ACM Symposium on Solid Modeling and Applications (2004)
P. Brunet, N. Patrikalakis (Editors)

Making the Most of Using Depth Reasoning
to Label Line Drawings of Engineering Objects

P. A. C. Varley, R.R.Martirf, H.Suzukt

1Department of Precision Engineering, The University ofyimkTokyo, Japan
23chool of Computer Science, Cardiff University, Cardiffas, UK

Abstract

Automatic creation of B-rep models of engineering objeacis ffreehand sketches would benefit designers. A subgaatage
a single line drawing (with hidden lines removed), and fromiéduce an initial 3D geometric realisation of the visibkertpof
the object. Junction and line labels, and provisional degbrdinates, are important components of this frontal gewym
Most methods for producing frontal geometry use line labg]lbut this takes little or no account of geometry. As a ltetiue
line labels produced can be unreliable.

Previously, we proposed an approach which inflates a drawsmyoduce provisional depth coordinates, and uses theset®
deductions about line labels. Even a naive implementatonoutperform previous line labelling methods in certaises

In this paper, we further enhance this approach. We exteadltorithm to non-isometric-projection drawings, coresidm-
proved ways of realising some of the concepts, and also@enkow to combine this approach with other labelling teciusis
to gain the benefits of each.

We test our approach using to be drawings of what we consigl@esentative samples of engineering objects; these exem-
plify difficulties not considered in many previous papersline labelling. Our results, based on this test set, show tha
enhancements result in significant benefits.

1. Introduction four lines may beK-junctions M-junctions or X-junctions Ver-
tex shapes follow a similar convention: for example, whéffioair
edges of &K-vertexare visible, the drawing has four lines meeting
at aK-junction. We assume that vertices in typical engineering o
jects may be any of the trihedral or tetrahedral types, or beagne

of a few common and highly-symmetrical pentahedral or hexah
dral types.

Our area of interest is the process of engineering desigrmliest
such as [7] have shown that designers routinely sketch ttesir
designs on paper before entering them into a CAD package. An
automated process for interpreting a sketch as a 3D solicemod
would enable designers to spend more of their time cregt[\@

and, if done within a second or two, would give helpful feedba

further enhancing the designer's creativity [4]. We consider theorrectfrontal geometry to be the one which a

Here we consider specifically the automated productionidso  human would take as the most plausible interpretation oaavdr
models fromline drawingswhich show thevisible edge®f poly- ing. We aim to quickly find this correct frontal geometry famd
hedral objectsvhen viewed from aeneral position Systems for drawings of typical engineering objects. Correctnesshimgense,
converting freehandketcheso line drawings (e.g. see [3]); are not  is surprisingly uncontroversial—for example, the auttafrthe pa-
discussed. pers [19, 20] from which our test drawings are taken assupore, ¢

A polyhedron istrihedral if three faces meet at each vertex. It rectly, that their readers can interpret such drawings &s eb-

is extended trihedra]16] if three planes meet at each vertex; there j_ects. Th|s_ mterlp_rgtatlon Process IS so easy for humanswbalo
may be four or more faces if some are coplanar. tetsahedral it automatically; it is only when attempting to program a quiter

if no more than four faces meet at any vertex. It in@malon to replllcatg tlh's hulma? skill that we re?llse its dlfflcul?je(a,. ford
if all edges and face normals are aligned with one of threexmai e?ﬁmp e, Faimer _[ 5] for a summary of the current undersgn
perpendicular axes. of human perception).

Junctions of different shapes are identified by letter: fioms We believe that the reported successes of some approaches
where two lines meet ark-junctions junctions of three lines to line drawing interpretation can be due to their considera
may beT-junctions W-junctionsor Y-junctions and junctions of tion of cases which are too specific or simple, such as tri-
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Figure 1: Figure 2: Figure 3: Figure 4: Figure 5:
Figure 6: Figure 7: Figure 8: Figure 9: Figure 10:
Figure 11: Figure 12: Figure 13: Figure 14: Figure 15:
Figure 16: Figure 17: Figure 18: Figure 19: Figure 20:

Line Drawings from Sashikumar et al [19, 20]

hedral polyhedra and normalons, rather than to a range of a real object, not trying to fool the computer by drawing offie o
realistic engineering objects. Our test data, shown in Fig- several well-known “impossible” objects. Also, we assuiat the
ures 1-20 (and available as the Second Test Set from object is drawn from the “most informative viewpoint"—tleeis
http://ral ph.cs. cf.ac. uk/ Dat a/ sket ch. ht ml ), are nothing hidden which could not reasonably be deduced fromt wh
chosen to avoid this (see Section 7.1). is visible.

Limiting our investigations to polyhedral objects is notedy
restrictive: by far the most common non-polyhedral feattineen-
gineering objects are cylindrical through holes [14] anehbls (so
common that they are often not included in feature survelys).
is arguably simpler to add these using a CAD packafier the
main polyhedral shape has been created from the sketchreBit)a
and 19 may not look like engineering objects in their “rawlypo
hedral state, but would do with blends and holes added.

However, we cannot assume that the drawing is perfect—our
methods must be tolerant of geometric inaccuracy in thetifpu
deed, although all of our test drawings appear acceptabtheto
naked eye, none of them is mathematically perfect. Typictile
errors in junction positions are far short of the accuracgyied by
CAD packages.

The correct frontal geometry must conform as far as is geomet
For simplicity, we further assume that the user is trying rtawd rically possible to the implications of the lines in the diagv Sev-
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eral methods (see [24]) exist for inferring informationrfra draw-
ing. These include:

e Region Identification Division of the drawing into 2D areas
bounded by loops of lines is trivial. A region may correspond
to an entire face of the portrayed object—but they may algo co
respond to partially-occluded faces or to the backgrourskan
through a hole in the object.

Feature recognitionThis is not discussed in this paper except to
note its use in Section 5.1.

Line Labelling Determining whether lines in the sketch corre-
spond to convex, concave or occluding edges is a major tdpic o
this paper.

