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Introduction

« Design has no unique solution, so multiple alternatives can exist
(due to):
— Several conflicting objectives
— A requirement can be interpreted in several ways

— Several solution principles / embodiments can achieve the same
function

— Different composition of multiple disciplines (For example, in
mechatronic products)
* Moreover, each of these solutions can be described in multiple
levels of detail and abstraction, for example
— In the simplest case, an overall function broken into several simpler
functions and so on

— Overall geometry (assembly) described in detail through component
models

— The geometry of a single component can be described as a 2D sketch
or a 3D drawing....
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Motivation

 Previous attempts to capture | saliion

knowledge

— Highly specialized tools

— “Knowledge” engineer

— Rationale management

— Failed!lY) — too much effort

e Tie visual tools to Knowledge
Model
— Already prevalent
— No additional effort
— Need grammar for each visual

Decisions Task
clarification

Visual Tools

QFD F/IM Tree

CAD SysML

C&CM
Acquisition Acc(:&ess
Display

Knowledge Model

[1] P. Schiitt, "The post-Nonaka Knowledge Management," Journal of Universal Computer Science, vol. 9, pp. 451-462, 2003.
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Working Knowledge

The working knowledge consists of:

 Knowledge about function, form and behavior of the product being
designed.

 Knowledge about constraints, objectives and requirements that the
design should satisfy.

* The alternatives that exist at each stage in the design processed
(expressed explicitly by the designer).

* Representation of these entities in different levels of abstraction

/Working Knowledge

DesignModel Different
@ alternatives
-===zx-. Differentlevels
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Prouct

Visual
tools

Current Work

Vision

Analysis &
Simulation
tools
Finite
Element
Solver, etc.

Constraint
solver

Decision
support

Optimization
problem

tools

Optimizer

Future Work
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+ Visual Tools

Established design
characteristics

Typical visual tool
used
(from[3]and [20])

Additional visual
representations /
tools

( Design Specification )

v
( Black box )

Establish technological principlesand
sequence of operation

R

Optimal technical process

Group functions based on boundaries of

technical processes
E \ f | / /‘

(  Optimalfunctionstructure |
7 T\
Families of organs (function carriers);
Combination and basic arrangement

|

Optimal organ structure

7 T\
Parts, arrangement, rough form, some
dimensions, material and manufacturing

B, B

(  Optimalpreliminary layout ]
7 T\
Definitive arrangement, form, all
dimensions; Material & manufacturing,

@ @al toler/ances p

Black box diagram

Technical process
diagram

QFfD 1

Function-structure
schematic

Morphological matrix

* Conceptual sketch
e Conceptual schematic

QFD 2, Concept
selectiontable

}Organ structure

e Preliminary layout

}Component structure
sketch

Component structure
}- Dimensional layout

(scale)

SysML requirements
diagram

Hierarchical Function
structures

AND-OR trees

SysMLparametric
diagram forequations
Design sets visualization
P Pareto fronts
e Interval box

(  Optimaldimensionallayout epresentations
( Release fordetailing ) b Polytope approximation
Legend P.L.— Preliminary Layout

T.P. — Technical Process
F.S. — Function Structure
Con.— Concept

D.L.— Dimensional Layout
Note: Visual tools implemented are indicated

with italics.
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Approach

 What is working knowledge?

— Need to understand the design
process

e Develop a simple model of
working knowledge using existing
design concepts

e Connect the WKM to visual tools
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Modeling
Concepts

1%}
(O] Q ﬂ 2 - £ c -
Legend o 5 S £ c o W >
9] = = 2 ° 9 o s}
¢ Onlyafew = 2 E F sal & s
O Many » é § = S i_‘; « ‘E 2 § o _gcJo
() 7h =

® Almost all s|c 2| ¢ 3 S lcd|lgc| 2 |co
[<} u,o% [ S < © <|¢& o S x 2
2|23l 2| 3| = |8s€lss| & |5¢
= = c
Concepts as| a < g [Tl & |=2<
Requirements @) O . ® v

Specifications O ® O

Architecture ® ® ® O v’
Topology ©) ®© O ® O

Function I I N I O
Hierarchical Structure O O . O] v
Flow Structure (@] O . O

Rationale ® g .

Constraints
Numerical . . . @) O] v’
Qualitative . v’
Logical O @) O v
Semantic ® ®

Geometry
Assembly structure O O ® . O v’
Part Features . .

