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ABSTRACT
As the de-facto standard in modern CAD systems, feature-based modeling is widely used in indus-
try. Direct modeling, in contrast, is an emerging technology which allows users to promptly and
directly edit B-rep models. To exert the powers of both technologies in a single design session
and enable the communication between them, we propose a method that automatically converts
directmodeling operations into featuremodelmodification operations.We sequentially adopt three
synchronization strategies - feature parameter modification, feature order adjustment and feature
add/remove - to preserve the original design semantics of the feature model as much as possible.
With a series of experiments, we demonstrate that the proposed method can fuse direct modeling
and feature-based modeling in a natural and efficient way.
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1. Introduction

In the last two decades, parametric and feature-based
modeling [27] played a great role in computer-aided
design and brought huge economic benefits to man-
ufacturing industries. Rather than low-level editing,
the technology enables a designer to create or edit
high-level design elements, i.e. “feature”, which pos-
sesses rich engineering/manufacturing semantics. How-
ever, feature-based modeling has its own drawbacks [3],
e.g. high complexity, order dependency and predefini-
tion of changeable parameters, which can hamper the
modeling flexibility. Recently, direct modeling technol-
ogy is rapidly developing and getting used in com-
mercial CAD systems like SpaceClaim [34], NX [32]
and Creo [24]. Direct modeling is friendly to normal
users, as one can easily manipulate geometric elements
to edit a native model, without understanding the com-
plex or even tricky design semantics in the featuremodel.
Compared with feature-based modeling, direct model-
ing is a lightweight editing tool, being more efficient
and flexible. Early/conceptual design or personal cus-
tomization/fabrication can all benefit from it. While the
above two technologies have their own merits, they can
be complementary to each other. They are often used
in different design phases or preferred by experts from
different domains. Actually, the communication between
the twomodeling methods is crucial to design success, as
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designers need to switch between different design phases,
and domain experts need to share idea or edit models
during collaboration.Unfortunately, this kind of commu-
nication is still very hard, which severely hinders design
innovation or even fails a project [22].

While feature-based modeling uses feature model to
record the parametric design process, direct modeling
operation is an immediate event that makes a change to
geometric model (B-rep). Once users edit a parametric
model through direct modeling, the underlying B-rep is
modifiedwithout involvement of the features. To keep the
parametric information up-to-date and valid, which is
imperative for supporting the further feature editing, the
feature model should be synchronized accordingly, and
the modified geometric model can be faithfully regen-
erated by the new feature model. This is the key to
maintain the consistency between the B-rep updated by
direct modeling operations and the B-rep derived from
the modified feature model and enable communication
between the two modeling technologies [1].

In this paper, we present an automatic method to
smoothly convert directmodeling operations into feature
model modification operations. Based on feature repre-
sentation harnessed on cellular model [5], we evaluate
the influence of geometric editing on the features and
update the feature model. It must be emphasized that
the feature model modification is not unique, as there
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are many possible ways to update the feature model for
regenerating the latest geometric model. We thus design
three synchronization strategies following the principle
of least astonishment: a) modify feature parameters; b)
adjust feature orders; and c) add/remove specific features.
We executed them sequentially to ensure a successful
synchronization, while introducing leastmodifications to
the original feature model.
Contribution In summary, our work makes following
contributions:

• We propose an automatic synchronization method
to ensure consistency between the B-rep updated by
direct modeling operations and the B-rep derived
from the modified feature model, and thus form a
seamless bridge between direct modeling and feature-
based modeling.

• We design three synchronization strategies to update
the featuremodel, with aminimumdeviation from the
original design semantics.

• We leverage cellular model to efficiently detect geo-
metric consistencies and guide themodification of the
feature model.

2. Related work

ModelConversion In solidmodeling, boundary repre-
sentation (B-rep) and constructive solid geometry (CSG)
are two dominating methods for representing shapes.
The conversion technology between B-rep and CSG
is of significance for developing a dual-representation
modeling system. Requicha and Voelcker [26] presented
the boundary evaluation and merging algorithms which
described set membership classification and neighbor-
hood manipulation in detail. Through the work, the
problem of computing B-rep from CSG representation
can be well understood. The inverse problem was sys-
tematically studied by Shapiro et al. [29–31]. Theymainly
considered two aspects of conversion from B-rep to CSG,
i.e. the construction of separating half-spaces and the
optimization of the resultant CSG.

The smooth exchange of part models among different
vendor systems has practical importance. Kim et al. [16]
put forward a foundation for the standardized intersys-
tem exchange of parametric models. Several researches
dedicated to exchanging parametric design information
between heterogeneous CAD systems, such as macro-
parametric approach [9], universal product representa-
tion (UPR) architecture [25], and neutral modeling com-
mands [20].

Bronsvoort et al. [7,17] presented a multiple-view fea-
ture technology to convert various data between different

design phases, which enabled an integral environment for
product development.

