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ABSTRACT

We describe a method of constructing a B-rep solid model from a
single hidden-line removed sketch view of a 3D object. The main
steps of our approach are as follows. The sketch is first tidied in 2D
(to remove digitisation errors). Line labelling is used to deduce the
initial topology of the object and to locate hidden faces. Constraints
are then produced from the line labelling and features in the draw-
ing (such as probable symmetry) involving the unknown face coef-
ficients and point depths. A least squares solution is found to the
linear system and any grossly incompatible equations are rejected.
Vertices are recalculated as the intersections of the faces to ensure
we have a reconstructible solid. Any incomplete faces are then com-
pleted as far as possible from neighbouring faces, producing a solid
model from the initial sketch, if successful. The current software
works for polyhedral objects with trihedral vertices.

CR Descriptors: I.3.5 [Computer Graphics]: Computational
Geometry and Object Modelling - Geometric algorithms, languages
and systems; I.2.10 [Artificial Intelligence]: Vision and Scene Un-
derstanding - Perceptual reasoning; I.3.6 [Computer Graphics]:
Methodology and Techniques - Interaction techniques; J.6 [Com-
puter Applications]: CAE - CAD.

1 INTRODUCTION

We present in this section an overview of the problem that we wish
to solve, and an outline of our solution to the problem.

1.1 Problem Statement

In computer aided design there is a need to transfer 3D objects from
the minds of designers into modelling systems. Current systems are
extremely slow and unwieldy, frustrating designers and interrupting
the cognitive process; what is needed is a quick, natural method to
input 3D shapes into a CAD system.

Ullman et al. [25] showed that current systems, using a tablet
with rubber banding or icons and menus, are detrimental to the de-
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sign process; users are continually interrupted from drawing by the
need to change their focus of attention from drawing to menu se-
lection, breaking concentration. The importance of sketching in de-
sign is covered in Jenkins [14], where current input methods are re-
viewed and found still not to be natural to the user; he states that
current CAD systems do not take into account the special nature of
sketching during the conceptual stage of design. This is the most
impulsive stage of design, where users want to create drawings as
fast as their inspiration; this is definitely not possible with current
CAD systems, so designers are held back by the user interface to
the computer system.

A system is required whereby sketches may be input quickly and
freely with a natural “pencil and paper” style interface, thus moving
the machine closer to the designer. Human operators can produce
sketches of a 3D object quickly and easily, which we wish a CAD
environment to be able to understand directly in the form of a solid
model, which may then be further processed. This involves a CAD
tool that can interactively input a 2D line drawing of a 3D object
drawn using a pen and tablet, and interpret it as a 3D object in real
time as the designer sketches, effectively replacing the pencil and
paper.

We will take a single, orthographic view of a trihedral object
with hidden lines removed and without any holes or connected parts
that could be considered to be independent objects (we discuss this
in the next section). Our program will use artifacts in the drawing
to recover the missing depth information and make simple assump-
tions about the structure of the hidden parts of the drawing, produc-
ing a solid model complete with the hidden lines.

1.2 System Principles

We will use the term junction to refer to a point in 2D, line to refer
to a line connecting two junctions in 2D, region to define an area of
the drawing, region boundary to refer to the loop of lines and junc-
tions bounding a region. We use the term vertex to refer to a point
in 3D, edge to refer to a line connecting two vertices in 3D, face to
refer to a 3D surface of the object and face boundary to refer to the
loop of edges and vertices bounding a face. A block diagram of the
following system is presented in Figure 1.

The initial stage of our system takes the user’s sketch from the
digitising tablet, and converts it into a series of straight lines. The
lines in the drawing are then analysed, and 2D tidying is carried
out; for instance, lines are connected together, tested for parallelism
and so on. We assume that the user is sketching an opaque, trihe-
dral, planar solid; the opaqueness making the sketching easier for
the user. The trihedral assumption makes the reconstruction prob-
lem less general than a less constrained planar object, assisting us in
the generation of a solid model. The planar assumption is again for



User sketches on 
digitising tablet

Sequence of 
pen co-ordinates

Lines are formed
and tidied

Lines and connected
junctions

Drawing formed
and labelled

Extra constraints
created

Drawing with several
labellings

Drawing with single
labelling

Linear system
is solved

Three-dimensional
object

produced
Solid model 

Hidden parts
reconstructed

dimensional object
Partial three-

Figure 1: Block diagram of the overall system

simplicity; the assumption that the object has no holes or connected
parts reduces the problem of multiple solutions to the line labelling
problem. These are not inherent limitations of our approach, but
were imposed to keep the initial system simple. This issue is dis-
cussed further in Section 5.

Once the drawing is tidied and complete, 3D information is de-
rived from it. Initially the drawing is line labelled with the Huffman-
Clowes labelling, and the drawing is divided into regions (which are
the forerunners of 3D faces), giving the basic topology of the visi-
ble part of the object. Note that if several consistent labellings are
possible, then the interpretation system records all labellings and se-
lects an arbitrary labelling to work with. The drawing is then con-
verted into a precursor solid model, with the depths of vertices and
face equations still unknown. The line labels are examined, and any
hidden faces that intersect visible faces in the drawing are added to
the precursor solid model as incomplete faces.