Grouping of parallel lines This is a non-trivial problem, dis-
cussed in Section 4.1.

Inflation: The addition ofz-coordinates to th&-y coordinates of
junctions in the sketch is the other main subject of this pape

Figure 21: Line-labelled Drawings

2.1. Why Label?

The original purpose of line labelling was as a method of tifen
ing and rejecting impossible drawings (a function whichalasady
noted, does not interest us). However, labelling producasaber
of incidental benefits which justify its use in any approachif-

A complete system uses these methods in roughly the orderterpreting line drawings.

given, so e.g. the outputs of region identification and fesatecog-
nition are available as inputs to line labelling and inflatio

A serious problem with existing approaches to line labglis
that the results may not be geometrically realisable [24, P6e
“traditional” approach [2, 6] uses a catalogue of valid jtime |a-
bels, and treats line labelling as a local discrete comstsaitisfac-
tion problem: the constraints are either 1-node (each ijoméabel
must be in the catalogue) or 2-node (each line must have the sa
label at either end). We [26] have given several examplastitht-
ing that ignoring geometry in this way is inadequate everséne
drawings of trihedral objects, and that it is unacceptaliemthe
non-trihedral catalogue is used.

Previously [26], we presented an approach to labellingdiiaev-
ings which is geometrically-based, and showed that evemglsi
implementation improves on existing methods when appbetie
restricted field of drawings of objects containiligvertices.

We now show (a) how to make further significant enhancements
to this concept and (b) that the enhanced concept resultig-in s
nificant benefits when applied to drawings representativeeaf
engineering objects.

Section 2 discusses line labelling: why it is needed, andesoim
the methods used in previous work. Section 3 outlines ourayw
proach. The various components of our approach are distusse
more detail in Sections 4-6. Section 7 describes our set erfitiwv
test drawings in more detail and gives the results of latglihem
using our preferred implementation of this approach. Rin&lec-
tion 8 presents our conclusions and suggests paths foefutoik.

2. Line Labelling

Line-labelling is a well-established preliminary stageraérpret-
ing line drawings [2, 5, 6]. All lines are labelled as eitheneex
(+), concave{) or occluding (). By convention, occluding lines
are labelled with the occluded face on the left side of thevarr
Figure 21 shows two labelled drawings.

Here, we discuss why labelling is desirable (Section 2.1 an
outline methods for labelling (Section 2.2).

(© The Eurographics Association 2004.

Successful labelling provides useful information abowt -
ject drawn. Firstly, the line labels indicate which edgesrabthe
visible faces or partial faces of the object and which meoebtude
them. For example, labelling Figure 1 indicates that botthefT -
junctions are occluding, and from this it can easily be dedubat
three of the regions correspond to partially-occludeddace

Secondly, the underlying vertex types implied by the junti
labels constrain the possibilities when attempting to mstict
the hidden topology of the object. In the example of Figurehé,
minimum needed to complete the topology is that two paytiall
occluded edges must be extended, and seven additional mdiges
be added to complete the verticed gtinctions.

Thirdly, the junction labels constrain the geometry of adges
to be extended or added. In Figure 1, these constraints,inethb
with the results of inflation, make it obvious where theseenin
edges meet. It is clear that this minimum reconstructiohésttest
one, and that Figure 1 can be interpreted on the basis of a cor-
rect labelling and some straightforward deductions basethat
labelling.

Determining how to combine the additional edges required to
complete Figure 4 is not so straightforward—but it is clezatt
interpreting a drawing such as this would be much harderouith
the several clues provided by labelling.

We have also shown that labelling can be a useful input to the
process of inflation [23, 24]. The method described thereatsm
be used to improve provisional frontal geometries obtainsidg
our new method.

However, we believe that the most important function penkeal
by labelling is that of distinguishing occludinif-junctions from
non-occludingT -junctions. The differences, both topological and
geometric, between the two ways of interpretiigunctions are so
fundamental to reconstruction that they must be made at iy ea
stage in the process. For example, no topology can be detheced
an occludingT-junction (all we know is that a line is partially-
occluded) since there is no vertex at thecoordinates of an oc-
cluding T-junction; we can deduce the presence of a non-trihedral
vertex (either extended-trinedral i§rvertex) at thexy-coordinates
of a non-occludingT-junction. Geometrically, the occluded and
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occluding lines havdlifferent zcoordinates at an occluding-
junction, but have thsame zcoordinates at a non-occludinb-
junction

Even if no other labelling is performed, this distinction shbe
made in order to create a sensible frontal geometry. We finves
gate an alternative approach: distinguishing occludiognfinon-
occludingT -junctions without labelling, elsewhere [27].

2.2. Line Labelling History

The usual method of labelling line drawings is by means ofg li
of valid junction labels, ojunction catalogug2, 6]. Combinations
of labelled lines meeting at a junction which do not produeala
junction label can be rejected. The task is thus translatta a
discrete constraint satisfaction problem: each line masttthe
same label throughout its length, and each junction a labtie
catalogue.

The Clowes-Huffman [2, 6] catalogue farihedral polyhedra
(such as those in Figures 1 and 2) is well-established. Agho
the limitation to trihedral vertices is somewhat restvietiClowes-
Huffman line-labelling has been used successfully in @pgibns
similar to our own [4].

However, real engineering objects are often not trihedfa-(
ures 6, 7, 11, 13, 14, 15 and 17 are not). Various extendedigunc
catalogue have been proposed, including ones for simphkedur
objects [13], for extended trihedral vertices (e.g. [1&hd for all
tetrahedral vertices [22]. See [24] for more details of ¢hesmd for
an overview of non-catalogue-based approaches.