In our work, we focus on smart conversion fromdirect
modeling operations to featuremodelmodification oper-
ations, facilitating users with powers and flexibilities of
both modeling technologies.
Feature-based Modeling Feature-based modeling,
employing features as the elementary units to construct
solid models, mainly includes two categories of methods:
one is feature-based design, e.g. machine feature-based
decomposition [12] and design feature based synthesis
[10,28]; the other is feature recognition [14,15,2] which
can be classified into volumetric decomposition, hint-
based geometric reasoning and graph-based algorithms.
Direct Modeling Different from the features, parame-
ters and constraints involved in feature-based modeling,
the only input of direct modeling is a B-rep. Users can
directly drag or rotate the geometric elements to edit
the shapes. The efficiency, flexibility and simplicity drew
great attentions from the industry. Formore information,
please refer to [13,23,33,35].
Cellular Model Cellular model was developed based
on the non-manifold boundary representation, of which
the boundary evaluation and Boolean operations were
reported in [11,21]. Bidarra et al. [5] first proposed to
manage feature information with cellular model. This
representation brought efficient boundary evaluation for
feature modeling [4]. After that, extensive studies on
application of cellular model were conducted, such as
semantic feature modeling [3], multiple-view feature
modeling [7], featuremodel visualization [6], progressive
solid models generation [18] and feature-based multires-
olution modeling [19]. In this paper, we adopt cellular
model for detecting geometric consistencies and manip-
ulating features.

3. Overview

Our synchronization method takes as input (i) a feature
model M including a feature tree, (ii) a direct model-
ing operation d that modifies the underlying geometries
ofM. In particular,M is defined as {F, O, G}, in which F
= {F0, F1, · · ·, Fn} is the sequence of features, O = {⊗1,
⊗2, · · ·,⊗n} is the sequence of Boolean operations “+,−
and∩” applied on features, andG is the geometric model
generated by:

G = F0 ⊗1 F1 ⊗2 F2 · · · ⊗n Fn.

After conducting the direct modeling operation
(Fig. 1(b)), we have a new geometric model G′ = d(G).

Our synchronization method generates a new feature
sequence F′ and the corresponding Boolean operation
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Figure 1. Overview of synchronization method: (a) the original feature model, (b) the direct editing, (c) the synchronization process.

sequence O′ such that the geometric model computed
from F′ is exactly the same as the edit result G′:

F′0 ⊗′1 F′1 ⊗′2 F′2 · · · ⊗′m F′m = G′.

We note that F′ satisfying the above constraint is usually
not unique. By following the principle of least modifica-
tion to the original feature model, whose objective is to
make the new feature model generated keep the design
intent involved in the original feature model as much as
possible, we design the following three synchronization
strategies:

1. Modification of feature parameters Modify the
parameters and sketch of the original features.

2. Adjustment of feature orders in feature tree Adjust
the positions of specific features in feature tree while
maintaining the inherent feature-dependencies.

3. Addition and deletion of features Add new
features into feature tree or delete useless
features from it, which ensures the success of
synchronization.

In view that the influences of the above three strate-
gies on the feature model are increasingly expanded with
respect to the change on the design intent, it should be in
general reasonable to conduct the above three strategies
sequentially. As shown in Fig. 1(c), the three strategies are
sequentially applied to generate a valid F′ that preserves
the design semantics as much as possible.

In thiswork,we only consider extrusion feature, which
is mostly used in practice, to simplify the problem. How-
ever, the main process is applicable to other kinds of
features, e.g. rotations, with specific sub-algorithms care-
fully designed.We also assume that geometric constraints
between features do not exist in the input model, which
is left as the future work.

4. Algorithm

Algorithm 1 lists the main pipeline of our synchroniza-
tion processing. The three synchronization strategies are
executed in order, until the underlying geometry of the
new feature model is consistent with the direct edit-
ing result. Before giving details of each synchronization
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strategy, we first introduce the cellular-based feature
model briefly, which is essential for checking geometric
consistency and manipulating features.

Algorithm 1 Feature Model Synchronization

1: procedure SYNCHRONIZATION(M, G′)
2: CM ← ConstructCellularModel(M)
3: CM.AddFeature(G′)
4: if IsConsistent(CM) then return
5: ModifyFeatureParameters(CM)
6: if IsConsistent(CM) then return
7: AdjustFeatureOrders(CM)
8: if IsConsistent(CM) then return
9: AddDeleteFeatures(CM)
10: return

4.1. Cellular-based featuremodel

Representation Cellular model is a non-manifold geo-
metric representation [8]. It consists of a connected set
of volumetric quasi-disjoint cells. As shown in Fig. 2(a),
cells represent 3D (volumetric) regions closed by cell
faces. Two cells can be separated by a double-sided inter-
nal face, with each side corresponding to a cell. Single-
sided faces lie on the shape boundary. Cellularmodel also
supports Boolean unite/intersect/subtract operations as
B-rep model but are non-regularized version. As shown
in Fig. 2(b), when non- regularized Boolean unite opera-
tion is performed on two cellularmodels, the overlapping
region is split into a new cell.