From the precursor solid model, a linear system is produced that
constrains the vertices as lying on the intersections of their parent
faces. Further constraints are then produced from artifacts in the
drawing (such as skewed symmetry and parallelism), and are added
to the linear system. A least squares solution is then found giving
the unknown geometry of the object (grossly incompatible constraints
are detected and rejected). Positions of vertices are refound by in-
tersecting faces to ensure we have a reconstructible object.

The incomplete hidden faces are then completed as far as pos-
sible, producing the rest of the topology of the shape, and also its
geometry, and the final solid model is produced where possible. A
new linear system is generated from this solid model, and a least
squares fit found, with extra constraints relating to the newly cre-
ated hidden faces. The produced solid model is presented to the user
for verification and further editing. If multiple solutions exist to the
line labelling problem, then the user is prompted to verify if the pro-
duced solid is correct. If it is not, then the system selects the next
possible labelling and generates a solid model from it in turn.

2 RELATED WORK

In this section we present an overview of work by other researchers
attempting to solve similar problems to the one outlined, and of other
workers techniques which we use. Some of this work comes from
the computer vision community, being aimed at reconstructing ob-
jects from line drawings extracted from images, rather than sketched
by a user. These are different problems, as images of physical ob-
jects contain extra information that can be used to reconstruct the
object (such as shading).

2.1 Similar Work

Many researchers have addressed the problem of inputting a 3D ob-
ject from 2D data; the creation of 3D models from several ortho-
graphic views (usually scanned in from an original technical draw-
ing) is a popular area, due to the amount of drawings that users would
like to convert into computer models. Orthographic views in Chen
[3], Dutta [5] and Lequette [19] are converted to a solid model, with
Kobori [17] working with a wireframe model to produce a solid model.
These papers aim to produce a solid model given a complete draw-
ing of the target object which contains depth information, and con-
centrate on matching vertices between views (as each vertex appears
once in each view), or just producing face information from a bare
line and vertex model. An unusual but related approach is by Suf-
fell [22], where the designer draws two views of the object and the
program combines these via stereo to form the required solid model.
However, we do not wish for the user to have to draw several views
to input a quick sketch and our aim is single view reconstruction.

The approach we wish to use is to convert a single view into
a solid model, such as the work by Leclerc [18] and Marill [20].



These methods accept a complete wireframe drawing as input, and
use an optimisation approach by gradually disturbing the depth of
each vertex from an initially flat drawing to a 3D wireframe, min-
imising the standard deviation of angles between connected lines.
Being based on an optimisation scheme, these methods require a
complete wireframe picture of the whole object and do not take into
account drawing errors, nor do they attempt to tidy the drawing. Our
system accepts a hidden line removed drawing, tidies it and pro-
duces a complete solid model as output rather than a wireframe.

The research of Kanade et al. [15, 16] concentrates on the usage
of gradient space and skewed symmetry to infer the missing depth
information; drawings and real images are used, with the final out-
put being a solid model. Our method also uses skewed symmetry,
except that we use additional features in the drawing to estimate the
gradient of parts of the image. Kanade works directly with digitised
images of real objects, and hence does not investigate the problems
of maldrawn objects.

The direct input of depth whilst creating the object is investi-
gated by Bier [2], Forrest [6], Fukui [8] and Pugh [21]. The solu-
tions presented rely on lines being snapped into the same depth as
previous lines whilst they are being drawn, or use a certain orien-
tation of the input device (usually a mouse) to infer movement in
depth. These systems produce solid models directly, but not in a
way natural to the user.

Perspective sketching is another method of entering an object
(the above methods rely on isometric projection); this type of pro-
jection is difficult to sketch, but contains much more information
than an isometric drawing. Hale [9] and Ulupinar [26] both use the
extra semantics from perspective input; Hale lets the user sketch di-
rectly in 3D by drawing cross-sections of the object (being aimed at
the car design industry). Ulupinar derives depth from skewed sym-
metry in much the same way as Kanade [15], but uses vanishing
points to help determine the surface gradients. Perspective projec-
tion is a useful medium, especially with real images, but is too error
prone to be used for quick sketching by hand (as a slight difference
in line orientation changes the depth interpretation of the drawing).

Expert systems have also been used by Hwang [11] and Iwata
[12], allowing the user to sketch their required object and have it
interpreted as a solid model. The restriction with the use of an expert
system, however, is that every object that is to be recognised must
be present in the knowledge database. In many cases, this is simply
too large a problem to consider; a designer may be creating a one-
off object that does not consist of off-the-shelf parts in the database,
so it would not be recognised.

Moving on to the solving of constraints produced by examining
the drawing, Sugihara [23, 24] has worked with linear systems to
produce a solid model from single view images from which edges
have been extracted. He uses linear equations to constrain the ver-
tices to lie on intersections of faces, with the depths of vertices and
gradients of faces being the unknowns in the system. The light in-
tensity data from a real image is then used with a minimisation sys-
tem to produce a solution to the linear system. In our case, we do
not have access to the lighting of an object, so we instead use other
constraints to provide us with depth information (skewed symme-
try, for example).

2.2 Review of Techniques

In this section we give a brief outline of existing techniques used in
this paper.

