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Abstract

In this tutorial, we describe the state of the art of sketch input of engineering solid models. Firstly, we
show that sketching has historically been an important aspect of engineering culture. We then discuss and
classify various current approaches to computer interpretation of sketches. We present our selection of the
most important algorithms used for interpreting sketches of engineering objects. Finally, we discuss some
of the most interesting open problems.

1. Introduction

We know that people understand sketches!

Slides 2 to 15 are a summary of our paper The 1F1 draw this: If1 draw this:
Importance of Sketching in Engineering Culture
[VCO08].
Sketches are drawings which are intended as preliminary
explorations , not as finished works
Those of you

Most of you, if not all,
perceive this:

who have been trained,

Computers are blind
to engineering sketches!

Sketches are an important kind of graphic
We are interested in sketches > New computer tools are
as they assist product designers required!

during the creative stages of product design

v incomplete ideas

delivered by
- = EUROGRAPHICS

: DIGITAL LIBRARY

www.eg.org diglib.eg.org
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CAD s a useful tool s
for detailled design: F
DESIGN-BY-DRAWINGS =
has been the major design approach y
since the end of the 17th century -
Later, it was assisted by the computer
{CAD2D or CADD)

Finally, it is performed by the computer

{CAD3D) ! W’ﬁﬁuﬂr’fﬁ;;‘;?"“ i

Current paradigm is
DESIGN BY “VIRTUAL" MODELS

& But, neither CAD 2D nor CAD 3D is helpful for
conceptual design...

...as both require a
fully defined prior mental model

CAD2D =
Design by drawing

The detalled geometry must be in their minds
before they start producing the drawing/model !

The designer is asked to provide actions v<f well defined |
to be executed by the CAD application l sequential ‘
| tasks! )

RALPH REALISED THE ENTIRE m-wme
DESIGN TEAM WAS ONLINE, WAITING
FOR HIM TO BE CREATIVE

wwww el com

And this is not a good strategy poorly-defined,
while the designeris trying to fix visions< non-sequential ideas!

)
The TOOL is conditioning the TASKI ‘

There is a lot of evidence that
engineering sketches enhance creativity!

Diznwiog i o Mlechoniizal
mmmsm&q:mumm4

Ul ., Wood 5., Crg D um.miq—-zulJ ‘

L But
> computers are blind

to engineering sketches!

N\ . New computertools
are required! \
V )
The scientific area aimed at solving this problem
is known as:

SBIM

Sketch-Based Interfaces and Modelling

We consider SBIM to be divided into three main
spheres of work and several different sectors:

Input&

?I Sketch
L ing

Textualprocessing | >[Primitives

Template Matching
3D Single view
R 0 Multiple views
oxtumlinepreton ]
Ki
. . Giobalinrprotaton |
(Moredetmily indnney 1)

g
]
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We are currently interested in one particular sector:

.

~Wenameit as
W\Skeh:h-Based Modelling

M SBM tools ;//If I draw this .. ...y computer understands this "\
have been / >
developedto <.
some extent

\_ 3Dmodelobiained by REFER R o the 2D skelch

/

But, DESIGNERS
do not yet use
Sketch-Based
Modelling(SBM}) tools | -

"So we threw away our drawing
boards and got computers."

Slides 16 to 22 present the historical background
to computer interpretation of engineering
drawings. This information has been collated
from a number of sources including [Com04],
[Com07] and [CCV09].

Whatwe now know as
Sketch-Based Modelling. ..

...comes fromwhat was
formerly known as
Geomefrical Reconstruction



The former goal of
geometrical reconstructionwas
extracting information from

old engineering blueprints
p——N veckost g
/" Inother words, “archaeckgical”
( recovery of old know-how \ E— ﬂ
Tiod 1p drasing

But the task proved difficult. ..

...because the vectorisation stage
is complex. ..

"SCANNING'S PRETTY FAST, BUT THEN CONVERTING EVERY LITTLE RASTER DOT
INTO A VECTOR DOT TAKES FOREVER*

wa permwil com

A ‘H
J Aoy 4
...and because engineering . ol Ry |
drawings convey: LT | )
% 3Dinformation represented | [t ¢
through complex views [ f B
ST~
- . set
main orthographic views, J T |
[ particular views, cuts, elc. =]
X annotations we/ SECCION A-A
\d‘mensions, tolerances, etc.
Doni D.; Tombre K. Jmcesis i "J
CAD modeba: are we ready mow? Compuler-Aded Design RI-069.012 4
2, pp. M324 TIRANTE
The short term problem

was solved trough brute force:

anoon i Arbor image Gorparation

A Although this goal is stil alive in architecture:

XocdzoY, Wooks, P, Rzdn, A. (2009) Gemersing 30 Builciing Models from Archilecursl
Drmwimgs: A Swrvey _IEEE Compuler Graphics and Appicalions, 20 (1), 2030

The main goal of the
reconstruction community

using sketches generated by the us%

changed in the 1990s as input data
Sketching

Nowadays,

most of the systems

are oriented toward

conceptual design

via sketch-based
modelling

BN

The goal has changed over time:

‘ZD +paper — 2D + computer ‘ |

na

‘ 2D+ paper = 3D + computer ‘ LRECONSTRUCTION

‘Conoeptual design => 3D + computer

Slides 23 to 43 present a taxonomy of existing
sketch-based modelling tools, based on a similar
taxonomy presented in 2004 [CPC04].

The current situation in producing solid models from sketches
may be summarised as follows:

There is no general approach
which solves all the SBM problems

Some critical features
produce different bottlenecks

\\9 States of the art are different

for every critical feature

We propose a taxonomy of critical features |

The features we consider
critical are:

MoredetnisindAnney, 3)

A Survey on Gonmehical Reconstruciion 25 2 Core:
Technology fo Skefch Based Modeling. Compulers &
Grphics. Vol 20, No 6. pp. 892904

camR.FnHA.c«-muanumr,mxj

/] Number of views

2 Types of surface
3 Variety of inputs

4. Design intent



Two kinds of VIEW are distinguished
for reconstruction approaches:

More aclive in the
beginning,
v multiple orthographic views lessaciive now
= EAET
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582 Farach & Guseney
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Two kinds of VIEW are distinguished
for reconstruction approaches:

More aclive nowadays

Yesr _Auhar
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Our classification distinguishes
two kind of SURFACE:

/ algorithms which only
accept flat surfaces
They are generically known as

v algorithms which accept
curved surfaces

Teddy:
4 Sketching Interface
for 3 Freeform Design Morwdetodd

Rivers, A, Dura, F_, Igarashi, T. (010) 30
el wilh sillicecdics. ACH
Transactions on Graphics 20 §4), at. no. 109
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Both have been studied,
but planar surfaces are
moredeveloped

Our classification distinguishes
two kind of SURFACE:

J algorithms which only

Cume

accept flat surfaces
They are generically known as EE C

polytopes

58T Wesiey & Waonsiy
562 Haraick & Queeney

v algorithms which accept o
curved surfaces N
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INPUT comprises:
1 perfect line drawings

2 line drawings containing some
“geometrical” mistakes

3 frechand sketches

All three input types have
been studied, but. ..