At the core of our labelling methods is the following algbrit,
which derives from Kanatani [8]:

e (Initialisation):

e For each junction, candidate labels = set of all valid lalbets
that junction type;

e For each line, candidate labels = {occluding, such thatidets
occluded} if the line is on the drawing boundary, {occluditty
left, occluding to right, convex, concave} otherwise

e (Processing)

e Loop

e — For each junction with no unigue label, eliminate from the

sets of candidate labels for neighbouring lines any line la-
bels inconsistent with the remaining candidate labelsHisr t
junction

— For each line with no unique label, eliminate from the sets
of candidate labels for the neighbouring junctions any junc
tion labels inconsistent with the remaining candidate lgbe
for this line

— Exit the loop if a unique labelling has been obtained

— Exit the loop if the set of candidate labels for any junction
or line is empty (no valid labelling can be obtained given the
starting conditions)

— Exit the loop if no candidate labels were eliminated in this
iteration (it is likely that there will be multiple valid lalings
compatible with the starting conditions)

e End Loop.

Given the “most informative viewpoint” assumption, if tees
no non-trinedral junction visible in the drawing, we bebdtrea-
sonable to attempt to label the drawing using this algorigmah the

Clowes-Huffman catalogue (see Table 2, first column). ¥ fhils,
or if the drawing contains non-trihedral junctions, an aggh
which can label drawings of non-trihedral objects is reggir

The tetrahedral catalogue in principle permits cataldgased
line labelling to be used for drawings of objects with tetrdfal
vertices. When using the trihedral catalogue, the propoxf valid
junction labellings is so low that most trihedral drawingsé@ only
one valid labelling. However, this proportion is much highden
using the tetrahedral catalogue, resulting in a dramatiease in
the number of valid labellings. For example, Figure 1 hay one
valid labelling if the Clowes-Huffman catalogue is usedd &fig-
ure 2 has two (the central depression is either a pocket apagh
hole), but Figure 6 has 337 valid labellings if the catalofpreK -
vertices is added (and nearly 1.4 million if the full tetrdred cata-
logue is used).

Our experience is that the time taken by traditional labglkl-
gorithms depends more on the number of valid labellings tran
the theoretical order of the algorithm. For an interactiystam,
algorithms which generate all valid labellings are impicadt

We have experimented with two ideas based on the core algo-
rithm presented above. The firstis that whenever the coogitiign
terminates with the “multiple labels” condition, we use hstics
to select the most promising of the available options tostigate
first, and to discard entirely the least promising optionisisTde-
pendence on heuristics is unsatisfactory, and also thésdda be
very slow. The second is to replace the boolean conditidre(les
possible/impossible) by a probability measure, and baoéani-
nation by probability multiplication. The resulting prdistic re-
laxation algorithm is fast but comparatively unreliableggable 2,
second column) and the optimal initial probability values diffi-
cult to explain. See [24] for a more detailed analysis of ¢hee
approaches.

3. Outline of Approach

We have previously [26] outlined a method which produces bot
a provisional frontal geometry and suggested line labelshwve
now summarise, then discuss in more detail:

e We assume that the three main axeg,k) of the object cor-
respond to identifiable groups of (almost-)parallel lineghe
drawing. Attempt to identify these groups of lines, as déscr
in Section 4.

e Create three sets of linear equations (veitex- and k— co-
ordinates) based on line lengths along these axes, as lscri
in Section 5. Solve the three sets of equations to obtairexert
positions in {, j, k) space.

e Determine the best transformation fromj(k) space toX,y,2)
space by minimisation of least-squarey differences, given
that we now know vertex coordinates in j(k) space and the
equivalent junction coordinates ir, {) space. Use this to deter-
mine az-coordinate for each vertex (assuming for now that all
junctions correspond to vertices).

e There is the possibility thatcoordinates have the wrong sense.
Test for this as follows: consider the edges running from the
drawing boundary inwards. These ought, in general, to be com
ing towards the viewer. If they are not, negate #teoordinates.

e Find a best-fit plane corresponding to each region (agaimass
ing for now that all junctions correspond to vertices and tha
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there is no occlusion). As it is uncertain whetfiiejunctions
are in the plane of the face, we use a lower weighting for these
than for other junctions (a tuning constant in the range ®r1 f
T-junctions, 1 for other junctions).

If, at a line mid-point, one region is clearly further frometh
viewer (using the plane equations) than the other, the kne i
(most probably) occluding. Otherwise, determine whetlher t
line is (most probably) convex or concave from the two region
normal vectors.

Use the probabilities so determined to bias the initial prob
abilities in a relaxation algorithm for producing line la-
bels [24, 25, 26].

Rather than directly use the labels provided by our new
approach, we have found it preferable to use them to bias
the initial probability values for a probabilistic relai@t la-
beller [24, 25, 26]. The relaxation labeller acts not onlyaak-
belling approach in its own right, but also as a way of catigtine
predictions made by other labelling approaches. For eaetligr
tion made by one of the support functions, we add to the exjsti
probability value the product of (i) a measure of the confidethe
support function has that the prediction is right and (ii) easure
of the confidence the collation function has in the suppartfion.
This approach is similar to that in [9] of combining eviderfmem
support functions

One benefit of this information collation structure is thahioids
the need for each information source to always provide bensi
information: information sources are allowed to fail. Fo@am-
ple, we can use both the new approach described here, and
ditional” Clowes-Huffman trihedral line labelling, as ormation
sources whose output is collated by the relaxation lab&llexves-
Huffman line labelling fails if the object is not trihedrahe linear
systems in Section 5 may also have no solutions. As long &s the
provide no information, rather thaimcorrectinformation, we are
no worse off than the current state of the art (i.e. the rélama
labeller using its default values).

Another advantage is that it allows the junction-catalotaie
belling method to perform its traditional function of refieg im-
possible interpretations. Typically, in those cases witieegprovi-
sional frontal geometry is nearly, but not exactly, corréoe con-
fident predictions will be accepted but inconsistent wegkedic-
tions will be overruled.

At present, we have only examined combinations using adiinit
set of information providers. In view of its success withmaited set
of drawings, and the fact that it makes no predictions foniligs
outside its scope, Clowes-Huffman trihedral labellingrisohvious
candidate: if it gives a unique solution, we increase thdtsmefthe
junction and line labels it predicts. We have included thsisgos-
sible information provider. Similarly, if Clowes-Huffmarihedral
labelling fails but extended trihedral labelling resultsa unique
solution, we increase the merits of its predicted junctiod &ne
labels.