Ports . O O

Behavior . . O . ®
[Hierarchical Behavior O

Objective @) . O O] v’
Architecture/Design . ® ® v
Geometries ® v
Constraints O @) O v

Abstractions

Product

*

Geometry

Constraints

ARAYAN

Behavior
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Abstractions of concepts

LEVEL OF ABSTRACTION

Speed

ELEMENT ABSTRACT ol CONCRETE
Line diagrams Rough 2D Drawings 3D CAD Models Detailed manufacturing drawings
sketches
0l . o Lo LW
Geometry b
l erﬂ. {-‘*;
oS
Qualitative descriptions Charts and tables
Function/ “converts electrical energy to o
. mechanical energy” 3 \
Behavior &Y =
'_

Constraint /

Qualitative relationships Simple algebraic

calculations

Analytical i—=38and h—=30 g —ml
_Y . (read as § decreases monotonically with %) - 8 &
relationship
Obiective Qualitative words Quantitative
J Should be responsive max ¥
. Generic class Material class Specific material
Material .
Metal Aluminum AlZnCuMgl.5
Salution principle Concept Final artifact
. A “motor” A specific stepper motor model “NEMA 17 591"
Design e 1.5 P PP
Description y=12 %i
T = e o0 <4
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Working Knowledge Model
|;Requirement o = Objective «metaclass»

AbstractableProperty

1.% rends,
. «extends»
CPM2::Function CPM2::Artifact 0.. CPM2::Behavior
Text : String hasFunctions «extgnds»
. 0.* >
+fungtionOf 1 CPM2::Form CPM2::Geometry
«extgnds»
0.1 DesignModel 0..* ,
Constraint
< [

I
+subStructureOf /I\ |_|_|

+subStructure 0J.* 0-* ™ Attribute
hasDomain
‘[ Domain
Instance hasValue
chosenFrom

Value

«metaclass»
AbstractableProperty

«extends» ZF «extends»

Geometry Constraint
-Name -Name
Sketch Drawing 3DModel Qualitative Analytical Geometric
-lcon : Image |(|-Icon: Image ||-Icon : Image




s Example

GenericMotor : DesignModel

¢

NEMA17 : Instance

¢ ——

Enl : Function

Functlon Enl : Function
Text = "Convert energy"”
Sketchl:Geometr
NEMA17Sketch:Geometry
. [ =
’ [ [
Geometry ! [ 1L: SketchEntity ¢
Name = I1 -
. . : A\
EntityType = Line 111 : SketchEntit
Parameters = {p_len}
12 : SketchEntity -
112 : SketchEntity
Name = I2
EntityType = Line
Parameters = {p_d}
p_len : Parameter i . i p_len : Parameter
5 — int_len : Atomiclinterval Name = Longh v len - Value
ame =Leng values = —
ID=p_len lowerBound = 3 ID=p_len valueObj = 7.5
AttributeType = Real upperBound = 10 AttributeType = Real
Unit = Inch Unit = Inch
p_d : Parameter - -
— int_d : Atomicinterval p_d : Parameter v_d: Value
Param ete rs Name = Diameter :
ID=p_d valueObj = 2.4
AttributeType = Real
Unit = Inch
—— p_V_: Parameter— v_V : Value
p_V : Parameter - — - —
int_d : FiniteDomain valueObj = 18

Name = Voltage
ID=p_v
Attribute Type = Real

Unit=V

values = {3, 6, 12, 18}
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Visual tools and WKM

E ,_8 ReqsuyisreMr:ent Hi;::;::;:al House of Morphological 2D Drawing Pai:?nMelt_ric K‘rln\::nrl:(ei:ie
Concepts > Diagram Structures Quality 1 Matrix Diagram Model
Requirements v (complete) v'(complete) v
Structure Y
Architecture v/(as Means) v’
v/ (only v'(only
Topology Geometric) Geometric)
Function R A A O
Hierarchical Structure ¥ (complete) Req u‘;-(ear:ent) ¥ (complete) d
Flow Structure
Constraints R A Y NN NN NN
. v/(possible) v/(as Targets) v/(possible) /(Ohly v
Numerical equality)
Geometric v'(complete) v
Qualitative v/ (in Roof) v
Logical v
Semantic v'(possible)
Geonz\e"y S \MWWW\W\WR\W
ssembly structure complete
Part Features \/(comzlete)
Objective v/ (possible) v/(as Objective) v’
Alternative b’b\\\\\\\'\'\*i*’\\\\\\\\VSQ\\\\;\\\\\E Y
Architecture /Design Compv(eiistion) v/(as Means) v
Geometries v’
Constraints v
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Visual Tool Grammar - examples