_..perfect line-drawings were

the most frequent in the

beginning ...

...now (in single view approaches)

1993
1

we are evolving towards hand-

drawn line-drawings

Use of HIDDEN LINES in the input drawing
results in two different inputs:
wireframes = natural
(transparent models) (opaque models)

methods where the input methods which reconstruct
includes all lines in the from an input which only
ing ins the visible edges

L Y

wysiwygl
Allines musthe drawn in the input, but The system generally infers the
generally Ihec?isno neeq o disinguish leﬂpmolrlhe model afler
Iween par
35
. iaden
Natural drawings have been [ ines |
less studied than wireframes .le
E
Ye. Authors
1963 | Robers Ja\
568" Guamar |
oy e
The need to infer the rear of the 575 Tiackern
§ y ST | Waie
object makes the reconstruction 1578 Sughan
process more difficult e Signes
556 | Sughara
ou7 [

885 Wang and Grnsien
1550 Lamb and Bandopahay|
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Design Intentand CAD have been linked
for many time

However, the definition of Design Intent
is ambiguous

Back in 1989 Design Intent was associated with design

and the methods of manipulating design
during product design activiti
KanuraF. iH. (1909) A CAD Sy i J
i i CIRP ring Technology .|
30(1), U815

..it still continues to be: for many people !

When CAD people use the word “design",

they usually mean “model”

Modelling is just representing
the design in some way

Design intent
equates to the phrase
Design for Change
This implies that you are modelling

a concept that can be flexible
through changes

Something has been done in the SBM sector to cope with
design intent understood as design-forchange

Sketching one single line and then removing the central segment
implicitty conveys the: design intent of

However, no practical approaches have yet considered
the explicit capture of
complex design intent from the input sketches!

We understand design intent as a mix of:

V Geometry .asfarasitis
linked to the shape

V' Psychology ...asfaras it is not always
explicitin the sketches

v Engineering .asfarasitis
linked to the function

We understand design intent as a mix of:

‘When geometry dominates, \
design intent is mainly

conveyed through

geometrical features

Vv Geometry

V' Psychology
which have already been
studied as “regularities”
Lipson H, Sheitzini ML (1996) Oplimizafion-based recosstnciion dj
! _ e e :
Design, 24) 651683

Yum S, Tsui LY, Jie:S. QODI). w*ﬁ-hﬁuj
- . =

V' Engineering

Rexogaiion Lefters 20 (10), 4851485

LB, Langhesin FC. iR R

Design 42 (3) 13201 /J

We understand design intent as a mix of:

/ Geometry
J Psychol Information not explicitly
v o8y included is perceived
through “perceptual cugs”
/ Engineering S

{sm\etines clues

VISION SCIENCE

We understand design intent as a mix of:

/ Geomelry

V' Psychology When function dominates,
design intentis mainly
conveyed through

v Engineering “engineering features”

Consequently, we can define Design Intent as:

The set of intentions
in sketches
conveyed though cues,
which, when perceived,
reveal regularities or features
of the object

AN
v Face planarity

N

Example: )
Early detection of L > >
symmelryina 2D
line-drawing Y b) )
and improvement of the reconstruction
process by making use of symmetry

Line . .
drawing 3D model Process Line drawing 3D model Process
1 plane of

/\47 /r /i 9 faces.
/, //7/ Ij:@ ety H}]:H
/ 20 symmetry symmet
LT Infation \:ﬂalwcnw
15 edges time: less ime 1"
e g 33 edges time 1
vertices 22 vertioes
3 1 plane of 1 plane of
7 symmetry p
ime: less
than 1"
46 edges
30 vertices

13 faces

symmetry
Inflation
24 edges time 27
16 veriices




A WIMP user interfaces
are not appropriate for
conceptual design stages

TN

But SBM tools
are not yet used

Summary

—é» SBM tools look suitable, but need improvement

9 Roughly speaking, there are two categories of problem:

! Problems wherea reasonably
good solution exists

..although some improvements
X Open problems are still required

——> Our taxonomy helps in finding critical features
which must be studied further:

’] Number of views
7 Types of surface
3 Vvariety of inputs

4 Designintent

2. Wireframe Drawings

We shall describe algorithms representative of the
current state of the art in these stages:

. /" Learn more on segmentation:
2D sketching < ooy, Y. Leioka J. RU10) A SieoetSirme-Based
 Algorilrs flor Comer Fimdimg iim Sizich-Based
2D beautification L etemfacn. Complers ) ravie s OLITE T,

or tidying up

—_————
We shall describe our ‘

Extraction of geometrical g :
and perceptual information —— #gcrthmfor finding faces |

~

Inflating a rough——" we shall describe our algorithm for J

3D model___ W inflating quasi-normalons

o7 N

3D model reﬁneme\ﬁf We shall describe our algorithm for )
T optimisation-based inflation

[N
N
We shall describe our algorithm for

finding rounds and fillets

Slides 5 to 22 are a summary of our paper 4 New
Algorithm for Finding Faces in Wireframes
[VC10], explaining both why a new algorithm
was needed and how the new algorithm works.

Perception is the stage where information required to
produce a 3D model out of the 2D input is sought

Relevant information may be:

e.g. edges connected to
the same vertices

N

¢ explicit

\_Not so difficut! y,
¢ implicit R

e.g. faces of a polyhedral shape )

Not so easy!

Some heuristics are required to
| extract this information!

Let us study the finding faces problem!