The only other information providers we include at presest a
the hypotheses afofacial configurationd25], configurations of
junctions which imply hole loops corresponding to bosseskp
ets or through holes, and those of simplet feature configura-
tions[25]. Labellings matching the predictions of these hypsihe
are to be favoured, and thus the initial probabilities otjion and
line labels matching these predictions are increased aséef
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4. Choice of Axes

To identify from a 2D drawing which lines are parallel to thaim

axes of an object, we must choose how we believe these 3D axes
are represented in 2D. The simplest choice of axes is to assum
standard isometric projection, withk being vertically downwards,
corresponding to thg-axis in 2D, and+i and+j being 120 from

it in either direction, exactly as shown in Figure 22.

+i +j

+k

Figure 22: Three Perpendicular Axes in 2D

This is simple, as well as being robust and comprehensible—
even if it goes wrong, it is usually obviowghy. Our initial investi-

utrg gations [26] used this assumption with some success.

However, standard isometric projection often fails to mibet
requirements ofeneral positionvertices and edges may acciden-
tally coincide. To avoid such coincidences, it is often rsseey
deliberately to deviate from this projection—as is the daseall
drawings in this paper. Thus, we next consider a more sophistl
choice of axes based on analysis of lines in the drawing.

We can immediately reject using the longest lines in the draw
ing to determine the main axes. In practice, it is often diedo
lines which are longest. For similar reasons, using theWiitle the
longest vertical range to determirek can also be rejected. (Fig-
ure 13 illustrates both points).

Assuming for now that we can identify which lines in the draw-
ing correspond to parallel edges in 3D (this is not easy: se S
tion 4.1), we could also base our 3D axes on the three groups of
parallel lines in the drawing which contain either (i) mdsek or
(ii) the largest sums of line lengths.

If we use this method for thie and j-axes, it is worth consider-
ing whether or not we should use this approach forktaeis too.
Lipson and Shpitalni [12] have suggested that a line whickrers
tical in the drawing y-axis) should correspond to an edge which is
vertical in 3D spacelkfaxis), and it may be preferable to keep this
idea even if we use more sophisticated methods &od j.

Another starting point which leads to similar conclusiosgd
note that that objects are frequently drawn as if resting plaa
nar surface such as a table. With the exception of Figurelll&f a
the test drawings can be imagined to be viewed “at rest”. plais
nar surface contains oix and j-axes, and leads to the conclusion
that when choosing groups of lines for these two axes, weldhou
not consider groups of lines which are “obviously” verticedking
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this idea further leads to another way of choosing a groupaof p
allel lines which represent theaxis: after finding thé- and j-axis
directions, find the two directions bisecting them, decideaclv is
nearer vertical, and then choose the line group closestddlitec-
tion to give thek direction.

This gives seven methods for comparison:

1. simple method for, j, k;
2. three most populous groups of lines fof andk;

3. simple method fok, two of the three most populous groups for

i andj (discarding the one closest to vertical);
4. three geometrically longest groups fof andk.

5. simple method fok, two of the three geometrically longest

groups fori and j (discarding the one closest to vertical);

6. two of the three most populous groups fand j (discarding
the one closest to vertical), group nearest their biseotdt f

7. two of the three geometrically longest groups if@and j (dis-
carding the one closest to vertical), group nearest theegdbodr
for k

In comparing the “simple” variants with the “more intellig®
variants, it is obvious that if the “more intelligent” vanie identify
the three main axes correctly, they will produce betterisatibns
of the frontal geometry. The question at issue is whethefrtteee
intelligent” variants can be confused and choose the wrengm
of parallel lines. The results of using variants 1, 2, 3 and @he

20 test drawings are shown in Table 1. Variants 4, 5 and 7 are no

listed, as for all 20 drawings the results using variants d4né 7

were the same as for variants 2, 3 and 6. The former varianes we

thus not investigated further.

It can be seen that (with one exception) the diagonal lin€sgn
ure 11 have indeed confused the “more intelligent” variaatsl
here the variants which fix thieaxis to they-axis are to be pre-
ferred; the exception is the “bisector” variant, which firide cor-
rect group of lines for th&-axis. Naturally, only the “more intelli-
gent” variants note that theaxis is not vertical in Figures 5, 10,
14, 15 and 19. No variant handles Figure 15 correctly—thesmi
obvious major axis of the object to which no edges are péaralle
but the results produced, while incorrect, are tolerable.

Of the variants tested, our results suggest variant 6 is bestas
noted) there are also arguments favouring variant 3. In wiithis
ambiguity, we include a tuning parameter allowing us toriptéate

between the two approaches, and subsequent sections asseme

of this interpolation.

4.1. Parallel Lines

Parallel lines are possibly the most important as well agnbset
common regularity visible in 2D drawings—all 20 test dragsn

contain them—and they provide an important clue to the &ont

geometry. It is usually obvious to a human which lines in auing
are intended to be parallel, so to replicate the user’s fittes, it is
important to have a method of inferring which lines in thevdrey
correspond to parallel lines in 3D. If one is to allow for freed
drawing inaccuracies, or uses a relatively weak interficetaf the
general viewpoint assumption, this process is tricky.

The first problem is that it is difficult, and sometimes impess
ble, to set a numerical threshold for parallelism. See, ¥angle,

Figure 15. Clearly, the non-axially-aligned lines shoutd e par-
allel to one another. This figure is comparatively well-dnathe
largest angle between pairs of lines which should be pataltme
another is QL7°, while the smallest angle between pairs of lines
which should not be parallel to one another 8. It is easy to
see that in a less-well-drawn drawing, some line pairs whith
viously” should not be parallel to one another could be aldse
angle than some which “obviously” should be parallel.