Enable “Upper Nodding®

+realizedBy

Trandorm Define degree

of treedom

Function-Component Matrix

%

+performsFunction

= B = = = - Function
emor = == Implementation
= /\
| /=

‘
1 orm
== Software

[ ]

«property»
Car.mass

<>

oesign ode [

SysML Parametric Diagram

BehaviorModel

«property» «parametricRelation»
Car.tire.cFriction c Ct = Fresistive / Fnormal
1

Fresistive

Fnormal

| EqualityConstraint|

Q

OperatingState
15

L]
«parametricRelation»

«property»

Car.minStoppingDistance (]

«parametricRelation»

«property»

d =-%v2/a
Car.speed stop
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Relationships

Directior

Direction

Customer
Requirement

Engineering

characteristics

‘ Q Q
Targets
Q

Relationship
Matrix

Qualitative

Visual Tool Grammar - examples

Customer
Requirements

Alternatives

Targets

Engineering
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Case Study |

Humanoid Robot Neck — ARMAR Il — Universitat Karlsruhe, Germany
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boand - ARMARIII

RMAR Il Case Study

Frod. Str.

LFD1

FiC1

New Visual Tool... | | Import XML...

| | Export XML...

SWKMSYSMLIModels/ARMARIILL  sysmidi

[% Select

=a
{_i Marquee
(== Objects

Requirement

Requirement Figld
est Case

= Connections
& Containment
42, satisfy
47, DeriveReqt
3 Verify

7 Refine
= Comments
=) Comment
[&) Rationale
[#) Problem
L Comment Link

+

= =requirement == < =requirernent = = = =pequiternent==
Anthrophomorphism Human-like motion User Safety
Id : "anthrot” "safel” 1d:
Source : : Source :
Text : "Should look ke @ human" Tt :
Kind + "Functional” Functional” Kind 1 "Performance”
Risk 1 "High" High' Risk 1 "High"
werlfy Method 1 "Analysis" - werlfy Method ¢ "Analysis” Verify Metu, "Demonstr..,
-
T T 7
zarefipess  =srefine=s ==réfingz = i
-~ < =requiremnent == “’Ekh\e”
. !
==requirement== = =requirement s = e Look at foor ] M
Human-fife dim Low energy / = =requirement > =
i < =refiber serefiiers | Garry ar feast 3hg
Source ¢ | | I
o e R . =
ind : "Functional i
Risk ¢ "High" | Risk : "High" Werify Method 1 "Analysis" p leidl ) ;
o m o " ind 1 "Functional”
“erify Method : "Analysis \-:E"F!f Methed ; "Analysis' W Risk : "High"
- erify Method : "Analysis"
s = =requirement = =
Smovth Motion i
I, 1d:

€
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[

HoQ of ARMAR I

ARMAR I
(Objektsystem)

B House of Quality - HoQ1

Neck:DesignModel M" Neck3ARMARIII:DesignModel

ReqUirementS’lJ: | PositionRobotHead ARMARIII:Requi t
Reﬁnedbyl ositionRobotHea ‘Requirement
for ARMAR Il ! NeckARMARI:DesignModel |
i NeckARMARII_3D:Form
Constraints <i?A(dd L | AccurateForCamera:Requirement|-oee
& Objectwes [—1 Speed:Parameter
WO rk| ng /| || || o} || || 0] || || H | Height:Parameter - — -
Knowl edge /‘l ofo Tol T T 1 |\ L— PositionAccuracy:Parameter ——{ PrecisePositioning:Requirement | e by
of ARMAR Il A Jxdofof J Jx ]\ — IJ
" " ” H " # " ” ” " " |\, $_ WeightParameter - [— ReliableRobust:Requirement
Lol 0 Jec]x ] 1 J ] | SpeedCaleConsvant
Direction B | | N | N | A | N | N | B | B | N | N | B | —{ GearRatio:Parameter —| : :I .
[— EasyToControl:Requirement |— Refined by
— Torque:P: ]
—| —— CompUniviCntr:Requirement — Refined by
_ §- @ - = ) ug"a —{ MaxCurrent:Parameter — MotorEqn1:Constraint “Compaiible with Universal Controller”
% E ; E § B E;- 3 - E g E Té — HumanLikeDimensions:Requirement
equirermnent fEl_U é s % =G ‘?é : Ea é ,% -“—2" T:.: —SuppIyVoItage:ParameterQ
N AR EE R
R T Partial instance of ARMARII neck Partial listing of ARMAR IIl requirements
Smooth Motion E 3 9
Look at floor |2 |3 3 9
Low energy |3 |1 3 3 q 9
90deg per sec |3 | 9 3
Universal Contr. |3 | q
Easyto control |5 | 3 9 q
Reliable and robust |7 | 3 9 9
Precise positioning (3 | 313 |9 3 9
No overheating |2 | k] k] 3
Carry at least 3kg (5 |[3 g g 1
ConstriTot 60|24 4 |90 =2|5 |90
LInit | fdm s ka de|% 19
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Il mE 1 v ER S