Problem:

Given a wireframe line drawing of a polyhedral object,
determine a list of loops of edges which comrespond to
faces of the object

ke

Ifwe have accurate 3D coordinates for the vertices,
itis not so diffi cult

=)

‘ ‘ ImedRmaﬂwawui,?{(ﬁ)M]

Without accurate 3D coordinates, itis not so easy

Shpitalni and Lipson determine 3
all possible sets of loops of <———-> Liu and Tang use a
edges, and then use heuristics Qeqstlc algorithm

to pick the best one JEDZERN §
PRI (\ This also works, more or
This works, more or less, less, but it can never be
but s very slow ‘ fully refiable {it is driven
| {ofthe order of days) ) by random numbers)

\__ Italso needs a bot of tuning /
& Lnanmaum Evoluficuary Search for Face

WL Sty H. Lipsion, 1996,

Projection of  Wircinme Oject IFFE

Mdyssaﬂlh!mlmﬂ(ﬁ), 8072

Inteligence: T(10), 10001012

So what are the difficulties?

Loop Ambiguity: Wrong
and Right Choices

Intemal Faces



More difficulties Sowhat is going wrong?

The fundamental problem with Dijkstra’s Algorithm
approaches is that they assume a fixed cost for traversing

p:::lj:irp:;gg(::j:)sgirgsh xé ee:dge, imespective of the route taken to reach the

p /
We do not want this

we want the cost of traversing an edge to be a function of how well it fits in
with any particular loop, taking into account the route taken to reach the edge )
Whatwe want is a graph algorithm which allows for the
cost of traversing an edge to be context-dependent
=

( We could not ﬁnd one in the Iilerature,\
Edge pairs not in true faces sowe came up with our own

More difficulties Our new algorithm:

Data Structures:

Strings are concatenated sequences of half-edges

‘The shortest possible sfrings are single half-edges l

Necker
reversal Operations:

Two strings can be concatenatedifthe final vertex of the first

string is also the start vertex of the second string, except that:

N
\/ 4 two sirings cannot be concatenatedif any

other vertex appears in both strings

Objects with distinct subgraphs 2 two strings cannot be concatenatedif the new triple of
three consecutive vertices appears in reverse order in
any existing face or already-concatenated string

Itis a graph theory problem
|
S Why not use Dijkstra’s Algorithm (or something like it) Data Structures and Operations (examples)
to pick off loops one by one?
[

ké This often works, but sometimes leads to problems Starting with only the half-edges, we can
concatenate AH and HC to give AHC

Once we have AHC, we cannot concatenate
CHand HA

In fact, the only possible concatenation of CH
is with HF, to give CHF

Similarly, the only possible concatenation of
HAis with FH, to give FHA

Data Structures (continued):
Cyclisation is a double-concatenation

where the final vertex of each string is the
same as the start vertex of the other string

Cyclisation produces faces

Operations (continued):

the same rules apply to cyclisation as to concatenation

since the purpose of the algorithm is to produce faces,
cyclisation takes priority over other operations



Finding small Finding large
- (often imegularly-shaped)
(often quad".lateral) @ faces is not so easy —thereis
faces is easy

more opportunity to go wrong

So we want to find small faces
first, leaving the larger faces until
theend

But how do we know which face
loops are going to be the small
ones?

The procedure may be summarised as follows:
l startwith several seeds

2 Add to each seed simultaneously (or in tum) until one of them
(the smallest) tums out tobe a face loop

"Dnn't worry if one of them takes a wrong turn somewhere |
| {one of the others will generally finish first)

J

3 When we have a face loop, discard the rest and start again

4 We implement this by maintaining two lists of strings:
J The master list records only things which must be true

V The working list is used to explore hypotheses

When the hypotheses produce a face loop, add this to the
master list and throw away the rest of the curmrent working list

- Vaky PAC. gy P2 QO10) A |
& Z 2 ) i win it Design42 (4),21!13;-;

The resulting algorithm is short and easy to implement:

({Toplevel of algorthm) {(Subroutine: Examine Hypotheses)
=Create mifial master simng list, two enines «Take aworking copy of the master siring list
peredge “Repeat
=Assign proribies to all siingsm the kst L ofity siring S ing
=Choose a ithedral veriex, and concatenate sing st
wo siings at this vertex =Find the string T which has the bestmaling valie
“While there are siings remaining in the: with §
masterlist =G Sand T, priotity of
«Examine the master st for the: the resuliing strng
presence offorced concatenalions. =Repeat
=l there are forced concatenations, <Examine the working siring kst for the
periomn them presence aforced concatenafion
=Otherwtse, examine the master kst <l there is ajorced concatenation, performit
forthe presence ol voluintary =lithe forced concatenation created a
mergers newiace, update the master kst
«If there are voluntary accordngly and exit this subroutine
meryers, periorm them =lfthere is noforced concalenation
=Otherwise, examine =l thereis a voluntary merger

available, create the face, update the:
master kst accordngly and exit this
subrouline

=Otherwise exit this mner loop

hypotheses (see next column)

When tested on 84 drawings,
the new algorithm got them all
right except for these two:

o~

g falled altcgether on 19
and got the wrong answer on another 2
/N

_/ N

P
( The other previous state-of-the-art approach, a\
genetic algorithm by Liu and Tang, has not
been tested on complex drawings such as the
two for which our new algorithm falls — every
drawing which the genetic algorithm processes
Hy is also p d Ay by the new
algorithm J

_

P -
A previous approach using Dijkstra’s l

How fastis it?

\/The algorithm is polynomial - counting loops would
suggest a worst-case performance of Ofn®)

/i n practice, processing a sequence of similar B
drawings, the time complexity is around €27
| {where e is the number of edges)

\/ Dijkstra’s Algorithm is noticeably faster for
all drawings because of its low time
constant, but the difference is greater for
smaller drawings - our new algorithm
actually has a better practical time
oomplexityr_%
/When applied to our most complex drawing A

{251 edges), the new algorithm took slightly
more than one second — it is fast enough for

\_use in interactive systems

|

Slides 23 to 27 summarise the current state of the
art of inflation. They bring together ideas found
in a number of different papers, especially

[Per68], [LS96], [CCCO4] and [MVSO05].

