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Outline

» [ntroduction to Computational Design Synthesis

» What is a grammar?
= Definitions and notation
= Classes of grammars
= Languages
= Spatial grammars

= Spapper

= A Visual, Parametric, 3D Spatial Grammar Interpreter

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory



ETH E[D ENeeerinG
DESIGN

Eidgendssische Technische Hochschule Ziirich _|_ C AND

Swiss Federal Institute of Technology Zurich COMPUTING

Challenges of Mechanical and Mechatronic Design Synthesis

= Multi-disciplinary involving
mechanical, electronic and software
components

= A large number of different
functional and behavioral elements

= Strong dependencies between
geometry, behavior and function

= Large number of different
components

= Complex 3D geometry parts and
assemblies

=  Complex geometric constraints

= Strong dependency between design
and fabrication

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 3
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Synthesis vs. Analysis

Analysis / Simulation
Resolution of a system into its elements and their interrelationships.

e a
=

The construction of a mathematical model to reproduce the effects
(behavior) of a phenomenon, system, or process.

Synthesis

The design and combination of fundamental components, or
building blocks, to produce a unified and often complex system

Il II that efficiently exhibits at least the required behavior.

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 4
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A Brief History of Approaches
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Process Overview

=  Specify design tasks

= Formally model and represent
solution spaces

= Generate feasible, “good” and
optimized designs

Fabricate + Test Specify Task

= Explore complex solution Engineering

spaces, constraints and _

preferences Design |

: o Explore Representation

= Fabricate and test optimized

designs
= Automate design and fabrication \ [

process steps and processes 9823?}5;

= Spark creativity and innovation

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 6
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Computational Design Synthesis and Optimization

source: mimed, TUM

Fabricate + Test Specify Task

Automated -
Robot

Synthesis and H i

Explore Optimization Represent

\ Generate +

Optimize
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“We hope that machines will
eventually compete with men
in all purely intellectual fields.
But which are the best ones to

From Static Structures to Machines| st with? Even this is a

trica

difficult decision.”
— Alan Turing, “Computing Machinery
and Intelligence”, 1950

| bustion

Prof. Dr. Kristina Shea

Engineering Design + Computing Laboratory



ETH E[) Slameerins

Eidgeno

DESIGN

ssische Technische Hochschule Ziirich

AND
Swiss Federal Institute of Technology Zurich + C COMPUTING

FOUF ASpeC’[S Of Problem Description:
Computational Design Synthesis

constraints & objectives

How do we represent the set of all possible

designs?

How do we generate candidates based on

Search
that representation (problem solving)? Process

How do we evaluate the quality of each

candidate? 2
S

. @)

How do we guide the search to better g
solutions”? Final 3
Design(s) g

3

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 9
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Generate - Engineering Design Grammars

Design Language

Vocabulary

Grammar Rules

N =~
0 - G=

V &
N

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 10
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Examples of Spatial Grammars
B e e i

Eile Edit Source Refactoring Navigate Search Project Pydev Run Window Help
S & F-0-Q@- B4 5 [ Pydev |&° Team Syn..
=0

=\

NS
i\
Jli “I
/"

T

[F) Ins_sedQTR 400 2 mimome <>

|

AR N

Gips 1975

<O\

McGill 2004

1 12345

Stiny 1980  Flemming 1987 ‘% = McKay, Jowers et al. 2008

e P

t
§" Fa
b a

T W i

0 (- d

QO QO
McCormack 2002

4

Wang and Dﬁuﬂar‘ce 200

l Starling and Shea 2005

Pugliese 2002

f Piazzalunga and
Fitzhorn 1998

Stiny 1977

Writable Insert
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Arithmetic Expression Grammar

ED

L

» How can we represent all mathematical expressions

concisely?