2.2.1 Line Labelling

Line labelling is a method for interpreting the 3D structure of a 2D
line drawing, in which labels are placed on lines to indicate their
relative position in space. There are four labels used, indicating that

a line is convex or concave with respect to the viewer, or occluding
something to the left or right of the line; as shown in Figure 2, a ‘�’
is used to denote a concave edge, a ‘�’ denotes convex edge, and an
arrow denotes an occluding edge. Note that an arrow is directional,
such that the solid object is lying to the right of the line and empty
space or hidden detail is visible to the left of the line—see the cube
occluding the two distant cubes in Figure 2 for example.

Figure 2: Example labelled drawings

Given these four labellings, there is only a finite number of ways
in which lines classified in this way can meet at a junction; i.e. there
is a finite number of ways lines can be labelled when they meet at
a junction. These finite outcomes were initially derived indepen-
dently by Clowes [4] and Huffman [10].

Waltz [27] introduced a constraint-based propagation to reduce
the set of possible labellings at each junction to form a consistently
labelled drawing (or several such drawings if more than one possi-
bility exists).

2.2.2 Linear Systems for Spatial Structure

Sugihara [23] uses a linear system to represent the spatial structure
in a drawing (namely, which vertices lie on each face), and to con-
strain the vertices whilst finding a solution that matches some phys-
ical property of the image (in this case, the light intensity across an
object). Equations in the linear system are of the form presented
below, with x and y being the 2D point co-ordinates and z the un-
known depth of the corresponding vertex. We assume that the user
will sketch an object in “generic position”, such that faces in the ob-
ject are not parallel to the line of sight. With this assumption, we
take p q and c as constants for a face, giving constant equations of
the form in Equation 1 for each vertex lying on a face.

px� qy � z � c � � (1)

Problems arise in that the resulting set of equations is not neces-
sarily linearly independent, and slight errors in the drawing or calcu-
lation can drastically change the solution found; this is the problem



of generic reconstructability, which is covered below; also in gen-
eral there will not be enough equations to find all the unknowns.

2.2.3 Skewed Symmetry

Kanade [15, 16] has examined the use of skewed symmetry to de-
rive the gradient of surfaces from a single orthographic view. Skewed
symmetry occurs when a real symmetry is viewed in an image, where
the viewer is not directly in front of a symmetrical face, causing the
symmetry to appear “skewed”; see Figure 3.

By detecting the skewed symmetry axes, we then constrain the
orientation of the face to lie on a hyperbola in gradient space, where
gradient space is the 2D space of ordered pairs �p� q� in the face
equation px � qy � z � c � �. The hyperbola arises as the two
axes of symmetry must be perpendicular to each other when the face
is viewed head-on, and this constrains the possible gradient �p� q�
of the symmetrical face (see Figure 4). There are an infinite num-
ber of �p� q� pairs on the hyperbola; points G� and G� are used, as
these gradients represent the least slanted orientation that could pro-
duce the skewed symmetry in the image from a real symmetry in
3D. Thus, each face that displays skewed symmetry produces a pair
of possible gradients, �p� q� and ��p��q�. Line labelling is used to
determine which of these are appropriate.

Cube

Actual top faceView of top face

Figure 3: Skewed symmetrical figures

2.2.4 Generic Reconstructability

The generic reconstructability problem arises when the correctness
of a drawing may be affected by small errors in the vertex positions;
the typical example of a truncated pyramid is shown in Figure 5.
With this image, the object is only reconstructible as a solid if the
lines joining the outer triangle to the inner triangle meet at a com-
mon point (as three planar faces must meet at a common vertex).
Clearly, if the original drawing is a sketch by the user it is to be ex-
pected that the lines will not exactly meet.

Sugihara [24] presents a method for ensuring that a drawing is
generically reconstructible; this involves a linear system, and re-
moving enough equations from the linear system such that vertices
in the drawing have enough freedom to be moved to fit the planar
interpretation. The linear system is then solved, and the vertices are
computed as the intersections of the newly solved faces; thus their
original x� y co-ordinates may be altered.

Wang [28] uses an alternative method, which checks several con-
sistency constraints. If the drawing is not generically reconstructible,
further planes and vertices are added as necessary (in the case of the

G1

2

p

q

G

Figure 4: Gradient constraints in a skewed symmetrical figure

truncated pyramid, existing vertices remain unchanged and one ex-
tra plane and vertex are introduced to ensure reconstructability).

CorrectIncorrect

Figure 5: Sample generically unreconstructible figure: the trun-
cated pyramid

2.2.5 Hidden Face Recovery

This subject is touched on by Sugihara [24]. He restricts the prob-
lem to objects with exactly four degrees of freedom, and determines
hidden faces from three or more vertices that are visible and belong
to the hidden face. Intersections between hidden faces can then be
found to form edges between them, and the solid can be completed.

3 OUR SYSTEM

In this section we present the details of each component module of
our system.

3.1 Line Tidier

This module works entirely in 2D, and works incrementally as the
designer sketches. Our sketch tidying process is taken from Jenkins
[13], where many techniques for tidying a drawing are given. We
only use line straightening, line connection (to ensure close lines ac-
tually connect to each other) and parallelism enforcement.



3.2 Line Labelling

We use the Huffman-Clowes labelling system for our tidied draw-
ing; firstly, the module examines each junction in turn and labels
its type accordingly. We then assign a list of possible labels of each
incident line to each junction, and use Waltz’s [27] constraint-based
propagation system to remove inconsistent labellings from each junc-
tion. We use an exhaustive tree search to produce all distinct la-
bellings of the complete sketch. One is chosen and worked on by
subsequent processes; if the user rejects the final result, solids are
created from each of the others in turn. We have also developed an
incremental line labeller so that this can be accomplished as the user
sketches, for extra speed.