Inflation or “fleshing-out” is the stage where
a 3D model is obtained from the 2D drawing

4) 2D sketching 1) 2D tidying up ©) Perception
d) 3D inflation

Two different strategies coexist:

1" Directinfiation __Without ntemnediate soluions |

2. lterativeinflation —~— when tentalive solutions are tested |
en route to the final solution

Two kinds of direct inflation approaches can be considered:

'] When enough information is available
- <
i.e. Line drawings of semi-normalons

allow direct inflation

J

2 When geometrical information is incomplete
and perceptual information is gmbiguous

i.e. Linear programming

When direct inflation does not work,
iterative approaches are used

The most frequent strategy is:

1 The multiple heuristics are tormulated as
compliance functions

2 The compliance functions are
combined to produce a single
objective function

3 The solution which minimises/maximises
the objective function is sought by way of
mathematical optimisation strategies



The procedure may be summarised as follows:

'] An “inflation” reference system is defined

Z (x;, y;) coordinates of every junction in the 3D
model are made equal to (x;, y;) coordinates
ofthe comresponding vertex in the drawing

The z coordinates of the nodes
are used as independent variables x
in the Objective Function:

F(Z): Zﬂj Ri(@)

where a is the }—th weighting coefficient, |
and R,(z) is the ]—th heunstlc p din

terms of the independent bles z Heunshcsnuslbefnnmlaled L as fobe
Y equallo of
4 L the conditienis achleved and very different
Solve z that minimises F __trom zerofor dearnon-compliance

The approach succeeds in inflating different shapes. ..

_..but many bottlenecks preventit
from becoming robust:

X Complex or poorly defined compliance
functions are not mathematically resolvable

X Failures in perceiving design intent
prevent the Objective Function from
conveying some shapes

X Failures in optimisation algorithms X X X @ @

give rise to local minima
(Moredaoilyin Anneys 1)
Slides 28 to 41 discuss methods for identifying
and processing rounds and fillets. The theoretical
basis of this work has already been presented
[CV10], and a longer paper is planned which
will discuss implementation and results.

Some features are better added during
refinement of a previously produced 3D model:

<>

—

Adding them automatically at the end will give us two
advantages:

(rounds L

(fillets |

...embedded in polyhedral shapes

’] reduces theworkload / Av0|d|ng the stepof obtalnlng
ofthe designer <— “ the mind’s eye image
- ofthe polyhedral skeleton

g

When designer
wants this... _..draws this...
-.. and then adds
{ rounds and filets

\ /
N tothe final model

Adding them automatically at the end will give us two
advantages:

’] reduces the workload / Av0|d|ng the step of obtalnlng
ofthe designer < the mind's eye image
of the polyhedral skeleton

itures ‘

is0l
whic

The designer aé
wants this... -..drg thQ\..
( Some current approaches allow A __sodraws it - and thena}ﬁ]:
this strategy... but they miss the rounds and file )
second g )\ t?rthe final mode|)f

Adding them automatically at the end will give us two
advantages:

reduoe:

el
. il /
e he workload / Such features can be
ofthe d : |

ner efficiently managed
as independent features
by current geometrical engines

Z isolates features
which play
specificroles
in designed parts \ A\

—

\\ nitp e plon cotoupcaion.sicsnens. comien_ us/producs
\ Jopeniparzsobdfumciontyinde: sbiml
\

\\1 Solving them through
reconstruction strategies )

\_ lisinefficient!

The algorithm has four main stages:

1 detect rounded
edges and fillets

2 obtain the
polyhedral
skeleton

3 reconstruct f . m
the skeleton J— J We described this part earlier
4 add rounded edges
and fillets

The algorithm has four main stages:

1 detect rounded
edges and fillets

2 obtain the ,/4his is a common task in current CAD A\
polyhedral | modeling envi ts, which
skeleton the users to create: “skeletons™ and then add
rounds manually
3 reconstruct
the skeleton Current geometrical engines of CAD
4 applications are quite efficient in managing
add rounded edges | rounds as separate features
and fillets  added on top of model trees
\ Current academic interest deals with more
\\ complex and sublle variations such as

\\inﬁnitely sharp and semi-sharp edges /



The algorithm has four main stages: 2 The sequence to obtain the polyhedral skeleton is:

4 detectrounded

edges and fillets i
Repeat for every pair of arcs w
2 obtain the ~ N Repeat for both arcs in the pair

polyhedral - Stages 1 and 2 are new
skeleton and it is these we describe in more detal ‘ Suppress the arc
J 1
reconstruct g Extend the lines connected toits ends = |
theskeleton until they intersect L é ~
A
4 add M; edges . R
nd fillets ‘ The intersection point is one new vertex
- Add an edge connecting the new vertices ¢
1 The two steps to detect rounded edges and fillets are: “
4 . e RN
| Detect circular arcs -/ Circular arcs are projected as eliptical | Our current approach has some obvious limitations:
\ arcs
Detecting them is easy after segmenting 7 Our inputs are tidied up line drawings
P 3 the sketch strokes into simple lines — ~
2 Form pairs of this is a solved problem for tidied hand-
circular arcs drawn line-drawings
J
N -

1 The two steps to detect rounded edges and fillets are:

Z Polyhedrons must be normmalon or

| Detectcircular arcs / This task is done as follows: \ quasi-normalon

) Pair those arcs which
/ are contained in d’
/ parallel faces and 5 ‘

3 Drawings must be wireframe

~ . / share a tangent
- F_orm pairsof / contour line
circular arcs Summary
0
Z. Forthe remaining arcs, pair those We have described
arcs which are:

the maiin stages in an SBM process
1 2D sketching

| contained in parallel faces

/" similar in size: and

orientation 2 2D beautification or tidying up
/" connected to mutually parallel |/ 3 Extraction of geometrical
lines /,/ and perceptual information
) 4 Inflating a rough 3D model
P Rounds applied to single edges in quasi-normalon shapes 5 3D model refinement

fallin one of three categories:
We have also described several algorithms
for solving critical stages

) both arcs are fully visible, and when the inputs are wireframe drawings:

noone line oonnects them

'since the edge has ) 1 Finding faces for polyhedral shapes
disappeared because of the .
| rounding operation ’ 2 Inflating polyhedral shapes

] — 3 Rounds and fillets
one arc is fully visible,

the other is partially occluded
and one contour line

b

-

is tangent to both NS
by <> S
C ] one arc is fully visible, X \
the otheris fully occluded Ifwe have accurate 3D Without accurate
and no one line connects both coordinates for the vertices, ——” 3Dcoordinates, it
finding faces is not so difficult is not so easy
;@j Rounds in oblique edges of qugsi— _ ‘ ‘ [L\L‘/
normalon shapes can be classified into
the same three categories \
P We have described a new algorithm:
|r:’ 1:35 e::; r;:t't':e v‘;h:tth; g:r::ttt!:l:nther ‘ ‘ v Itis fast enough for an interactive system
edges connected to the same junction \/ N . .
’ Not as fast as Dijkstra’s Algorithm for smaller drawings,

‘ but has a better practical time complexity
0 . .