<E> = number
<E> = (<E>)

<E> = <E> + <E>
<E> = <E> - <E>
<E> = <E> " <E>
<E>= <E>/<E>

o Ok~

ENGINEERING
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Example

= We want to represent (4*3)+2

= start with an initial symbol <E>

" app
" app
" app
" app
= finis

Yy Ird
Yy Ird
Yy Ird
Yy Ird

ned:

e 3. <E> + <E>

e 2: (<kE>) + <E>

e 4: (<E>"<E>) + <E>
e 1:3x: (4*3)+2

no rule applies

ED g

_|_ AND
COMPUTING

Rules

. <E> = number
<E>= (<E>)

<E> = <E> + <E>
<E> = <E>-<E>
<E> = <E>*<E>
<E>=<E>/<E>

O oA WwN

Prof. Dr. Kristina Shea
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Grammar Terminology

= A grammar is defined as G = (N, T,R,|)

= N = non-terminal symbols (metasymbols)
= T =terminal symbols

= R =a setof rules (productions)

= | =initial symbol

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 15
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Grammar Rule

* (lhs) u > v (rhs) where:
" U IS an object containing terminals and non-terminals
" VIS an object containing terminals or non-terminals

* rule application
given object w rule u->v applies
if f(u) < w then w’ = [w-f(u)] + f(v)

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 16
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Applying Rules

* rule application Design Language
= parallel
= serial

" Interpretive mechanisms
* variable assignment
» transformation

* matching relation ()
= generally by sub-object

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 17



ETH ED

Eidgendssische Technische Hochschule Ziirich _|_
Swiss Federal Institute of Technology Zurich

Defining a Language

» Recursive application of rules to generate all members
= deterministic
* non-deterministic

= Finite or Infinite

= Design implications
» defines a searchable space
= restricts search space to desired objects

ENGINEERING
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Classes of Grammars

Grammar Matching - + Applications
type relation, <
string substring string string linguistics, programming
deletion insertion languages and compilers,
machine design
set subset set set union product design,
difference manufacturing
tree frontier node erase node add labeled pattern recognition
label subtree
graph subgraph erase insert pattern recognition, solid
subgraph  subgraph modeling, 3D layout,
structural layout,
machine design
shape subshape shape shape spatial design &
difference addition architecture

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 19
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Generation or Parsing

* rules within a grammar can be applied in both directions
» forward application generates members of a language

= reverse application can determine if an object exists within
a language

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 20
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Shape Grammars (stny, 1981)

= G=(SLRI
= S =a set of shapes
» | =a setof labels

* matching: subshape

" unigue features
* maximal line representation
= rule irreversibility
" emergence

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 21
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Maximal Lines and Emergence

= only "maximal” lines are represented

= maximal lines can be broken into an infinite number of
pleces

= |ines that are transformed into one another are re-
represented as one line

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 22
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Spatial Grammars

Rule R: A — B C’ = C - t(A) + t(B)

Shape Grammar G = (S, L, R, I)

: Matching
S finite set of shapes Rule (R) a Oviect (A) Condition (t)

L finite set of labels

R finite set of rules

—>
| the initial shape where |
(S,L)° (vocabulary)

—>

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 23
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Rule Sequences

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 25
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A Visual Spatial Grammar Interpreter

human designer Spatial CAD system

Grammars

JAided” = assistance in creation, modification and documentation
active support
,ZAided" # active support

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 26
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CAD-Based Generative Shape Design: Spapper

An interactive environment for parametric shape rule definition and
generative design.

(source bottom: http://www.fanucrobotics.de/)

——
¥ FreeCAD =8 (o=
File Edit View Tools Macro Development Application Windows Help

(@& n (ORS00 a=zr H I IEHI S
T EEHEOE e D

Combo View & X

B L1 [ ] 6]
Project | Tasks

\

R RHS:1

\_view /\ Data J Re tis:1 (3 B mes:1 ()]

&
8

http://sourceforge.net/projects/spapper/

Prof. Dr. Kristina Shea
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Spapper Goals

approach for creating a general
3D spatial
grammar platform

interactive / automatic
rule application
=> ‘active design partner’

visual rule development,
no programming

ENGINEERING

DESIGN
AND
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automatic LHS matching

visual rule development

shape complexity

Challenges

incorporation of
constraints

ED

L

ENGINEERING

DESIGN
AND
COMPUTING

interactive / automatic rule application
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shape complexity incorporation of

constraints

automatic LHS matching

visual rule development
interactive / automatic rule application

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 30
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Set Grammar Formulation of Spatial Grammars

/ Y

N\

box cylinder spheres

ellipsoid torus

cones

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 31
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Rule Definition

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 32
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Rule Application
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find match of
reference object

find matches of
remaining objects

check the equality
of relative transformations

return set of
matching objects

Prof. Dr. Kristina Shea
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Parametric Rule Definition

parametric
relation

unrestricted

Ik arbitrary as<l<b hg =rg*4 - |,

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 34
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Parametric

ule Application

— oo

rg unrestr.