3.3 Assignment of Faces to the Drawing

In this section we describe how we derive the visible faces from
the labelled drawing, and how we deduce the orientation of hidden
faces.

3.3.1 Assignment of Regions

Firstly, we label the exterior of the object as region � (representing
a “background face”, which is assumed to be infinitely far behind
the object); we start by finding the junction with the largest y co-
ordinate. We then follow the border from this junction, until we
are back at it (see Figure 6). All regions are recorded as a junction
loop (a linked list recording each member junction of the region in a
clockwise or anti-clockwise direction; see Figure 7), which we refer
to as the region boundary.
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Figure 6: Marking the “Background” face 0 on an object
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Figure 7: A sample junction loop

Having marked the background region, we then move on to the
interior of the object. We examine each line in the object in turn,
checking for existence of a region label on the left and right hand
side of the line in question. If a region is not assigned, we create a

new region and start to mark the objects by following loops of lines
in a consistent orientation (see Figure 8).

Left-hand side marking of face Right-hand side marking of face

Figure 8: Following each side of a line

3.3.2 Creation of an Intermediate Face Structure
Model

We now create an intermediate face structure model from the region
information that we have deduced; the model will become a solid
model later (at this stage, none of the faces in the object have their
equation defined, nor do the vertices have their z coordinate fixed).
2D regions and line labels are examined to produce a 3D face struc-
ture, in which occluding lines formerly associated with two 2D re-
gions are now represented as an edge connected to only one 3D face.
Occluded faces are then dealt with in the next section.

Initially, we create a 3D vertex for each 2D junction in the draw-
ing, leaving the z coordinate undefined but taking the x and y coor-
dinates from the drawing.

We then create 3D faces from the 2D regions. We follow each
region boundary and assign each associated vertex from the junc-
tions in the junction loop to the appropriate face. If a junction has
both incoming and outgoing occluding lines that occlude the cur-
rent face, then it does not correspond to a 3D vertex (see Figure 9)
and hence is to be skipped and not added to the face. Note that re-
gion � in the drawing (the “background”) is not physically part of
the drawn object, and is hence ignored when creating 3D faces.
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Figure 9: When a vertex has both incoming and outgoing occluding
edges

With the face structure and vertices created, we now form the
corresponding 3D edges.



We examine each vertex loop (face) in turn, and search for a 3D
edge linking each pair of vertices; if one exists, then we note that
this edge lies on this face. Otherwise, we search for a 2D line link-
ing the associated junctions of the two vertices in question. If such
a line exists, or if several “T” junctions connect the two junctions in
a straight line (see Figure 10), then we create a new 3D edge con-
necting the two vertices (again noting the face it lies on).

a

c
b

d e

Vertex ‘a’ will be joined to vertex ‘e’ by a single edge

Figure 10: A line of ‘T’ vertices connecting two vertices

We have created a partial 3D topological model from the 2D
drawing; we also now assign some of the hidden faces to the model.

3.3.3 Creation of Hidden Faces

Given the intermediate face structure and the labelled drawing we
check for any vertices connected to only two 3D faces, and create
additional faces to form a trihedral model. These additional faces
are not complete, and have remaining vertices added to them in Sec-
tion 3.7.

Using the assumption of trihedral vertices, we know that exactly
three faces must meet at each vertex; using this fact, we must have
one hidden edge at each two-edge “L” vertex (which corresponds
to an “L” junction). An “L” vertex forms the border between two
consecutive faces, and we must create a new face as we come across
each “L” vertex.

Thus, we consider occluding edges (identified by having one as-
sociated face); if such an edge is found, then we continue to follow
any edges connected to this edge that are also occluding until we
meet a 2-edge vertex; see Figure 11. Note that we can follow a path-
way through the edges in this manner as the only time we will have
a edge with one associated face is when the 2D line was marked
as occluding; three-line junctions can only have two or no occlud-
ing lines, and two-line junctions do not matter as we halt as soon as
we find its related two-edge vertex. If we have a hidden face all of
whose edges are completely visible (such as the base of a pyramid
viewed from above), then there will not be any two-edge vertices on
this face; we detect this by ceasing the search as soon as we come
back to the initial vertex. The complete vertex loop we have just
traversed is then added as a new face, and the connecting edges as-
sociated with the new face accordingly.

We otherwise create a new face when arriving at an “L” vertex,
and assign this vertex, the edge attached to this vertex and its other
terminating vertex to the face (we have found a new hidden face).
We now follow the attached one-face edges around the object, as-
signing them to the new face as we go, until we meet another two-
edge vertex (see Figure 12), in which case we go back to looking for
any remaining edges associated with only one face, until we have
examined all of the edges in the face structure model.

We have now added the appropriate hidden faces that intersect
any of the visible faces in the object.
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Figure 11: A two-edge vertex, attached to an unmarked face
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Figure 12: The end of the hidden face—another 2 line vertex

3.4 Constraint Creator

This module creates a linear system from the face structure model,
and also adds constraints to the system from artifacts in the draw-
ing such as skewed symmetry and parallelism. This system is then
solved, using the artifacts to produce the unknown depths and face
coefficients. We will cover the creation of the bare linear system
initially, and then move onto the extra equations added by artifact
identification.