3. Natural Line Drawings

(ﬂ\ Fillets in quasi-normalon shapes can only be

lassified into the second and third categori . . . .
cassfiediioThesee andiideategones Slides 3 to 15 discuss line labelling. Much of the

\ information to be presented is also to be found in
[VMSO05].

since tangent contour lines may never appear (as fillets are concave
shapes and may not belong to the contour of quasi-normalon shapes)
J




Line labelling labels each line in a drawing
as:
convex

concave

occluding

)

The original purpose of line labelling was as a method
of identifying and rejecting impossible drawings

But line labelling also has
many otheruses _..

7 Line labets indicate which edges bound the
visible faces or partial faces of the object and
which merely occlude them

2 The underlying vertex types implied by
the junction labets limit the possible
hidden topologies

3 The junction labels constrain the geometry
of any edges to be extended or added

4. Labefling is also a useful input to inflation

Clowes-Huffman line labelling (catalogue
labelling) is a well-established technique

-

{ ltis very effective for drawings
of objects containing only

L
N
trihedral vertices ﬁj%
_ = D

/ There are only 18 possible ways
of labelling trihedral junctions

| Often, there is only one
consistent labelling for the
whole object

Clowes-Hufiman line labelling is less effective
(when it works at all} for drawings of objects
containing higher-order vertices:

» There are over 100 possible ways of labelling
4-hedral junctions
— Drawings of tetrahedral objects usually
have many possible labellings
— Catalogue labefling is slow and
unrefiable
e There are thousands of possible ways of
labefling higher-order junctions. {5-6-7-8-
hedral)
— Even determining the catakogues is not
practical
»  Clowes-Huffman labefling can also lead to
gs which have no g h
interpretation

The mostimportant function of line labelling is to distinguish
occluding from non-occluding T-junctions

J There is a real vertex at V. The vertexis at least N
~ 4-hedral, so one more edge must be added

Thereis no vertex at T—it is just the point |
at which one edge becomes occluded by
another. There is a vertex somewhere
further along the line, but we do not know
\_anything else about it J

These differences will become important when we try
to construct the complete object

Some specific problems:

4 A junction label
which normally
indicates an
occluding THunction
here represents an
extended-K-junction

Z Traditional
algorithms methods
do not use

geometfry at all, so

cannot distinguish
these two

3 Geometry affects Labelling:
Aline which separates two regions
corresponding to parallel faces must
occlude one or the other - it cannot be
convex or concave:
there are two such Imes =
inthis dravnng

4— Symmetry constrains
labelling:
The central line corresponds to an
edge with an axis of symmetry
through its mid-point, so for
reasons of symmetry as well as
geometry it cannot be: occluding

5 Non-Local Constraints:
When two or more edges lie
between the same two faces
Ifthe edges are collinear, the
labels must be the same

If they are non-collinear, the

labels must be different, and at Here the fwo Edges are colinear |
(and both concave)

least one must be occluding



6 Curved Objects?

In principle, drawings of
curved objects can also be
labelled, but there are
problems

The label of one of the
lines in the drawing
changes from one end to
the otherl

State of the Art:

 Traditional line labefling algorithms solve local discrete
constraint satisfaction problems

V' 1-node constraints: each junction must have a valid label

v 2-node constraints: each line must have the: same label at
both ends

X' Traditional algorithms cannot handle non-ocal constraints
X Traditional algorithms ignore geometry

/ Fortrihedral drawings, there is often only one
solution, so ignoring geometry does no harm

X When there are many solutions, ignoring geometry
causes problems

Why not determine line labels geometrically?

If we: can inflate the drawing to 2/2D first, all we have to do is measure the
resulting geometry to determine which lines are convex, concave and
occluding — we do not need catak or i i ion algorith

However, line labelling is a useful input to inflation

k> How reliable would inflation be withoutline labels?

Answer: even without line labels, inflation is usually refiable for
drawings which meet all of the following criteria:

«Most corners are cubic corners
*The drawing is not in cabinet projection or simiar
«The centre of the drawing is nearer than the edge to the viewer

Line labelling helps inflation, inflation helps line labelling
|
| This suggests an altemating process, which
s inflates, determines line labels, re-inflates, re-labels,
ete, until it converges

This represents the current state of the art, but although it is
reasonably reliable it is still not perfect
o~

‘jlt is also comparatively sloT‘

Using a combination of the geometric insights provided by
line labelling and those provided by the compliance
functions discussed next seems the best way to determine
frontal geometry ___

But there is stl_r;s;arch to be: done to determine |
the best combinations

Summary

)( Line labelling is not going to go away: it is a very well-
understood Valued Discrete Constraint Satisfaction Problem,
and will continue to be investigated as a test of VDCSP
algorithms

X Atpresent, there is no reliable catalogue labelling
algorithm for 4-hedral objects, and even the catalogues
themselves for 5-hedral objects and beyond are too large
for determining them to make sense

‘/ Evenif itis not possible to label a drawing
completely, partial labelling remains useful

V' Evenmore importantly, the geometric insights from line
labelling remain true even if the algorithms used to
implement it are limited

Slides 16 to 28 discuss inflation to 2%D. This is
similar to, but not identical to, the inflation
problem for wireframes, as additional
compliance functions are available (such as that
described in [VMS04]).