™ 8 .ta

(...) (..) (..) (..)

' !

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 35
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Increased Shaf plexity — Boolean Operations

()
/\@
/

()

@
A~
J

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 36
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Increased Shape Complexity — Sweeping

z Yy

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 37



ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

3D Labels

non-default
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Use of 3D Labels

labels

non-geometric LHS matching

constraints ] : C e
information simplification

spatial
Yaw/Pitch/Roll 2 i
unrestr.

Yaw/Pitch/Roll &
TranslateX/Y/Z unrestr.

(figures: Stiny 1980, Knight 1994, Heisserman 1994, Chau 2004)

—

Rule 81

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 39
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Design Space Restriction
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Software Prototype — Rule Definition

% FreeCAD
File Edit View Tools Macro Development Application Windows Help

(BRE R o0 S eszr ADGIDAOD
IR FIMNOEY R DR

Combo View = x:

Project Tasks
Labels & Attributes
Application
4 Ia LHS

® Gylinder
4 ﬁ RHS
@ Cylinder
® Cylinder2
b @ Cut

b @ Cut002

R LHS:1

Property Value

tx f,x

View Data ]_h'LHS:l [:]'k RHS: 1 ﬂl

Python console Ex':Reportview ﬁlx:
>>> App.ActiveDocument=App.getDocument ("RHS") Active document is LHS (at 09F06618) -
Gui.ActiveDocument=Gui.getDocument ("RHS") Active view is RHS : 1[*] (at O0SEESE70)

Active document is RHS (at 09F0S5BEOQ) D
m ] » -

4 [

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory 43
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Gear Systems — Rules

Ele Edt View Jook Macro Development Appiication Windows Help
(WBEn (000 e @
T e wn D wE

x

=

NHIIIIHG S

Combo View & e
Proct | Tass |
Labels & Attributes
Application
B
I StartingSymbol
o B RS
® Cylinder

Property Velue

W Ris:1

2

- WY I IHI S

(ew \ oata / R usi @ R RSy O
Python console

App.ActiveDocument-App.getDocument ("LES"
Gui.ActiveDocument-Gui .getDocument ("

& X Report view
-] Active document 1s s (av 0sF0sBED)
ve view is LHS : 1[*] (st 09EE2608)
ctive document i3 LHS (at 03F06€18)

[ I

FreeCAD
File Edit View Tools Macro Development Application Windows Help

[(@2E K OG-0 e R @
IREIEOE R C/ D waE

2 NI IEI S

Ele Edt View Joos Mscro Development Application Windows Help
BRE n [0 0 B ?| @5 =p

ml =

NHIIIIHI S

ENGINEERING
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8 X| Report view

>>> App.ActiveDocument-App. getDocument ("LES"
>>> Gui.ActiveDocument-Gui.getDocument ("LES"
< i )

[ Acvive view is IS : 1[*] (ac 09EESTBS)
~| Active docunenc is LHS (at 05FOSBEO)

'

8 x| (C T pyton corse
- [>>> App.ActiveDocument-App . getDocument
Gui ActiveDocument-Gui . getDocument

& X Report view

(3] Active document 1s

3 | Active view 13 mus :

|« 0 3

+| Active view 1s RS :

1(*] (ac O
RHES (at OA1S:

10%] (az OA7

Conbo Ve 7y i1 (= )E] Ry Ris:1 (Conbo Vem &% Ry i1 (o)) |mesn =)
[ poset [ T | Proect | ks |
| Labels & Attributes | Labels & Attributes
Application Application
Qs SRS
@ Cylinder
b @ Cut
SRR
@ Cylinder
@ Cylinder2
b & Cut
b @ Cut002
Property Velue Property Value
eport]
3 s
& Lllety & &
cti
View ]\ Data R wis:1 @ [Re mes:1 ()] View J/\_Data B ous:t O B ors:t @
Python console
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Rule Application — Initial Set