3.4.1 Creation of the Least Squares System

We examine the vertex loops stored with each face to create the set
of equations that constrain the appropriate vertices to lie in each face;
each equation is of the form in Equation 1. This is presented as a
matrix A and two vectors, x and b in the form Ax � b, where A
and b contain the constants and x the unknowns.

If we have m vertices we thus have m unknown z coordinates,
and if we have n faces we have �n unknown coefficients for each
face, resulting in m��n unknowns. In general, each vertex lies on
3 separate faces, leading to a total of �m equations.

Once all vertices have been added, we have constrained the face
structure model but not actually added any information about the
unknown depth; this is produced by examining artifacts in the draw-
ing and is discussed in the next section.

3.5 Artifact Identification

In our case, an artifact is any combination of lines or junctions that
enable us to constrain the depth of the solid model by making as-
sumptions about the user’s intentions. The artifacts we use are par-
allelism, skewed symmetry, and right angle fit; these are explained
in the following sections.



3.5.1 Parallelism

With planar models of machined objects, there is a high tendency
for designers to use parallel faces, for reasons of ease of manufac-
ture and assembly. Parallel edges are hence common and are an im-
portant artifact for constraining an object, and a technique for de-
tecting, tidying and constraining them is now presented.

A set of buckets is created at one degree intervals from 0 to 179
degrees and a weight is associated with each bucket, initially 0. Each
line in the drawing is examined, and its angle to the x axis calcu-
lated to the nearest degree. The line is placed in the corresponding
bucket, and the weight for the bucket is increased by the length of
the line (a longer line is more likely to be accurately drawn than a
shorter one and is thus given greater importance).

After all lines have been added to the buckets, we find those
buckets with high weights, and transfer into them the contents of
nearby buckets with lower weights on the assumption that the lines
in them were poorly drawn. Thus, the positions of the junctions at
the ends of these lines must be altered to give them the desired an-
gle.

We use several passes in which we attempt to move the most
constrained junctions first, fixing them in position. We then work
through the less constrained junctions, moving them to ensure that
their incident lines are parallel with respect to previously fixed lines,
making unconstrained junctions more constrained until they are fixed
in position. This approach may fail if there is a high proportion of
junctions associated with three regions, as the drawing is too con-
strained to allow us to adjust all of the junctions desired. If this hap-
pens, some lines will not be adjusted to be parallel as required; how-
ever, this does not stop a reasonable solid model from being created.
A method is required to enforce parallelism on all desired lines and
is the subject of ongoing research.

Once all the lines and junctions have been moved as required,
the related vertices are updated to reflect their new position. We
then produce equations to keep appropriate pairs of edges parallel
in 3D, viz:

l��z
�

� � z��� l��z
�

� � z�� � � (2)

where l� and l� are the gradients of the lines in 2D and zi� z�

i are the
z coordinates of the endpoints of the corresponding edge i taken in
an appropriate sense.

Note that given n edges to be parallel, we only need generate
n � � equations; for instance, given that edges 1,2,3,4 are parallel,
then we generate equations to fix pairs 1,2; 2,3 and 3,4.

3.5.2 Skewed Symmetry

We have already explained how to recover the gradient of a face
given the skewed symmetry axis in Section 2.2.3, but not how to
detect the axis in the first place; we outline this below.

For a region to contain a skewed symmetry, one axis must pass
through the mid-point of a line or through a junction. The axis must
also be centred on the centre of gravity of the object for similar rea-
sons. (See Friedberg [7] for explanations of these assumptions and
an implementation of a skewed symmetry detector with bitmap im-
ages).

We now investigate these possibilities for each line or junction
in turn for one axis (thus for a region with 4 member edges, we will
have a total of 8 test axis; 4 from junctions and 4 from mid-points
of lines). The other axis of symmetry is calculated directly from the
orientation of the initial axis and the moments of inertia of the re-
gion (see Friedberg [7]). Note that if a reconstructed face has a ro-
tational symmetry (such as a triangle), then there will be multiple
solutions to the skewed symmetry test; in which case, we just select
the best fitting solution. If we are incorrect in our selection of axes,
this assumption will be rejected later when we remove inconsistent
equations after finding a best fit solution for the linear system.

Given the two axes, we then reconstruct the face by applying an
inverse skew transformation to it, thus producing the original face
as if it were viewed face-on (with its symmetry axes being the x and
y axes). We then directly test the reconstructed face for symmetry
by “mirroring” the face across its major axis of symmetry and mea-
suring the difference in position of each vertex compared to its pu-
tative mirror image. These differences are then totalled up, and the
candidate axes of symmetry that produce the smallest mismatch are
selected as being the best axes for the region.

If the mismatch is within a certain threshold (validating our as-
sumption that the face was indeed symmetrical), we then compute
the gradient from the axes as described in Section 2.2.3. The gradi-
ent is added in the form of two equations:

p � constant q � constant (3)

to the set of linear equations.

3.5.3 Right Angle Fit

This artifact occurs when edges of a face mainly meet at right an-
gles, as such faces are common in engineering. We select an axis as
being parallel to a line in the face, and test all possible pair of axes.
For each pair of axes, we reconstruct the face-on view as before,
except that this time we now test for the number of right angles in
the reconstructed face instead of mirror symmetry. The deviation of
each angle between adjacent edges from 90 degrees is calculated for
each vertex in the face and totalled. The pair of axes that produces
the least total deviation are then selected as giving the most proba-
bly orientation of the face if it is bounded by many edges meeting
orthogonally.