Inflation of natural line drawings to 2%:D
is easier than inflation of wireframes:

\/ We still use compliance functions

v Sometimeswe use the same compliance
functions, but they give us more information

V' Ifwe can label the drawing, this gives us
other compliance functions to choose from

Obijectives

’] The depth ordering of adjacent pairs of visible
vertices must be correct

2 Depth ordering must not be sensitive to
inaccuracies in the drawing

3 Depth information must be calculated in a fraction
of a second for drawings of typical engineering
components

4 Depth information should be based on as little
prior processing of the drawing as possible

Depth information will be used to test hypotheses,
soit should not presuppose these hypotheses if
this can be avoided

5 Depth information should be as good an
interpretation of the drawing as is possible while
achieving the other objectives

6 The results of inflation do not have to be
perfect _

P N
We can add a beautification stage
after completing the object topology
—_— =T ~
This will give us another chance
to improve the geometry later




Cubic Comers -
'[ Note that there must be a
separate mechanism for

\‘/‘ determining whether A is in
front of or behind B

o lfwe havelabelled the drawing, this often tells us whether A isin fruv;lufor behind\\‘
B{e.g. the all-convex Y{unclion, the ceniral vertex is in front of the others)

e
/

= Evenwithoutlabelling, we often have clues {e.g. boundary verlices.
are often behind infemal verlices) y

Junction Label Pairs: e

Consider pairs of connected < >
junctions in the drawing \ _
We can deduce, just from the ‘
line labels, which is the nearer

— P G
\(and roughly by how much)J ~

The other Clowes / Huffman
solids give us several more
junction label pairs

The extended trihedral solids give still more pairs

However, adding in the 4-hedral junctions (91 of theml)
isimpractical
(No 2-abel combination involving a 4-hedral junction is
common enough to justify hard-coding it in an algorithm

Adding in the 5-hedral junctions and beyond
is not even worth thinking about

Perpendicularity: Introduction

Assumptions to do with perpendicularity are
very important:

v perpendicularity is the most common
regularity in engineering objects

v perpendicularity is an important part
of the human perception process

Vs - .
/ ZB_ZAZiAB tanCtanD—1)

Line Parallelism

A B

NZy-NZg=MZc-MZp

Where mis the 2D length of line
D ABand nis the 2D length of line

CD
C

{ Easily arranged into linear or explicit equations

V' Notinherently inflationary: the trivial
solution z=0 satisfies the equations

Face Planarity

J canbe arranged into linear equations if we include
face nomals as well as vertex z-coordinates as the
unknowns

Y Quadrilateral faces can always be arranged into
linear or explicit equations

X Larger (pentagonal and beyond) faces cannot be
arranged into linear equations if the only
unknowns are the vertex z-coordinates

(N.B. mﬁng gmup;;f four vertices coplanar does not )
| necessarily ensure that the entire face is planar

Face Planarity (continued)

X Notinherently inflationary: the trivial solution z=0
satisfies the equations

{" Canbe used to connect disjoint subgraphs

Once we have chosen our compliance functions, how
do we apply them?

\[ Linear system approaches are quickest and best

.
— ~~
e
We shall describe one such linear system approach
(Moreallernetiver inAnnegs )

X Iterative approaches have also been tried

X theyare slow

X there are no compensating
advantages



The simplest and most effective approachis to use a linear
systemwhere the only unknowns are vertex z-coordinates

The question is then, whatto include and what to leave out?

Y Junction label pairs are good, bUt —— Juuion khelpeirson e o donol |
require a correct line labelling work for non-graph-connected drawings.

‘/ Cubic comers are nearly as good _ <"NE tor cabmetoroeaons |
as JLP in most cases, buttheydo | mm?s dm'l ® ‘
not distinguish +z from —z R

. o orlame draw L
V Line paralielism is " Jorcach poirofperadilnes 1 oo mich
essential for good results

itis better fo generate one equafion for each ine,
\ miaking it parallel o the idealline of the bundle J
itd hebomuch and moakes hadh-drown
X Face planarity is not < drawngsworse
o y itis the 1y to join unconnecled graph
| segments, eg.hole loops

Inflation: Summary

\/ Inflation using linear system of z-coordinates and
a careful choice of compliance functions achieves
its objectives

V' This is the least problematig area of sketch interpretation

Particularly if we have reliable
line labels to work with

Slides 29 to 45 discuss the creation of hidden
topology, a requirement which is unique to the
interpretation of natural line drawings. There are
two promising methods. The first, based on
completing the object wireframe, is described in
Chapter 10 of [Var03] and has not been
published separately.

What does the back of the object look like?

Two promising approaches, both iterative

| !

g
Recreate a complete Model the object as unions and
wireframe intersections of extrusions

{We only need vertices and edges
since we already know how to find

(faces)

J

Recreate a complete wireframe, one or two edges at a time
=) =
/

This is a Greedy Approach

Sometimes itworks, sometimes it dpes not

/ Main problems:

X Expanding it to a depth-first tree search does
not help much

X Whenit goes wrong, the result is usually
the wrong object, not an invalid object

\\\ X Thereis no triggerto invoke backtracking

Basic idea:

1 Extend lines in all major directions from all
incomplete vertices

2 Note where the lines cross

3 Pickthe best — = {using heurstics and probabilty theory) }

4 Place a new vertex there

5 Add edges as required

Refinement:

Any hypothesis which places a vertex
outside the object silhouette is
{probably)wrong

Any hypothesis which places (part
of)an edge outside the object
silhouette is (probably) wrong

Refinement: Neighbourhood matching

We can divide the space around each vertex into eight
subspaces, using the three orthogonal places as half-space

dividers
tk
Ho .+j Label the eight subspaces efg,
efk, ejg, ejk, ifg, ifk, ijg and jk
efgis nearest the viewer
_ ifk is furthest from the viewer
p i
i+k



Using the labelling, we can make deductions that
some subspaces must be full and some subspaces
must be empty
Given: the green line is i-aligned and convex

We can say that:

. One of the subspaces at the near vertex
must be fulf

. Three of the subspaces at the near vertex
must be empty

. One of the subspaces at the far vertex must
be full

. Three of the subspaces at the far vertex
must be empty

Note: at every visible vertex, the zone efg cannot be full
_ this is the subspace which includes the line-of-sight

Subspaces belonging to two vertices (behind one and in front
of the other) cannot be both full and empty

Any added edge which would create a subspace mismatch
must be wrong

Results:

Mixed

Very dependent
on the first few

(lf_th/ ese are right, the
restis us! rlght too

The second (and at the time of writing the more
promising), based on reconstructing the
polyhedron as the union and intersection of
extrusions, is as described in [Suh07], with some
minor improvements of our own. The figures in
slides 38, 39 and 42 are taken from [Suh07].

