — aNQley)

Yiefta = I'a:COSrinal — angley)

slop&opr = (Viertzs — Viett)/(Ziertz — Zierta)

Slop&op2 = (Vrightz — Yieft)/ (Zrights — Ziertr)
Sl0P&ops = (Vierts — Yrightr)/(Ziertz — Zrightr)

S|0p30p4 = (yright3 - yrightl)/( Ziighta — Zrightl)

Yiopt = Yieft1 T SI0P&op1(Z — Zie1)
Yiop2 = Yieftr + S|0peopz(2 - Zleftl)
Yiop3 = Yright1 T S|0PQop3(Z - Zrightl)
Yiopa = Yright1 5|0onp4(Z - Zrightl)

slop&oi = (Vietts — Yiert2)/(Zieita — Ziet2)

slop&oe = (Vrighta — Yiet2)/ (Zrighta — Ziert2)
slop&yotz = (Vietta — Yright2)/(Zierta — Zright2)

slop@os = (yright4 - yrightz)/( Zrighta — Zrightz)

Yoot1 = Yiettz T SIOP&ota(Z — Ziet2)
Yootz = Yiettz T SI0P&ota(Z = Ziertz)
Ybota = Yrightz T 5|0anot3(Z - ZrightZ)
Yoota = Yrightz T SI0P&ta(Z — Ziigni2)

Yiestia™ ytopl(z = Zrightl) = Yieft1

+ SlopQOpl(Zrightl - Zleftl)

Yiestib™ ytopl(z = Zright3) = Yieft1

+ slop&op1(Zights — Zieft1)

if Viest1a= Yright1 @NUYtest16= Yrights

{
lower,, = —angle
UppPefop = Prinal — aNgles
linge, =11
¥

271

(B142)
(B143)
(B144)
(B145)
(B146)
(B147)
(B148)
(B149
(B150)
(B151)
(B152)
(B153)
(B154)
(B155)
(B156)
(B157)
(B158)
(B159
(B160)
(B161)

(B162

(B163

(B164)

(B165
(B166)

(B167)
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Yiestza= Yiop2(Z = Ziightr) = Yiertz + SIOP&op2( Zrights — Ziertr)
(B169)

Yiestzb= Yiop2(Z = Zietts) = Yiettr + SI0P&op2(Zietizs — Zierrr) (B169)

if Ytest2a2 yrightl andytest2b§ Yiett3

{
lower,, = —anglg (B170
uppeftop = dfinal + angle (B171)
linewp = 12 (B172

}
Yiestza™ ylop3(z = Zleftl) = Yrighta + SIOonp’o‘(Zleftl - Zrightl)
(B173

Yiestab™ ytopS(Z = ZrightB) = Yrights T SIOonpB(ZrightC’, - Zrightl)

(B174)
if Yiestza= Yieftr @NUYiestab= Yrights
{
lower,, = anglg (B175
Uppefop = Prinal — angley (B176)
lingp = 21 (B177

}
Yiestaa= Yiopa(Z = Zieftr) = Yright1 + SI0PGopa( Ziets — Zighta)
(B1798

Yiestab = ytop4(z = Zieriz) = Yright1 T sloonp4(Zleft - Zrightl)

(B179
if Viestaa= Yier aNdYiestan= Yiets
{

lower,, = angle (B180)

Uppetop = drinal + NGl (B181)

lineyp = 22 (B182
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Yiestsa™ ybotl(z = Zrightz) = Vieftz T Sloanotl(Zrightz = Zieti2)
(B183

Yiestsb= Yoot1(Z = Ziighta) = Yiertz T SIOP&ota(Ziighta — Ziefr2)

(B184)
if Viestsa= Yrightz @NAYiestsb= Yrighta
{
lower,,, = —angle (B185)
UpPebot = Prinal — aNGley (B186)
linepe: = 11 (B187

}

Yiestea™ ybotz(z = Zrightz) = Viefiz T S|Op%ot2(zright2 = Zier2)