A second problem is that there are circumstances where lines
may appear to be parallel to one another, within a threshnit,
which geometric reasoning tells us cannot be parallel. Beex-
ample, Figure 11. It is clear that the central sloping facgenoabe
parallel to either of the other two sloping faces. Assumimag the
lines at the top of the front U-shaped face are collineatsit l-
lows that the two end sloping faces cannot be parallel to oothar
either.

Reasoning of this form is particularly problematic in Figur5,
as conditional reasoning is required. Pairs of the nonHgxia
aligned linescould be parallel to one another, on the assumption
that this is a (rather poor) drawing of a cube joined to a gletdr
eral frustum.

We previously [21] presented a method for grouping linegbas
partly on existing 2D parallelism and partly on heuristioacern-
ing which pairs of lines might be expected to be parallekdfuired
line labels as input in order to deduce line pairs which cawlthbe
parallel. Even with labelling information, cases exist véhthe rea-
soning required is beyond the capabilities of the methodeasred.
It is unrealistic to expect any method which has less ingiarima-
tion to match, let alone exceed, that performance.

Accepting that there is no perfect solution to this problem,
instead use a simple approach, as follows:

e Determine, from the junction shapes, any pairs of lines fwhic
eithermustor cannotbe parallel: “through” lines af- andK-
junctions must be parallel; any other pair of lines meeting a
junction cannot be parallel.

e For every other pair of lines, make a prediction that timightbe
parallel, and determine a merit figure (see [21]) for thiddjre
tion based on (a) how close the lines are to being paralle{land
any clues which suggest that they might be parallel (at ptese
the only clue we use is that lines which are on opposite siflas o
quadrilateral are more likely to be parallel so have a higherit
figure).

e Sort the predictions into descending order of merit

e For each prediction, in descending order of merit,

— if the prediction that the lines are parallel contradicises-
tablished belief, exit the algorithm, as we have finished

— if the merit of the prediction is below a threshold, exit the
algorithm, as we have finished

— note that the lines are parallel to one another, and note als
that any lines parallel to either are parallel to the othed a
that any lines known not to be parallel to either cannot be
parallel to the other

e note any remaining lines, not parallel to any other line

This algorithm is not foolproof, and indeed produces inectr
results for Figure 15: the 6 non-axially aligned lines, nafe
which should be parallel to one another, are grouped intor3 pa
allel line groups. It also produces incorrect results fayure 11.
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Fig. True Angles Variant 1 Variant 2 Variant 3 Variant 6
| J K | J K | J K J K | J K

1 288 66 180 300 60 180 287.86 66.00 180.00 287.86 66.00 180 .8&®8766.00 180.00
2 288 66 180 300 60 180 288.00 66.00 180.00 288.00 66.00 180 .0@8866.00 180.00
3 316 68 180 300 60 180 316.16 68.00 180.00 316.16 68.00 180 .181668.00 180.00
4 294 72 180 300 60 180 294.00 72.00 180.00 294.00 72.00 180 .0@9472.00 180.00
5 304 62 175 300 60 180 303.99 62.00 17498 303.99 62.00 180 .980362.00 174.98
6 288 66 180 300 60 180 288.00 66.00 180.00 288.00 66.00 180 .0@8866.00 180.00
7 288 66 180 300 60 180 288.00 66.00 180.00 288.00 66.00 180 .0(28866.00 180.00
8 310 67 180 300 60 180 310.03 66.99 180.00 310.03 66.99 180 .031066.99 180.00
9 310 70 180 300 60 180 310.03 70.57 180.00 310.03 70.57 180 .031070.57 180.00
10 285 65 170 300 60 180 284.97 64.99 169.99 284.97 64.99 1804.928 64.99 169.99
11 295 50 180 300 60 180 29501 50.00 208.81 295.01 50.00 1805.0R9 50.00 180.00
12 292 57 180 300 60 180 292.00 57.00 180.00 292.00 57.00 1802.0@9 57.00 180.00
13 292 57 180 300 60 180 292.00 57.00 180.00 292.00 57.00 1802.0®@9 57.00 180.00
14 295 55 190 300 60 180 295.03 54.92 190.01 295.03 54.92 1805.029 54.92 190.01
15 285 65 190 300 60 180 27245 64.98 189.97 27245 64.98 1802.427 64.98 189.97
16 285 70 180 300 60 180 28503 69.99 180.00 28503 69.99 1805.028 69.99 180.00
17 320 70 180 300 60 180 320.02 69.98 180.00 320.02 69.98 1800.082 69.98 180.00
18 320 70 180 300 60 180 320.02 69.98 180.00 320.02 69.98 1800.082 69.98 180.00
19 315 70 170 300 60 180 31456 70.00 168.39 31456 70.00 1804.5@1 70.00 168.39
20 325 65 180 300 60 180 32500 65.01 180.00 325.00 65.01 1805.0B2 65.01 180.00

Table 1: Choice of 2D Axis Angles

Although the 3 non-axially aligned faces cannot be parattes

6 non-axially-aligned edges are grouped together. Attergpb
make these edges parallel in 3D would inevitably result stat
tions when inflating the object. Worse, as shown in Table ik, th
erroneous “group” of 6 edges has been chosen to represewf one
the major axes of the object instead of a correct group conti
only 5 edges. Far more subtle reasoning than the curremt stat
the art is required to process these two drawings correctly.

It can be noted that all variants we test label Figure 15 ctigre
notwithstanding the incorrect grouping of parallel linewever,
with some variants, the incorrect grouping causes problghen
processing Figure 11 as it produces a more populous grotipémg
one of those corresponding to a major axis.

5. Linear Systems

We want an interactive system, and inflation is just one pfathat
system. Thus, we base the core of our inflation method, ther-det
mination of vertexz-coordinates, on direct solution of a weighted
linear least-squares problem [1], rather than on iteratorlinear
optimisation. Weighting the equations allows us the freedo ex-
periment by altering the relative importance of differeautistics;
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solving by least-squares fit allows us the freedom to addradiat-
tory equations suggested by different heuristics.