Unions and intersections of extrusions

Most of this comes from: | Y5. suh@oor) meJ}

‘Singée-View Dranwing, Proc. IDETC/CIE 2007)

Identify a profile face and extrude it

Continue identifying further profife faces until the entire
objectis modelled

|:/I>/ ‘|:>>/,,/' =

A profile face is one which, when extruded along a major
axis, explains some of the unidentified lines in the drawing

Some candidate profile faces are better than others and
should be processed first:

/] 2D area of the profile face: The larger the better

Number of profile face edges The more the better
| ti tnangles are better than quadriaterals) ]

It P

Number of extrusion lines (all in the same direction)
leading away from the profile face: The more the better

2D length of the extrusion lines: The longer the better

(S N SO 5 B \©)

Number of points on profile face whose 3D
positions are known: The more the better

Subgraphs
Sometimes, if we break a sketch at THunctions, we get two
or more disjoint subgraphs
Each subgraph leads to a solid object

The subgraph which has the largest bounding box is treated
as the base solid, and other solids from other subgraphs will
be added to or subtracted from the base solid

<

N




\/ Results are generally good:

tothose objects which can
be modelled as unions or
intersections of axis-
aligned extrusions

It cannot process these
drawings:

X But the method is limited i E

There are also a few objects which can ///\

be modelled as unions or intersections -
of axis-aligned extrusions but for which . /”\
the algorithm does not work: ; .

One or more necessary -~ . / \
profile faces is not part of e .
the object {//

~

If an object can be modelled as unions and intersections of
extrusions, this method is usually more reliable

The altemative is creating a wireframe by projecting edges and
locating their intersections

\/ Is more flexible _
7| Itcan, in principle, model any polyhedron ]

X Butthe greater flexibility gives it more
opportunity to go wrong

4. Open Problems

Slides 3 to 16 discuss how engineers actually use
pencil and paper in practice. Do current
sketching tools offer all the modalities which
users of pencil-and-paper expect? What is
missing? This is a summary of [CV09].

User studies
assert that
current SBM tools
- ey | L] \
X Are still @ The “hardware” of paper
less usable than - and pencil sketching
paper and pencil \ is simple __.
sketches \
\ ... but its operation is
X Donot possess sophisticated ...
significantly .
improved functionality -.- as paper and pencil
sketching is multimodal!
\ Letus see )
“ les!

, N

e

& Note the “overload”
ofthin lines for:

v scaffolding
v highlighting the rear side

\_ v inking axes J
Y/ Overtracing
e — - {Z ! (thinking overthe line)
racing|
decorafion) \ coter (PLyuood)

B

N

HEIC = / 1

sl [ s
S GLULAM Bekn " \\

7\ Annotating
P R — ~
& Also note the informal mixing of views: |
{ orthographic view

{ detailed view

\ { pictorial view!




Erasing with correction fluid

Hard cut and paste

Symmetry The copies were made though

to complete the drawingf ’/"L
over the original drawing

We may reduce the gap between actual paper and
pencil and SBM tools:

{ Replicating
as many modes
as possible
Wrong paradigms guide
/ Adding human-to-computer interactionrﬁm%%
extra features \J/ @;Mﬁm and menu-driven

No interface paradigm
which would suit
experienced design engineers

Identifying such a paradigm

is a difficult task in itself

We may reduce the gap between actual paper and
pencil and SBM tools:

{ Replicating
as many modes
as possible
v Adding
extra features
There is a broad agreement
on some of the main advantages
of computer-based systems:
{ Work is easier to edit
v Work is easier to file
V Work is easier to interface
to other applications
Besides, ...

... adding some current CAD operations
could also help in reducing editing tasks

& We conclude that:

J The set of operational modes is complex:

Inking Scaffolding

Highlighting

Highlighting the rear side

 Inking axes

Hatching

Overtracing Aut tion

Annotating —EThinking

Decoration

Editing Erasing

Copy and paste

Copy with symmetry

{ The switching strategy is non-intrusive |

Final goal:

actual paper and pencill

SBM tools should be as easy to use as ‘

"X Scuptris by Dr Petter” s a sucessiulexample
1 hitp:ffwww drpelfer sefproject_sculpt. himil

To this end:

’l Hardware advances are required
( Forexample, fablets have been reporled fo be h
han il
because ofthe small gap (beth in fime and distance)
| belween the cursorand the pencil fip

2 Software improvements are also required

Use and maintenance of compulers |
slill requires technical knowledge:
which designers, quiterightly,

_ donot see as part of iheirjob )




3 We still require a full taxonomy of operating modes

(ncluding their )
mutual refationships
and descriptions of cues < Thelistwe have described
used to discriminate betwoen them | isilusirative, butfarfrom exhausiive |

4‘ Two questions must be posed

° How many functions can be provided without
buttons and menus?

° How many functions
does a design engineer require?

If the second answer is larger than the first,
we need a new paradigm

~

1 Full modeless applications are not the final goal

(Hfwe wish to replicate

real paper-and-penci scenarios

in virtual environments,

we must be aware that

actual paper-and-penci scenarios
\include a rich variety of differentmodes

2_ Replicating paper-and-pencil scenarios in virtual
environments is still unfeasible

T ~
‘Although the goals of SBM )
have supposedly already been plished, practical

implementations have unfriendly interfaces

Scamion
Three types of input have been % -

considered so far for SBM: ey

1 é fect Ilne}awmgs (! % -
2 line drawirigs containing some . s

i

3 /f hand sketches

But this simple classification T s
may be refined! »
BN
K

Slides 18 to 33 discuss the problem of
interpreting annotated sketches. Which strokes
are annotation rather than object? What does the
annotation mean? How should it be applied?
This section collates information from several
published papers ((CANOS], [CCV09]).

We can consider three

purposes for sketching: //' ~

/An open problem derived from this
classification is interpreting
annotated engineering sketches

| thinking
| talking
J prescribing

Combined with two levels of
geometrical information:

VY Line drawings
{ Skeiches

And two levels of non- /
geometrical information  /

/

V With annotations .
Y Without annotations\L

(MoredetnidsinAnnes 8) \\

1
;@: The generic term “annotations” includes:
v Many standardised conventions (e_g. dimensions)
v Cutviews with hatchings

/ Alarge etceteraof icons and symbols

L 30
c Bzﬁ@ﬁ

The proposed approach for the open problem of producing
3D models from annotated engineering drawings is:

Caplure and record the dala

Separate annolalicn daia
from drawing data

v

N2
‘ Interpret drawing ‘ ‘ Interpret annotations ‘
————

N

Applytheannolations | I
tothe draving [ Tolearn more: \

The goal of interpreting
engineering symbols is
not trivial, since._..