File Edit View Tools Macro Development Application Windows Help

TR E 2O E R »EE

B2 n 0002 v 0z NOITIIHND S

E ENGINEERING
DESIGN

_|_ AND
COMPUTING

Combo View 8 X Loaded Rules and Application Settings: & x
Project | Tasks —
’ Applications 5 E”Sequenoe[Random v]“ Clear List ] (@)
Labels & Attributes B I
Application Solutons 6 |%] [ Collision Detection [ Rounding 2 |%]
aRis Loaded Rules: Matches Selection
I StartingSymbol
insert_first_shaft.rule s = |
add_shaftgears_to_shaft.rule | =
add_shaftgear_to_shaftgearrule ¢ <> ¢4
add bevel gear_to shaftre | > @
Property Value
Z
Lx
View /\ Data / Ik is:1 B l < u D
Python console & X Report view 8 x
>>> Gui.ActiveDocument=Gui.getDocument ("is") 4| Active view is is : 1[*] (at OA773618) -
E Gui.SendMsgToActiveView ("ViewFit") D Active view is is : 1[*] (at OR773618)
>>> ~| Active wview is is : 1[*] (at OA773618) D
< | 1 m > ~

Prof. Dr. Kristina Shea Engineering Design + Computing Laboratory
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& FreeCAD
e Macro Development Apg

OS&a 4 .0 =TIk
TR2EEEDEERD B 6

N XA IHIT S

X
Combo View ] Re1:1
Tasks
Labels & Attributes m

(= &@][=]

Project

Application
4 @ 3
> @ Cut004
& Cut05
@ Cylinde019
@ Cylinder020
> & Cut006
> @ Cutd07 b
@ Cylinder024
® Cylinder025
. & Cutoos ©
> & Cut009 -

m

[= &=

Rra:1

Property Value

v’ parameterized primitives

v~ Pparametric rules

- shape complexity
v - constraints

v~ Boolean operations,
sweeping

Prof. Dr. Kristina Shea
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v - part collision avoidance
- design space restriction
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- constraints
- shape complexity
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Vehicle Wheel Rims — Design Space Restriction

File Edit View Tools Macro

TR EHIEOE R D

Development  Application Windows Help

SRR

Combo View

Project Tasks

& X

Labels & Attributes
Application
4 E rim_is
@ Face003
@ Revolve
@ Cylinder
> . Obstacles

Value

Property

-

ENGINEERING
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Z2r NHIIIIEHF S

Data

|k rim_is : 1% ml

& X Report view

App.ActiveDocument=App.getDocument ("rim is")
> Gui.ActiveDocument=Gui.getDocument ("rim is")

m |

Active document is rim is (at OBBBCEBDO) -~
Sel : Clear selection
Active view is rim is :

4 [l

1[*] (at 0BOC8728)
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o [@][=]

R FreeCAD

File Edit Vie

EEE s [ e 2 @iz A AHI S
T (A (2] & O (e @ o e R

Combo View 8 X Rei:1 s ==] - (o=@ ][=]| Rea:1
Project Tasks
Labels & Attributes i

Application

4 al
jul
® Revolve
& Box118
& Box120
& Box22
& Bo23
& Box124
& Box27
& Boxi28

¥ Box 2

m

Property Value

v’ parameterized primitives v collision detection
tric rul v - part collision avoidance
v/ paramelric rules - design space restriction
v - shape complexity
v - constraints 3D labels
- constraints
- shape complexity

v~ Boolean operations,

sweeping
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A 3D, Performance-Driven Generative Design Framework

Y
A
L

o5

SHAPE GRAMMAR FINITE ELEMENT ANAYLSI h ;-LGORITHM- ADDITIVE MANUFACTURING
GENERATION EVALUATION OPTIMIZATION FABRICATION

J \

I
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Example Multi-Material 3D Printed Design

L. Zimmermann, T. Chen and K. Shea, “A 3D, Performance-Driven Generative Design Framework: Automating the Link from a 3D Spatial Grammar
Interpreter to Structural Finite Element Analysis and Stochastic Optimization”, A/EDAM, 2018.
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Robot Arm Concepts — Rules with 3D Labels