We first describe our approach in its simplest form; latergee
scribe how we generate the additional equations requireshte
drawing contains more than one distinct subgraph (seed®estl),
and other additional equations based on deductions abigui- al
ment of the visible faces (see Section 6).

The vertexz-coordinates are the variables in the linear sys-
tem. Most junctions involve just one variable, theoordinate of
the corresponding verteX.-junctions may be occluding or non-
occluding, so we need two variables, one forf#ftemordinate of the
(possibly-)occluded line as it passes from view, and therdthr the
z-coordinate of the occluding line at the saryecoordinates. If the
two z-coordinates come out as similar, this gives a strong hatt th
the T-junction is non-occluding.

Although parallel line information has been successfuligdiin
inflation [4, 11], we do not use it. Firstly, the parallel ligeoup-
ing process described in Section 4.1 occasionally makesriect
groupings, distorting the object, but more importantlye thasic
method implicitly makes 2D parallel lines parallel in 3Ddaaioing
so explicitly is redundant.
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Figure 23: Axes and Other Lines in 3D

The linear systems in their simplest form use one equation fo
each of tha-, j- andk coordinates for each line, relating the coor-
dinates of the two ends of the line, using the line angle vatpect
to the axes determined above. This results in three uncolipksar
systems.

For lines which are not close to one of the three axis dirastio

Figure 24: Cubic Corners

wheremis the 2D length of lin&/ A, andF andG are the 2D angles
AVC and AVB. The requirement which a trihedral junction must
meet to be a cubic corner is simply th@nF tanG) > 1 [17]. It
can be noted that for the special case corresponding to tke"fi
angle” variant in Section 4, this reduces|m — 2,| = m/v/2, the
isometricity assumption which we used in [26].

we must make assumptions as to what they represent. Figure 23 Lacking firm evidence about whether engineers tend to sketch

illustrates the two most plausible interpretations of a-awially-
aligned line, the interpolated prediction (left-hand),iethin this
example would predict an edge in thieplane, and the extrapo-
lated prediction (right-hand), which in this example wopledict
an edge in theék-plane. For simplicity, we always use the inter-
polated prediction. The relative magnitude of the two vectam-
ponents (in the example, theand j-components) is obtained by
forming an axis-aligned skewed rectangle.

Clearly, the implications of lines aligned with the threeimexes
are more certain than the implications of lines interpreigdn-
terpolation. We account for this by weighting lines diffietly as
follows:

e Where a line is very close to parallel with one of the main axes
the weight of the equation in each of three the linear sysisms
1

e Where aline is not close to parallel with one of the main atres,
weights of the equations in the three linear systems arecesu
in proportion to the difference in 2D angle between the lind a
the axis

e An equation with a weight of O or less is dropped (note thapero
ping so many equations that one of the linear systems carnot b
solved is not in itself a problem: the consequence is sintmy t
this approach cannot make recommendations; the relaxation
beller still runs, using initial junction and label prob#ties pro-
vided by defaults and other labelling approaches).

As well as the direction of each edge vector, we must alsa-dete
mine its length. For the fixed-2D-axis variant which cor@sgs to
isometric projection, equal-length lines correspond taatdength
edges.

For the variants from Section 4 in which the 2D alignment ef th
major axes is variable rather than fixed, the mathematicaltyect
method of determining 3D lengths of lines is by using tubic
cornermethod [17]. See Figure 24. For any liMé\ meeting a tri-
hedral junctioriV which meets the requirements of a cubic corner,
the depth change is given by:

|za — 2v| = m/+/(tanF tanG) — 1.

using isometricity (easier to draw but mathematically mect) or
mathematically-correct cubic corners, we use a tuningmater to
interpolate between the two predictions.

5.1. Subgraphs

In some drawings, the vertex-edge graph divides into disguib-
graphs, resulting in separation of the systems of equatiaglis-
crete subsystems, rendering a unique solution imposdie:-
ever, while the relative-coordinates of the two or more distinct
groups of vertices can have any possible value, there idlysudy
onegoodway of relating the depths of the groups.

T-junctions act as subgraph boundaries: #mmordinate of the
possibly-occluded line need not be the same ag-twordinate of
the occluding line. To try to ensure there are enough equafar a
unique solution to the linear system in the absence of argr ath
formation, we add very-low-weighting equations equating two
z-coordinates of th& -junctions; however, this is a last resort, and
other, better methods, corresponding more closely to hypean
ception, are preferred whenever possible.

Two distinct categories of drawings have multiple subgsaph
Figures 8 and 9 were drawn as wireframes rather than natneal |
drawings, it would be seen that the wireframe is graph-ccteok
the rear corners of the objects only appear to be isolatedusec
their connections to the rest of the object are occluded. @y c
trast, the hole loops corresponding to the bosses and piockeg-
ures 5, 16 and 19 would still be isolated. The methods forinigal
with these two categories differ.

As well as using hypothesised cofacial configurations apa se
arate information provider, as described above, we can #so
them to tie subgraphs together. We use these hypothesesdmge
equations in each of the three linear systems which, usingxgD
geometry, determine thigk coordinates of a vertex on the inner
loop relative to those of three neighbouring vertices orctifacial
outer loop. Lamb and Bandopadhay [10] used a similar approac
for cases where they deduce that a vertex from one subgraph is
the plane of a region of the other subgraph. However, theihate
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relies on lines not being unexpectedly occluding, and s® chaé
extend to the non-trihedral case.

For any four coplanar vertices, B, C and D, an equation can
be generated iaa, zg, Zzc andzp. ProvidingBC andBD are non-
collinear, BA can be expressed as a linear combination of them:
(A—B) =m(C—B)+n(D — B), wheremandn can be calculated
from the knownx andy coordinates of the junctions; rearranging
this gives

Zp+(M+n—1)zs—mz —nzp =0.