.._behind apparently EF
quite simple drawings. ..

‘
.there are L.

hundreds of
standards...

e

_..defining the
exact meaning
of many symbols
and conventions




Itis obvious that communication of relevant information
depends on the meaning of symbols:

Original turnbuckle

Bad copy

= Ferguson E.S. Engineering and the
* /| Mind"s Eye, MIT Press (1992)

‘ Misunderstanding of symbols causes technical information loss!

The problem becomes still more challenging J'/
if we realise that new standards —
already allow annotations
in 3D models:

.

[}

[ | 1
Annotation Design Attributes
model

A\ |
/—_/ (.
Ann:;afn;:d .y ‘ Model H Supplemental ‘
can 1n
in the modefs! Qeometry geometry
Geometric
elements

Today, computers are blind to these annotations |

\_ASVEYUAL2003

DIGITAL PRODUCT
DEFINITI
PRA

[ON DATA
CTICES

The annotations are just “labels” added to the model
v Which the user can read and modify,

X butthe geometrical engine does not use them,
neither to construct, nor to edit or validate the model.

One interesting related open problem is
interpreting sketched data input
for Computer-Aided Engineering applications

,/I/f is an open problem
| since data is input through

two altemative
WIMP user interfaces —/ pointing device) |
Stand-alone Combination of
CAE pre-processors CAD applications
which define both @ plus downstream

geometric data and attributes

CAE pre-processors
N\

CAD exports the geometry )
| and CAE adds atfributes | /

//

Inpul OuJ[Put

STITLE

{0k R

..
Y . =
>
/ ELEMENTS

Ti1s 110
i i3s i 101
X >CONSTRAINTS

a1 Dz GX GF Gz
1 DX DY
5 DX DY
>108D5
d STATE 1

HODE LOADS
2z 0.0 -300.0 0.0

The input are those sketches
which designers typically
draw aside to fix their ideas
before interacting with

CAE pre-processors

The output is a file which
meets the specifications of
the desired analysis code

Two reasonable assumptions are:

7 The input sketches are drawn
directly onto a computer screen——
acting as “virtual paper and pencil®

( Not side-drawn
_ on an actual paper sheet!
\ )

2 The user is still in the process of conceptual design and
is not yet ready to progress to a detailed design stage

Hence, the goals are:

1 supply the user with
a computer interface
similar to classical paper-and-pencil

2 minimise the amount of information
provided by the user ...

_.. and give the user
more freedom
in inputting and editing it

Our application,
Pre/Adef, —
distinguishes:

Aicer| Engineering Pre-Processor. Proc: Sixth Int Cool. on
|| Enggnozring Compubstionsd Techaokogy. Geed compL. Poper 1

o

/" [ Comgaan P Alcxos N__ Naya Varky PAC. ComtooMLaael | |
D_G. Q0l) A Computes ‘

7 Geometric enlities —

™~

2 Symbols associated
with annotations

3 Gestures -
associated with
editing tasks
(i.e. “sketched
commands”)

Finally, having interpreted each group in isolation,
we must combine them into a whole

/" Connectthe bar elements
to the appropriate nodes

! Apply the loads to the right nodes or elements
[T

s —
[ The arrow of the 300 kp force \
is parallel {more or less)
fothe arrow of the V" axis o
They have opposite senses / \
The vector force should thus X

| beinterpreted as (0, -300, 0) ;




We tested our approach by sketching a set of

examples
=4
S 300
300 150
500K, 1 \L 156
P ) v 23 N l’ﬁo
X
—>
T
12m
05 T/m

Vecad 7 =X

ADVANTAGES | UNSOLVED PROBLEMS

/ X Modes required
{but only to change the mode:
Training not required / when moving to a very different task)

Valid output files are obtained

The user is not urged / X Users do not always
by the system feel comfortable
to define exact dimensions with an on-line parser!

Our interface is similar to but not yet as good-for-thinking as actual
paper-and-pencil

—
[ Butproduces output files ! J

(MoredetnilyinAnner 3

Slides 34 to 40 consider the possibility of
sketching assemblies of parts. This is
unpublished material which was briefly

presented at [Com07b].
- @
Butwe want to be able to

create assemblies from sketches!

Currently, we are limited to
reconstruct isolated parts

Owr vision is
todefine and implement a set of symbols
that can help a SBM system
to assemble 3D models obtained from 2D sketches

The basic guidelines of our approach should be:

V The symbols must be sketched themselves,
as part of a “natural” design process

J/ The meaning of the symbols must be “robust”

In the sense of being understood without mistakes
by the geometrical engine in charge of assembling the parts

V The symbols should overtake the faults
of current sets of CAD operations

using the ACIS geomeiic modeling kemel
itlater changed tousing the Parasolid kemel

Components can be positioned
within the product assembly using:

/ absolute coordinate placement methods

\/ mating conditions

Mating conditions are definitions of the refative position of
components with respect to one another

For example alignment of axis of two holes or distance of
two faces from one another

Thefinal positions of all components based on these
refationships is calculated using a geometry constraint
engine buit into the CAD or visualisation package

Some tools for mating conditions assist the user
to get an intuitive and friendly set of constraints:

/ As users place parts in an assembly, assembly relationships
position new parts relative to parts already in the assembly.

2 There are several relationship types for positioning parts
relative to each other.

- P | 78 Flast
Staringwitivs ~ (Zr >

(m)’ Bl Alneacién plana
Solid Edge also hasa 7§ %™
FlashFit option L
] e
which can reduoe ; g
steps required »; Tengente
topposiion parts. Bl ot e i

However, we find one main drawback:

@ Mordaza_hechaasm
L P et
Only complete and consistentparts 3 oeiar
@ Tomloparl
can be assembled B Tortapm2
ﬁj Mordaza_movil par1
5 Mmoot
CAD assembly sub-systems require 8 T
CAD parts input G ™!
& Pasadorpar1
& Placa_de_apoyo.par1

@ Tomloparh

Detailled design of parts is an assembly pre-requisite!




Qur vision is creating a sketch-based environment ...

... able to assemble different parts__.

... that are not yet fully defined

Assemble conceptual designs of parts!
L
Ly )
e
LT \'ﬁ/ .
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