If the deviation is below a certain threshold, and produces a bet-
ter fit than the skewed symmetry, then this is used instead to give the
gradient of the face which is then added to the linear system in ex-
actly the same way as before.

3.5.4 Other Artifacts and Degrees of Freedom

We realise that the current set of artifacts is by no means exhaus-
tive, and we intend in future to make use of other artifacts. One such
artifact is the human assumption that three faces meeting at a “Y”
junction are perpendicular to each other if all three angles between
the 2D lines are obtuse (Biederman [1]), although this assumption
is probably too strong to be generally useful.

With our artifacts, we hope to have produced sufficient equa-
tions to solve all of the unknowns. The estimation of the gradient of
a small proportion of faces will enable us to solve the least squares
system, as (for example) once the gradients of two adjacent faces are
known, the gradient of any face joining these two faces can be found
from the two lines shared by each of these faces and the third face.
Our examples have shown in practise that in most cases we do in-
deed have sufficient equations, but there are cases where this is not
so (for instance, when an object has no symmetry, right angles or
parallel lines). Further investigation of when such cases may arise,
and other artifacts which may add further information is required.

The system as it stands still has one degree of freedom; vertex
depth can only be computed relative to other vertices, but we have
no measure of absolute depth. To constrain this, we assume the depth
of one vertex and add an equation containing this information to the
linear system prior to its solution. The vertex whose depth is fixed is
the (or a) vertex for which we have the greatest amount of gradient
information for its associated faces. This will lead to vertex depths
for other vertices on the faces, and so on, when a least squares fit is
found for the linear system. If we were to fix the depth of a vertex for
which no gradient information is available for its associated faces
this would not be sufficient by itself, as the associated faces could



change their gradients to accommodate various values of depths for
their other vertices.

3.6 Solving the Linear System

In this section we describe how we use a least squares fit to solve the
system, and how we solve the generic reconstructability problem.

3.6.1 Least Squares Solution Method

With the equations we have produced, there is no exact solution;
due to drawing and digitisation errors the solid model is inaccurate,
and we cannot guarantee that the extra constraints we have added
are consistent. With this in mind, we selected a least squares fit al-
gorithm to produce the most consistent solution.

We now have to deal with any bad choices in our selection of
equations. The linear system is passed through the least squares al-
gorithm, and the standard deviation from the result is then calcu-
lated. If any equations produce an error above a certain threshold
(we use three standard deviations), then the equation is deleted from
the least squares system as it is inconsistent with the others.

After any such equations are removed due to excess error, the
least squares solution is recalculated from the remaining equations.
This is repeated until no more equations are rejected, or the least
squares algorithm fails to produce a non-trivial solution.

If a solution cannot be found, then the system produces an error
message and informs the user that it cannot create an object from the
given drawing. If there are multiple possibilities for the labelling
of this drawing, then the system selects another labelling and tries
again; otherwise, the user can adjust the drawing, or start afresh with
a new drawing.

Once a solution has been found, the faces equations and vertex
positions are known.

3.6.2 Generic Reconstructability

An object may be inaccurately sketched by a user, and result in an
impossible object—the object cannot be created from planar faces,
as discussed in Section 2.2.4.

Neither of Sugihara’s nor Wang’s solution is particularly elegant
or intuitive to the designer. With Sugihara’s method, the adjustment
in the drawing is concentrated in a very small area of the drawing,
usually around one or two vertices which results in one part of the
drawing being badly distorted to form the correct object (see Figure
13). Wang’s method is unacceptable as it adds extra faces to a de-
signer’s object; this is an unreasonable approach as a designer will
not accidentally miss out an entire face of an object.

Instead, with our least squares solution method, we spread the
error throughout the drawing and then produce a generically recon-
structible object afterwards. The least squares produces the best fit
for a constructable object (it must be constructable if it obeys our
constraints) from the drawing. After the best fit has been found, the
vertices will only lie approximately on the faces. Thus the vertex
information found from the fit is now discarded, and all vertices are
recomputed as being the appropriate intersections of the faces to en-
sure they lie exactly on the faces. An example of a reconstructed
object using our method is presented in Figure 14.

3.7 Completion of Hidden Faces

In this section we follow the stages required to complete the oc-
cluded and partially occluded faces in the object. We first create
extra edges at each two-edge vertex by intersecting neighbouring
faces, thus adding to the boundary of the incomplete faces. These
newly created edges are then intersected with each other to further

Before reconstruction

After reconstruction

Figure 13: A truncated pyramid after Sugihara’s generic recon-
structability algorithm

Before reconstruction

After reconstruction

Figure 14: A truncated pyramid after our generic reconstructability
algorithm



complete the boundaries, forming more parts of the boundary of the
solid model. If some boundaries still remain incomplete, we pro-
vide two further methods in an attempt to find further boundary el-
ements of the incomplete faces, based on the assumption that faces
are likely to be parallel to each other, and based on searching for
partial boundaries which apparently belong to different faces but ac-
tually belong to the same face. These processes are then reapplied
in turn if necessary, as each may be able to make use of further in-
formation provided by the others, with iteration continuing until no
extra information is obtained.