In practice, many drawings with viewpoint-specific subdnpap
contain lines in the separate subgraphs which are collime2b
and which should remain collinear in 3D, e.g. Figures 8 and/e.
add equations to the linear systems to enforce this coliityea

These methods, while not a complete solution to the probte#ims
separate subgraphs, cover most situations encountereddtice,
including all of this paper’s test drawings. The practicaljems
posed by separate subgraphs are not as great as theoretisal-c
erations might suggest.

6. Face Normal Alignment

In many drawings, it is possible to determine not only thahso
edges are aligned with one of the three major axes, but aio th
some face normals are similarly aligned. We now consider taow
make and use such deductions.

It is simple to add extra equations to our linear systems if we
know that a face normal is aligned with tle j- or k-axis. For
example, if we know that the face normal is aligned with the
axis, we can sep = iqg for every pair of vertice$® andQ on the
face. Such extra equations should both make it more ceftain t
the linear systems have a unique solution and that the enligia
good one.

The major problem is determining which vertices are acyuall
the plane of the face. A junction, in a loop of junctions antk$
bounding a region, does not necessarily imply a correspongér-
tex in the plane of the face—the face may be only partialsible,
with the vertex being one which occludes the face. Curremty
start by attempting to determine those regions correspgnth
fully-visible faces: junctions bounding such regions mastre-
spond to vertices in the plane of the face.

a Any region bounded by lines froall groups of parallel lines
is not a fully-visible face—e.g., for normalons, it is clahat if
the region is bounded by lines in all three main axes, theseorr
sponding edges cannot all be in the same plane.

b Any face which includes the occluded line at an occluding
junction is only partially-visible. As at this stage we dd know
which T-junctions are occluding and which are not, we assume
thatanyface including the “tail” of ar-junction is not a fully-
visible face.

¢ At least one of the edges at Arunction always occludes one
or other of the faces it meets (some relatively rare norettibl
vertices producé-junctions which occlude both, the two edges
occluding different faces). Without a labelling, it is naigsi-
ble to tell which face is the occluded one (unlesslthanction
occludes the boundary). If the lines meeting atlajunction
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separate two non-background regions, we assume that iesne r
gion is already known not to be a fully-visible face, thathe t
occluded one, but failing thaneitherregion is a fully-visible
face.

Even this step is not entirely reliable: stage (c) in patéicis an
uneasy compromise between theoretical soundness andcplact
utility.

Any fully-visible face including edges aligned with two dfet
major axis has its normal aligned with the remaining majas a0
we can set the corresponding coordinates in that axis oédilces
in the face equal.

Having identified the fully-visible faces, we try to predfece
normal alignment for the partially-visible faces. Thisds$ certain,
so we include a merit figure for our predictions.

For each region which is not a fully-visible face,

d count the numbers of pairs of consecutive lines bounding it
which are aligned with 2 of the 3 main axes

e count the numbers of lines leaving the face at trihedh&l ¢r
Y-) junctions which are aligned with the 3 main axes

f from this, obtain a count of the data which suggest that ¢glee f
normal might be aligned with 1 of the 1 major axes, and nor-
malise the 3 counts to obtain likelihood estimates
if the region shares a line with a face which is already tihbug
to have a normal aligned with one of the major axes, this regio
cannot have the same normal, so set that likelihood estitoate
zero

h predict that the face normal is aligned with the axis cqoes!-
ing to the highest likelihood estimate, with a merit figure ob
tained by subtracting the second-highest from the higliesdi-|
hood estimate

We note that stage (g) is clearly incorrect: two faces might b
parallel if the corresponding regions share an occluding. [T his
stage too is an uneasy compromise: while noting that thdtéevi
cases where a partially-visible face should be parallel tollg-
visible face despite the two regions sharing a line, theitbaléo
be cases where we should wish to ensure that two reghmihb,
corresponding to partially-visible faces, sharing a line Bot par-
allel, and nothing in our current method prevents this. Faqiis
an example where the two problems combine to produce inttorre
output; Figure 3 is an example where both problems occurowtth
any erroneous effect.

Despite these shortfalls, the predictions of face normaldaby
this method are correct far more often than they are wrordjttza
most serious failures are not a consequence of the defieen@
have already noted:

e 123 face normals were correctly identified as being cestainl
aligned to one of the main axes

e 23 face normals of partially-visible faces were correctlgriti-
fied as being probably aligned to one of the main axes

e 10 face normals were correctly identified as being unaligned

e 20 face normals of aligned faces were not identified as being
aligned

e 8 face normals of partially-visible faces were incorredtlgnti-
fied as being probably aligned to one of the main axes

e 8 face normals were incorrectly identified as being cerainl
aligned to one of the main axes
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Figure 25: Inflation of Figure 1

The drawings in Figures 11 and 15 defeat this method, partly
because the inputs from grouping of parallel lines are irgar
Figures 17 and 18 also defeat this method: incorrect deshgtire
made from the region corresponding to the boundary of the itos
each of the two drawings.

In conclusion, we note that the major problem with the idea is
not how well it works, but that it contravenes one of our earli Figure 26: Inflation of Figure 14
assumptions: it is more important for an information prevido
give correct recommendations when it gives any recommandat
than it is for it to always produce some recommendation. Ttes
spite the results in Section 7.2, we cannot recommend itgsiun
in any system until the uneasy compromises in stages d anel h ar
resolved.

C-H and Rel are previous methods: the original Clowes-Haffm
method for trihedral drawings (or the extended method [D8] f
extended trihedral drawings), and a probabilistic relaxatp-
proach [25]. Column Fix is the naive implementation of owvne
7. Test Data and Results approach described in [26]. Column Var is the preferred anman-
tation of varying the 2D angles of the major axes, as destriie
Section 4. Column Ded adds to this the deductions concefaagy
Our test data (see Figures 1-20) are taken from two papers byalignment from Section 6. Columns C+F, C+V and C+D are the re-
Sashikumar et al [19, 20] concerned with the use of CAD paekag  Sults of combining Clowes-Huffman trihedral labelling atended

To ensure that they represent a reasonable selection afemniig trinedral labelling [16] as additional information proeis with the
objects, the drawings were taken without any selectionratzs to methods of columns Fix, Var and Ded respectively.

exclude: trivial drawings such as extrusions, repetitiotcomplete
drawings, and non-polyhedral objects. Some have beenwadm
ensure a general position viewpoint.