;"“'
0

Coolant valve for IC engine

Case study I

Solenoid |

Valve

Heat

Exchanger 1
(Radiator)

Heat
¢ Exchanger 2

(CAC)

Schematic

Constraint Network

S

Function Str.

SysML Req. \)rHL_Q

> 2D Drawings

—>

Morph. Mat.

>
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SysML Requirements diagram

TWEISYSMLModels/FlowControlvalve, sysmidi

h Select:

[ i Marguee

[= Objects
Requirement
Requirement Field
Test Case

.= Connections
& Containment
2 Satisky

2 DeriveRegt
7, Merify

2 Refine

A, Copy

2 Trace

[.= Camments
=y Comment
[&) Rationale
&) Problem

L+ Comment Link

-

Coolant Valve Requirements

req [package] FlowControlyalve [FIDwCDntroIVaIve])

< <requirement =
Primary

< <requirement =
Controf

Id: "reql"

Source

Text ¢ "Should control the Flow of
coolant in the coolant circuit”

kind @ "Functional”

Risk : "High"

Werify Method : "Analysis"

Id: "req3"
Source
Text ¢ "Should be .
ectronically operated.”
Kind : "Functional”

Risk : "High"

Werify Method : "Analysis"

< <requirement =
Limension
Id: "req?"
Source
Text ¢ "Should fit within a
b of dimensions 5 cm x

5 cm % 10cm,”
Kind : “"Functional”
Risk : "High"

Werify Method : "Analysis"

Tl
<<deriv%Reqt>>

W

< <requirement =

Powerf onsumpition
Id: "reqgz"
Source
Text : "Power
consumption should be
less.”
Kind : “Performance”
Risk : "High"
Werify Method : "Analysis"

_ g<derveREMEEE

—

. Bt
<«pafite ==
=

< <requirement =
Voftage

Id: "req4"
Source
: "Should operate at

E
Kind : "Petformance”
Risk : "High"

Werify Method : "Analysis"

=

< <requirement =
Peak Current

Id: "reqs"
Source ;
Text ¢ "Should draw less
than 24 peak current,”
Kind : "Petformance”
Risk : "High"
Werify Method : "Analysis"

< <requirement =
fdffe Cervent
Id: "regs"
Source
Text ¢ "Should draw less
than 200ma when idle."
i Performance”
High"
Werify Method : "Analysis"
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House of Quality

B House of Quality

I Delete Requirement
L AddEC. .
Remove EC...

Legend
- Megative Correlation
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Direction
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[Direction
" z
2l (o8] |58
Sl |E|E|B|C|2
=lE|lF|E|5]|e|E
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SlE|s|8|E|e|E|E
< ) N B ETEE
Requirement LA R = e A
o |B|E|B| 8| & 2|8 &
w T|o|E(x|E|a|lx|C
Electrically operated
Less power consumption 9
Split: Flowe a 3 1
Yary the flow a 1 3
Continuously operable al9
Tolerate contaminants 3 1
Easy to control 9 3
Reliable and robust 911
ConstraintTarget 12|12 2 [<2| & |6 |20 (40
Unit gal | v | A& | s |in |psi|Hz |psi

rarchical Function Structure - HF!

Add sub-function. ..

Delete function
Mame: HFS_L

Regulate coolant Flow

Allow Flow
Restric Flovw

{F

Open restriction

Close restriction
T

Generate closing Force

Function Stru

T—{ Conwert electrical energy to force

cture

T —
————————— R [ L
Croets Confipratonl) || 0 eotantfh
. )
o Flow Spccl Valve Butberfy vk
() Sedoct = Selact
S et fow
4 e
' (2] Open restriction Solenod Mot
) ekt ekt
A L
& 13 Closa restriction Spring
& Seot

Morphological Matrix



Coolant Valve Design

(Parameters

Constraint network

e . Dol W -
Cpdorndt  weta Sokroxd Sobn.. &
Wnm  wew ol 00

se]  wawnd a0
# i s ol 00
o7 smwmd 0D
ah smy ol 00
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®ag w00