3.7.1 Creation of 3-Edge Vertices

As the face structure model still has some vertices that only have
two incident edges, we must intersect the associated faces to form
additional edges and join them to the two-edge vertices to form a
complete trihedral model. We now describe our method to recon-
struct the missing edges; note that we will consider the missing faces
later.

We search for any two-edge vertices; we examine the two inci-
dent edges. Out of the two edges, there will be references to a total
of three faces; one face will be common to both edges, leaving the
other two faces without a connecting edge; see Figure 15. We cal-
culate the edge intersecting the two faces if (and only if) both of the
faces are of known gradient; if they are not, then we skip this vertex
and continue the search.

a

c

b

x

1

4 41
3

3

Figure 15: Faces meeting at a two-line vertex

We now create a new vertex (vertex x in Figure 15) to lie on the
intersecting edge and position it at an arbitrary distance along the
edge from the current vertex. A new edge is created that links the
current vertex (vertex b in Figure 15) to the newly created vertex.
The two faces are now marked as lying on either side of the edge
and the edge in turn is added into the boundaries for these two faces.

This is continued until there are no more untested two-edge ver-
tices. We have now completed as many two-edge vertices as faces
with known gradients have allowed us; note that further uncompleted
two-edge vertices may be solved later by another pass through this
code as more of the object is reconstructed.

We now need to complete the face boundaries of the hidden faces;
at this stage we take the face structure model and examine it for
any face boundaries that are open; i.e. two consecutive edges in
the boundary are not connected, such as the face in Figure 16(i).
We attempt to close these boundaries by intersecting unconnected
edges where appropriate and reflect the changes in the face struc-
ture model.

We search each incomplete face in turn, examining the face bor-
ders looking for an “open” edge connecting two vertices (an open
edge is where one vertex on the edge has only one incident edge,
such as vertex 5 in Figure 16(i)).

Once one is found, we follow the face border over this one-edge
vertex to the next vertex, calling the first vertex the original ver-
tex and the latter the destination vertex; see Figure 16(ii). We now
have two unconnected vertices; if we are fortunate, the two edges at-
tached to the vertices can be extended to meet to complete the face
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Figure 16: The completion of a face boundary

border, as they both lie in the same plane. In practise this intersec-
tion point may be at a position in space well away from the rest of
the object, and if so, is unlikely to represent the users’ intended com-
pletion of this hidden part of the object. If so, we ignore this inter-
section, skipping this pair of vertices; otherwise the boundary loop
is update as shown in Figure 16. We must also appropriately up-
date the boundary loops of the other faces associated with the edges
which have been extended.

If this intersection would result in a vertex with four incident
edges then we cannot directly connect them as this would break the
trihedral assumption. Instead, as the edges are connected to two
two-edge vertices, we add an edge between the vertices if they are
associated with two common faces and this edge will lie on the in-
tersection of the two faces (see Figure 17). Otherwise, we skip this
pair of vertices.
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Figure 17: The joining of two two-edge vertices

Once we have attempted to close any incomplete face bound-
aries, we then need to check if there is any more work to be accom-
plished, or indeed can be accomplished. We check each vertex in
turn to ensure that it is trihedral, and that the parameters of all faces
are known. If all vertices and faces are solved, then the object must
be trihedral and hence complete; we then move on to the final tidy-
ing process mentioned in Section 3.8. Otherwise, we must some-
how complete the remaining faces; we now present two methods
for solving incomplete faces.

3.7.2 Parallelism of Faces

This can be used to fix the orientation of a face that would other-
wise have one degree of freedom; we merely need to fix the angle
of rotation of the face with respect to a fixed line that it is attached
to. An example of how such a face could arise is shown in Figure
18.



We search for any face that only has a visible edge; if there is
such an edge, then we search for a face that is parallel to this sin-
gle edge, but is not parallel to any of the faces to which the edge is
attached (see Figure 18).

(One degree of freedom)
Underconstrained face

border of face
Possible orientations for

Parallel parallel
faces

Selected 

edges

Figure 18: Testing for a parallel face

If there are no candidate faces, then we must skip this face; if
there is a single candidate, then we simply select its gradient and
assign it to the unsolved face. If we have more than one candidate,
then we must select a single face to use; we currently select the near-
est face to the unsolved edge.

Now that the unsolved face has a gradient assigned to it, iter-
ation of the reconstruction algorithm will create the missing edges
and complete this face.

3.7.3 Confusion Between Faces

This occurs when a single face is labelled as being two separate en-
tities due to occlusion separating the face into two sections (see Fig-
ure 19); we check for inconsistencies in the labelling of faces to de-
tect this.

Firstly, we search for any undefined faces (i.e. whose param-
eters are unknown), and select those which have a single visible,
incomplete two-line vertex.

We now check for any three-line vertices in the face that have
inconsistent face labels; for example vertex a in Figure 19. Such
a vertex must originate from a 2D “T” junction, with the partly oc-
cluded line being labelled as belonging to an extra face, which is ac-
tually just part of another occluded face (faces 9 and 5 respectively
in Figure 19). We merge the two incomplete faces to form a single,
complete face and update the solid model accordingly.