§:>Q

default

khole = i\

default

=

&
60'5?9;‘@},

Q

efault

kdefault kfinish

Prof. Dr. Kristina Shea

Engineering Design + Computing Laboratory 52



ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Robot Arm Concepts — Parts
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-
R FreeCAD

File Edit View Tools Macro Development Application Windows Help

INREINOE R D w6

| BRE nN [0 B v 0z AGIIIAHND S

(e [@]=]

Re3:1

(Combo View 8 X i1 se@=]

Project Tasks

Labels & Attributes

Application
a 1
@ start_joint
> @ Cut 3
» @ Extrude

@ Extruded0l
® Extruded02
® Extrude03
@ Extruded0d
@ Extrudedos
@ Cylinder002
@ start_joint001 -~

Rea:1

Property Value

\_View /\ Data / 2

lelhoncnmole a8 x‘ quJurtm‘ew

>>> App.setActiveDocument ("_5") +| Active document is b (at 09790D80)
App.ActiveDocument=App.getDocument ("_5") Active view is 6 : 1[*] (at OR99DCS8)
Gui.ActiveDocument=Gui.getDocument ("_5") D Active document is 5 (at 09A95130)

-

1.70x1.34 m
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CAD-Based Generative Shape Design - Examples
Vehicle Wheel Rims Cooling Fins

ODOD W
OO0 W

Customized
Robot Arm
Concepts
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S Papper Sum Mary (https://sourceforge.net/projects/spapper/)

Integrated into one approach for a general 3D spatial grammar platform:

Visual definition and modification of rules
Interactive (automatic/semi-automatic) rule application
Wide range of shapes
Automatic LHS matching
Parametric rules
Consolidated concept for labels
Collision detection
Unrestricted number of rules, shapes in rules and applications of rules
Definition of additive, subtractive and substituting rules

Integration into CAD

Computational Design Synthesis in CAD => ‘active design partner’
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Limitations and Future Extensions

& - X

= Ao

no matching shapes under no generalized
multiple transformations 3D shape matching

Synthesis
2-5.4-2-3-1-
4-6-2-5
>( )<«
Analysis enhancement: rule selection,
combinatign with au.tomatic parameter definition,
analysis of solutions constraint specification
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Further Reading

=  (General

= “Formal Reductions of the General Combinatorial Decision Problems”, E.
Post, American Journal of Mathematics, 65:197-268, 1943.

= Syntactic Structures, N. Chomsky, The Hague:Mouton, 1957.

= “Production systems and grammars: a uniform characterization”, J. Gips
and G. Stiny, Environment and Flanning B, 1980, 7:399-408

=  Shape Grammars
= “Introduction to Shape and Shape Grammars”, G. Stiny, Environment and
Planning B, 7:343-351, 1980.

= “Spatial Grammars: Motivation, Comparison, and New Results”, R
Krishnamurti and R. Stouffs, CAAD Futures 93, 57-74, 1993.

= “Spatial grammar implementation: From theory to useable software”, McKay
et al., AIEDAM, 26(02):143-159, 2012.
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Further Reading

=  (Generative Grammars

» “Optimally Directed Shape Generation by Shape Annealing,” J. Cagan and W.J.
Mitchell, Environment and Planning B, 20:5-12, 1993.

» “Grammatical Design,” K.N Brown, /EEE Expert/intelligent Systems and Their
Applications, 12(2):27-33, 1997.

» “Generative Geometric Design,” J. Hiesserman, /EEE Computer Graphics and
Applications, 14(2):37-45, 1994,

= Spapper
= “An Interactive, Visual Approach to Developing and Applying Parametric Three-
Dimensional Spatial Grammars”, F. Hoisl and K. Shea, A/EDAM, 25(4): 333-356,
2011,
» “Three-dimensional labels: A unified approach to labels for a general spatial
grammar interpreter”, F. Hoisl and K. Shea, A/EDAM, 27(4):359-375, 2013.

= “A 3D, performance-driven generative design framework: automating the link from a
3D spatial grammar interpreter to structural finite element analysis and stochastic
optimization”, L. Zimmermann, T. Chen and K. Shea, A/EDAM, 32(2):189-199, 2018.