]
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., Hi 0 s 20
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= i i P ]

TI= 3 sl wawwd 00

3T sdr wawowd 00

: T #dmy ol B0

v s wdn  sewored 20

e wopt sawoed 00

3 L 4dd weroed 20

v 3 Wopm wwoed 30

o Sl e A0

Coniniatiogh] SecknaVew

Add Constraint

ne2d
el
ne2e
Hame: Parameter Incidence: ins2
el
22
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InsH
el

Type algebraic || Concept Parameter Incidence Expression

- solencid_valve f_avg fin_out [f_avg=0.54(F min+f_...
Solencid_Yalve F_max in_out F_max=2*f_avg-f_min
in_out R I el
larly_in
lonly_out

Drawing Interface
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House of Quality

w * - Negative Caorrelation
B BH g - O - Positive Correlation
il
Ll
f

Direckion

C AddEC. . + Increase
: 3
[ Fvaivaen N
ey £ ol ¥ 3 i i
o <t |D|rect|on + | T + |7
Camvaarrage zhez = [s =
b 1alele calmin
" L
o c ==
o o |2 [
Tl |E|E|S|E] 2
=le|lF|o|=]|g|>
o|lo(flelE(2|8]e
SlE|lc|R|E|e|lE|E
(21521555 E%
Fegquirement O lzle| x| =8 &8l &
o |E| B8 D) g8 a
w |t|ol=|x|=|&a|x|o

SysML Req.

Coolant Valve Design

Constraint Network

S

HoQ |

> 2D Drawings

Function Str. F—>

Morph. Mat.
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ication — Design f

or Sustainability

Existing design process

Competing (Existing)

Products

Teardown >

Voice of
Customer

Relationships

Stapler Stapler

Housing -Attach papers

Top . Extrude staple

Bottom Function-Component Crimpstaple
Magazine Matrix old staples

ndexer Store staples

R Components e
uide osition staples

Spring 2| Function- oadstaples
Impact plate é component ook good
Extruder 2 | relationship eliable
Structure / %\ Function /

Bill of Materials F”"CLA""IVS'IS/ Requirements
1
#I .
#I_
= :
e
=g
S : Environmental
Life Cycle Analysis (LCA) Impacts

J

Engineering
Characteristics

Function-Impact
Anal\(sijs (proposed
= -

-

Direction

Average Impact (Global Warming)

Relationship
Matrix

Alternatives’

M Extrude Staple
M Crimp Staple

H Store Staples

M Position Staples
M Load Staples

M Hold Papers

W Transmit Force

Targets

E-QFD

Correlation Analysis
(proposed)

Our Approach

Contribution of each function to the overall
impact of the stapler.
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Design Semantics extraction

| Syntax Analysis I——HSemanticAn aIysisl

Linguistic Knowledge ) { Domain Knowledge

| Lexicon ] || [Domain Ontology]

Tagging

[ Syntax ]

KPrevious work (Li, Raskin & Ramani, 2007) /

[ Semantic Rules ]

v
.. The <attribute
belongs_to="“Stapler”> Weight
</attribute> of the <artifact>
Stapler </artifact> should be
kept as <objective

Design
ﬂnformation Model

DesignModel

Function

attribute="weight”> low
</objective> as possible..

Wiki Pages

\\ Previous work (Devanathan et al, 2009)

26



3D Hub

Protein Shape
Representations (NIH)

2D Constraint Recognition
(NSF GOALI)

a8

(A=) (NO
) b= f

2D-3D Application for
Legacy Drawings

(Imaginestics: SBIR

grantee)

Mesh Operations using
Planes (NSF - 11S})

Cranio-facial Surgery

Planning (Peyton Manning
Childrens Hospital and
Redding Laser Scanning)

Facial Expression Transfer
(Vecom3D: SBIR grantee)

Purdue Biology)

Protein Search in PDB and
Cryo-Microscopy (NIST/
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Conclusions

« Working knowledge is much more than product data:

— Contains all the alternatives that were considered, and the
relationships between them to easily reason among them

— Allows reasoning about the design in any level of detail and
abstraction

e Important aspect of working knowledge

— Allows setup of commonly used computational (simulation,
optimization, configuration etc.) and manual (QFD,
Morphological matrix, etc.) decision support tools

— The decisions and the rationale (knowledge) taken using the
support tools are added back into the working knowledge

— Contains the information about what design tasks have been
performed and what tasks have to be done... (This is future
work)
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