3.7.4 Iteration of the Reconstruction Algorithm

If we have not yet resolved the object, but have obtained further
information using the above methods, then we repeat the steps de-
scribed in Section 3.7 until we obtain no more information. If we
have not completely determined the object and can not get closer to
a solution, we simply present to the user as much of the object as we
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Figure 19: When the labelling of a face is confused

have managed to solve, but warn him that no solid model could be
determined; otherwise, we now move on to the final tidying process.

3.8 Final Tidying Process

Having produced a complete solid model, we now construct the lin-
ear system again, but this time we include all of the newly created
hidden faces and vertices. Solving this allows us to tidy up any re-
maining anomalies in the new hidden parts of the object.

The same code is used as before to produce the linear system
from the model; this time, however, gross errors in the linear system
can not arise. The final solid model is now created from the least
squares fit calculated for the linear system.

If the solid model is to be used in a solid modelling system, it
is helpful to the user to align the object to the world axis, making
modelling operations simpler. We assume that vertical lines in the
drawing are intended as vertical edges in 3D, and so rotate the solid
such that vertical lines are vertical edges in the world space of the
solid modeller. If multiple solutions exist to the line labelling prob-
lem, then the user is prompted to verify if the produced solid is the
intended object. If it is not, then the system selects the next possible
labelling and generates a solid model from it in turn. The selection
of labellings is an issue for future research, such as detecting fea-
tures in the drawing to display the most probable labelling to the
user, instead of presenting all possibilities.

4 EXAMPLES

In this section we present the results of our system when applied
to two simple sketches; a truncated pyramid and an L-block. The
drawing is shown before it is tidied, during the interpretation pro-
cess and a view of the resulting solid model. The entire interpreta-
tion process (from initial sketch to final solid model) takes approxi-
mately five seconds elapsed time for either example (on a Sun SPARC
1 workstation). These run times are varying due to system load, and
could be dramatically reduced by optimising code and removing the
additional screen updates used to produce the intermediate figures
for testing purposes shown in our example sketches below.



4.1 Truncated Pyramid

Example output from our program is presented in Figures 20 to 25
showing the various stages of model construction. In Figure 20, the
numbers in bold represent the line numbers, paired numbers either
side of each line indicate the 2D regions, and the junction numbers
are marked at each junction. Line labels are also present, taken from
the Huffman-Clowes labelling scheme. Figures 21 to 25 show the
3D edge, face and vertex numbers. Figure 26 shows a hidden sur-
face view of the final solid.

Figure 20: Truncated pyramid—initial labelling

Figure 21: Truncated pyramid—solid model formation
(note hidden faces)

Figure 22: Truncated pyramid—parallelism

Figure 23: Truncated pyramid—skewed symmetry and
right angle fit



Figure 24: Truncated pyramid—reconstruction from least squares
fit of linear system

Figure 25: Truncated pyramid—creation of hidden edges and faces

Figure 26: Truncated pyramid—sample view of the
reconstructed solid

4.2 L-Block

Example output from our program is presented in Figures 27 to 34,
as for the previous example. However, this time, the final figure
shows a wireframe view of the resulting solid, so the hidden details
which have been reconstructed can be seen.

Figure 27: L-block—initial labelling

5 CONCLUSIONS

We have produced a system which takes a roughly drawn, single
view, orthogonal hidden line removed sketch of a 3D object and
upon making various assumptions about the nature of the sketch, is
usually able to produce a B-rep solid model. Information about the
hidden part of the object is generated as part of this process, again
by making certain assumptions.

The method currently works for many cases, especially if the
user sketches the view containing the most information about the



Figure 28: L-block—solid model formation (note hidden faces)

Figure 29: L-block—parallelism

Figure 30: L-block—skewed symmetry and right angle fit

Figure 31: L-block—reconstruction from least squares fit
of linear system



Figure 32: L-block—creation of hidden edges and faces

Figure 33: L-block—intersection of hidden edges and faces

Figure 34: L-block—sample view of the reconstructed solid

object. It is not absolutely guaranteed to give a solid model, how-
ever we are looking at improving the algorithm to give a solid model
in more cases and to ensure that if a solid is produced, then it is what
the user would expect. More work is needed to characterise fully the
circumstances when the current system will fail to produce a com-
plete solid model. Once this has been done, it may be possible to
identify further artifacts which will help to add further information
in such cases. We are also considering algorithms which guarantee
a solid is produced in all cases, including when the system cannot
create the hidden parts of the object directly from information in the
drawing.

Currently the system cannot deal with faces which contain hole
loops. Adding these will increase the range of sketches which the
system can handle, at the expense of having to consider more cases
from the line labelling, and increased difficulty in completing the
hidden sections of the object. However, in general, we do not expect
the user to sketch very complex objects with our system, at least as
single objects. More realistically, because of limitations on hidden
details, the user is likely to find it better to sketch the basic object,
and “features” (for example, complex bosses), as separate objects
which can then be combined using Boolean set operators.

More generally, we also intend to extend the system to cope with
simple cases of curved faces. The major changes here will be that
new artifact types will need to be considered, silhouette edges will
need to be distinguished from real edges, and the system of equa-
tions will become non-linear. The system could also be converted
to work with perspective drawings if required; this would involve
slight alterations to the artifact detection and least squares system.
Vanishing point detection would also be required to enforce the par-
allelism of lines.

Overall, the current system represents a useful step towards the
goal of direct creation of solid models from single 3D sketches.
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