(B189

Yiestob= Yoot Z = Zietta) = Yiettz + SIOP&oto( Zietta — Ziefr2)
(B189

if Viest6a= Yright1 aNAYiesiob= Yiefta
{

lower,, = —angle (B190)
UpPeor = diinal + aNgley (B19)
linepe: = 12 (B192

}
Yiestza= Ybota(Z = Zieftz2) = Yrightz T SIOP&ota(Ziettz — Zright2)

(B193

Yiest7b= Ybota(Z = Zright4) = Yrightz T SlopQJotB(Zrighm - Zrightz)

(B194)
if Viestza= Yiet @8N0Yrest7n= Yrighta
{
lowern,,, = angle (B19H
UPPehot = Prinal — angley (B196)
lineyy: = 21 (B197)
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Yiestsa™ ybot4(z = Ziefrp) = Yrightz Sl0p@oa( Zieriz — Zrightz)
(B199

Yiestsb ™ ybot4(z = Ziefta) = Yright2 T SlOPQ)om(Zlefm - Zrightz)

(B199
if Yiestsa= Yief1 @aN0Yrestsb= Yiets
{
lower, = angle, (B200)
UpPehot = drinal + aNgley (B201)
lineye; = 22 (B202
}
Premp_top= (rop — l0WEIop) - Prinat /UPPELop (B203
Dremp_bot= (Dot = 10WETsor) - Prina /UPPEHot (B204

ltop = r(p= ¢t0p) + .5 dfinal
. ((f)top - |0W9"top)/Uppe[op -.5 dinitial
-(Uppefop + loWeTiop — iop) /UPPELop (B209

l'top_initial = rtop(¢top = IOwertop) (B206)
rtop final — rtop(¢t0p uppe{op) (8207)

Ioot = I (¢p = Ppot) — .5 Ufinal
- (Ppot — 10WEIyor) /UPPEHot — .5+ Dinitial
-(Uppefot + loOWelhor — Gpot)/ UPPEHot (B209

Mbot_initial = Tbot(Pbot = [0WETor) (B209
Tbot_final = Mbot( Pbor = UPPEhor) (B210
drigp = d(riop)/deiop (B211)
Arpor = d(Mpor)/dbpot (B212)
dsop = (rigp + drigy) ° (B213
dsyor = (Mo + drée) ° (B214)
Qinitial = Tbot_initial (B215
Binitiat = Top_initial (B216)
8final = I'bot_final (B217)
Biinal = T'op_final (B219
integralo, = iNt(riop, Grop = lOWELop. .UPPELY) (B219
integraloy = iNt(Fpot, Ppot = lOWe,or. .UPPERGY) (B220)

if lineyp = 11 and ling, = 11
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Cinitial = Ginitial
Clinal = Gfinal
end_area= dinal- Nfinal

¥
iflineyp, = 11 and lingy = 12

Cinitial = Jinitial
Cfinal = diagona{*nal
end_area= g+ Niinai/2

¥
if lineyp, = 21 and lingy, = 11 then

{
Cinitial = diagonahisal
Crinal = Gfinal
end_area= dinitiar - Ninitia /2 + Gfinar- Nfinas
¥
if lineyp, = 21 and lingy = 12
{
Cinitial = diagoNnahial
Ciinal = diagonagna
end_area= dinitial* Ninitial /2 + Grinal Nfinal /2
}
ifline, = 21 and lingy = 22

Cinitiat = Ginitia
Chinal = diagonagna
end_areas diitial - Ninitiar + Afinar - Nfinal /2
¥
if liney, = 22 and lingy = 11

{

Cinitiat = diagonahisas

Chinal = diagonagna

end_area= diigial - Ninitiar /2 + Gfinai* Nina1 /2
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(B221)
(B222)

(B223)

(B224)
(B225)

(B226)

(B227)
(B229

(B229

(B230
(B231)

(B232)

(B233
(B239)

(B23H

(B236)
(B237)