7.1. Test Data

Various tuning parameters were optimised separately fdr e
the variants considered. The data used for optimisatiorpciead
nearly 600 drawings, combining the test data for [24] and.[R®

Of the 20 drawings, 12 are normalons (1 of these is extended drawing is in both the optimisation set and the set of 20 tesivd
trinedral, the rest trihedral), 7 can be decomposed intoidstand ings used in this paper. However, some of the drawings ingiis
axially-aligned wedges (2 of these are trihedral, 5 arealetdral per, particularly the simpler ones, are similar to drawingshe
with one or moreK-vertices, and 1 has a 5-hedral vertex), and 1 larger set.

(Figure 15), although having a cuboid as its convex hull gighrer
a normalon nor built from cuboids and axially-aligned wesigeand
has tetrahedral vertices which are Kevertices. These proportions
are reasonably close to those reported in a part survey [18].

Figures 25 and 26 show the output of inflating Figures 1 and 14
respectively using the preferred implementation of vagyime 2D
angles of the major axes. It can be seen that the inflatedairont
geometry, while not perfect and not as good as could be asthiév

6 of the drawings have one or more hole loops; 5 have one or line labels were known in advance, is adequate for the pegpfus
more bosses, 4 have a pocket, and 1 has a through hole; tleese pr which we use it here.
portions broadly agree with another survey [14] albeit witbre
bosses. Considering these matches with the surveys, wevéeli
these 20 drawings are more representative of real engigeeb-
jects than the test cases used in many earlier line labgitipgrs.

The results shown depend both on the variant used and on the
settings of the tuning parameters. Tuning a given variapsdwmt
always produce a clear optimal setting for each parametsore
cases, the fact that different results were produced by iffereht
variants may be more to do with the specific optimal valued fze
7.2. Results the parameters for each variant than with the intrinsicedéffices

i h h i .
In order to compare the reliability of the approaches descrhere, In approach between the variants

we have determined the number of mislabelled lines in eatheof There are 380 non-boundary edges in the test set. The best of
twenty test drawings; the results are shown in Table 2. Colum  our new variants labels over 90% of these correctly (ungssie-
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Drawingg C-H Rel Fix Var Ded C+F C+V C+D
Fig. 1 0 6 1 1 0 0 0 0
Fig. 2 2 8 2 4 2 2 2 0
Fig. 3 2 7 0 2 5 0 2 2
Fig. 4 0 2 2 1 3 1 3 4
Fig. 5 2 3 2 2 2 0 0 0
Fig. 6 n/a 8 6 4 2 0 2 6
Fig. 7 n/a 7 4 2 2 2 2 2
Fig. 8 2 8 6 6 5 0 0 2
Fig. 9 0 4 2 0 4 1 1 2
Fig. 10 0 0 0 0 0 0 0 0
Fig. 11 n/a 8 5 6 8 6 4 13
Fig. 12 0 9 3 1 0 5 1 0
Fig. 13 n/a 6 6 1 0 0 0
Fig. 14 n/a 8 5 3 0 0
Fig. 15 n/a 0 0 0 0 0 0 0
Fig. 16 0 0 1 0 0 0 2 2
Fig. 17 n/a 3 4 1 7 7 3 6
Fig. 18 1 3 4 1 7 7 3 6
Fig. 19 2 1 2 1 2 2 4 4
Fig. 20 0 0 0 0 0 0 2 2
Totals n/a 91 55 36 49 33 33 51

Table 2: Test Results: Numbers of Incorrect Edge Labels

laxation labelling, by far the worst option listed, labeloat 75%
correctly).

Table 2 does not distinguish cleamyonglabellings from plau-
sible but suboptimal labellings e.g. labelling the pockeEigure 2
as a hole. Such minor mishaps can outweigh real performafice d
ferences between variants, so the totals should be takeniag b
indicative rather than as proof that one variant is supdoaan-
other.

Overall, the approach described in this paper is clearlgaifsi
icant improvement on previous approaches; it is reasonzbbr
that the variable-axes variants introduced here are todfenped to
the fixed-axis variant (3rd column) we introduced in [26]ddhat
using Clowes-Huffman labelling as an additional supponcfion
is worthwhile.

In all cases, the labellings were produced in a fraction etasd
(using an Intel Pentium 4 GHz CPU).

8. Conclusions and Recommendations

Line-labelling is useful; without line labels, it is much neodiffi-
cult to interpret line drawings. However, labelling is a romial
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problem , especially when non-trihedral vertices are adldwand
no perfect solution is known.

For drawings of trihedral and extended trihedral objects,
Kanatani’s algorithm [8] for the Clowes-Huffman methoddaar-
odi's extension, achieve as good results as any other agiproa
However, the limitation to trinedral and extended trihéaiziects
is unacceptably restrictive.

It is clear that any of the variants presented in this paper is
significant improvement on the unassisted relaxation agubrdor
general objects. However, selection between the variantess
clear-cut in view of the suboptimal labelling issue noted\a In
general, from the variants discussed in Section 4, moveatite
variants are to be preferred to fixed-axis variants. It idearcas to
whether it is beneficial to incorporate the ideas of Section 6

The failure modes of our approach are not well-understood at
present. Ideally, we should wish to be able to determinenlyyais
of the original line drawing, how much confidence can be pldne
the outputs of the various stages of processing.

We will continue to look at a variety ideas for combining the
requirements of geometric realisability with those of dite con-
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straint satisfaction problems as alternative solutionth&oprob-
lems of line-labelling, using the variants presented is thaper as

[15] S.E.Palmeryision Science. Photons to Phenomeno)ddy
Press, 1999.

a benchmark representing the current state of the art.
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