(B239
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¥
if linewp = 22 and lingy, =12
{
Cinitial = diagonaltia (B239
Crinal = Gfinal (B240
end_area= dinitia - Ninitial /2 (B241)
¥
if line,p, = 22 and lingy, = 22
{
Cinitial = Ginitial (B242
Chinal = Ghinal (B243
end_area= diniiar - Ninitial (B244)
¥
Siitial = (Qinitial + Dinitiar + Cinitiar)/2 (B245
Stinal = (8final T Binal + Crinal)/2 (B246)

triangl&nigar = (Shitiai* (Sinitial — &initial) * (Snitial — Dinitial)

“(Snitial — Cinitial)) (B247)
triangl&ina = (Sinar* (Stinal — @final) * (Stinal — Bfinar)
'(Sfinal - Cfinal))'5 (8248)
if linepe = 11
{
sweep area X(integralo, — integrahg + trianglgnisa
— trianglg;n, + end_arep (B249
}
if linepe = 12
{
sweep area X(integralo, — integrahe + trianglgnisal
+ trianglg;ny + end_arepn (B250

1

if line o = 22

sweep area X(integralo, — integrahg — trianglgnisa

+ trianglg;ny + end_arepn (B251)

}
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Rule 91:

Fig. B10. Representative merge rule.

sweep perimeter 3{int(dSep, drop = lOWelp. .UPPEY,p)

+ int(dSyor, Poot = IOWET,o1. -uppeBot)}

(B252

Water storage unit area and volume equations

water storage unit area X{sweep area
— X{sweep area) sweep argg
— X{sweep areaN filter aregd

+ filter area (B253

water storage unit volume [2-3{sweep perimetey
— 2-3{sweep perimeter
N sweep perimetgf
— 2-3{sweep perimeter
N filter perimetef]
-lyh — ye| + 2-filter area

+ filter perimeter|y; — yi| (B254)

(i from 1 to number of sweeps 1; kfromi + 1 to number
of sweep$

Base unit area and volume equations

base unit area 2->{sweep perimetey
— 2-3{sweep perimeteN sweep perimetg}
— 2-3{sweep perimeteN base perimetér

+ base area (B255)

base unit volume= [2-3{sweep perimetey
— 2-3{sweep perimeteN sweep perimetgf
— 2-3{sweep perimeteN base perimetg}

-yt — y;| + base volume (B256)

(i from 1 to number of sweeps 1; k fromi + 1 to number
of sweep$
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~
Rule 97: x3’ C@ — x3’
Cc3
(

a)

Rule 98: x3’ @? — X3 @g
(b)

Fig. B11. (a) and (b) Representative rules depicting the merging of the
base unit with the water storage unit.

Lid area and volume equations

grate area= 0.5-(3{sweep area
— S{sweep argaN sweep argg)

(B257)
lid area(grate = S{sweep argaq
— X{sweep arean sweep areg
— 3{sweep arean filter aregd
+ filter area— grate area (B258

lid volume (grate = [2-3{sweep perimetey
— 2.3{sweep perimeteN sweep perimetgf
— 2-3{sweep perimeten filter perimetef]

-lyi — y¢| + 2-lid area (B259

(i from 1 to number of sweeps 1; k fromi + 1 to number
of sweeps

lid, area(hinged = X{sweep area
— S{sweep arga) sweep argg

— >{sweep aregan filter areg (B260)

lid, area(hinged = [2-3{sweep perimetey
— 2-3{sweep perimeteN sweep perimetgf
— 2-3{sweep perimeter
N filter perimete}] + filter area

(B261)

lid, volume(hinged = 2-(lid, area (B262
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/\ ’
Rule 95: x1’ @\ — x1’@

Fig. B12. Representative rule depicting the merging of the filter unit with
the water storage unit.

lid, volume (hinged = [2->{sweep perimetey
— 2-3{sweep perimeteN sweep perimetgf
— 2-3{sweep perimetenN filter perimetef]

-lyi — ¥f| + 2-filter area (B263
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