Bidarra et al. [5] proposed a feature representation
based on cellular model. As shown in Fig. 2(c), they
associate an owner list to each cell storing what features
the cell belongs to, and give each cell a nature attribute
specifying whether the region of the cell is additive or
subtractive, i.e. adding or removing material to the vol-
ume. A face is on the boundary of the feature model if its
two sides have opposite nature.
Manipulation and Construction The cellular-based
feature model supports feature addition, feature deletion,
and feature modification operations.

When inserting a new feature, the model is updated as
follows:

1. Instantiate the new feature as a cellular model with
only one cell.

2. Perform a non-regularized Boolean union between
the new cellular model and the original cellular
model.Whenever two cells undergo overlapping and
result in mutual decomposition, the new cell merges
both owner lists of the overlapping cells.

3. Sort the features in each cell’s owner list according
to feature orders in feature tree, and set each cell’s
nature as same as the last feature in its owner list.

Figure 2. Cellular model: (a) the representation of cellular topol-
ogy, (b) the non-regularized Boolean unite operation, (c) the
cellular-based feature model.

When deleting a feature, the model is updated as:

1. Remove all the references to the deleted feature from
each cell’s owner list.

2. Merge the adjacent cells with the same owner
lists and discard the cells whose owner lists are
empty.

Feature modification operation is achieved by remov-
ing an existing feature from the cellular model and then
inserting a new feature. As only Boolean unite operations
are used in cellular-based feature model, the boundary
evaluation result is independent of the operation orders.
This characteristic greatly reduces the time complex-
ity of feature manipulations, since there is no need to
re-execute the whole feature tree. Due to the fact that
feature operations are intensively used for synchroniza-
tion, using the cellular-based feature model can largely
improve the efficiency.

We construct the cellular-based feature model as the
first step of the synchronization algorithm. During the
construction, we insert the features of the feature tree
into a cellular model one-by-one, and update the feature
information accordingly.
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4.2. Checking of geometric model consistency

The synchronization succeeds if the underlying geome-
try of the cellular-based feature model is consistent with
the direct editing result. By regarding the direct model-
ing result as a feature Fd and inserting it into the cellular
model, we can efficiently check the geometric consisten-
cies by comparing the real nature and the target nature of
cells. The real nature of a cell is set as the nature of the
last feature in the owner list of the cell except Fd, while
target nature of a cell is set as additive if its owner list
contains Fd and is set as negative if its owner list doesn’t
contain Fd. We call a cell conflict if its real nature and tar-
get nature are opposite. Therefore, the synchronization is
successful if and only if there exists no conflict cell in the
cellular model. The pseudo-code of consistency checking
algorithm is shown in Algorithm 2.

Algorithm 2 Consistency Checking

1: procedure IsCONSISTENT(CM)
2: conflictCellList.clear()
3: for each cell ∈ CM do
4: realNature ← cell.getRealNature(CM)
5: targetNature ← cell.getTargetNature(CM)
6: if realNature �= targetNature then
7: conf lictCellList.push(cell)
8: return conflictCellList.isEmpty()

Fig. 3 shows an example of checking geometric model
consistency. In this algorithm, we traverse the cellular
model only once to detect conflict cells, which is highly
efficient. Without cellular-based feature model, Boolean
subtract operation has to be performed to detect B-
rep consistency, which is not only slow, but also prone
to fail.

Figure 3. Detection of conflict cells: (a) the direct editing result,
(b) underlying geometry of current synchronized feature model,
(c) conflict cells in cellular model (red).

4.3. Modification of feature parameters

To modify design semantics of the feature model as little
as possible, we first try to synchronize throughmodifying
parameters of the original features. After identifying the
features affected by direct editing, we reconstruct these

extrusion features through modifications on the sketch
and parameters of the feature. The detailed procedure is
shown in Algorithm 3.

Algorithm 3 Feature Parameter Modification

1: procedureMODIFYFEATUREPARAMETERS(CM)
2: afs ← IdentifyAffectedFeatures(CM)
3: Sort afs by the order of feature tree
4: for each oldf ∈ afs do
5: sg ← DetermineSurf aceGroup(CM, old f)
6: msg ← MaxSurfaceGroup(sg)
7: oldsg ← old f.GetOldSurfaceGroup()
8: if msg �= oldsg then
9: sketch ← C onstructSketch(msg)
10: newf ← ReconstructExtrusion(sketch)
11: UpdateCellularModel(oldf, newf)
12: return

4.3.1. Identification of affected features
Since parametermodifications are applied on the original
features, we first identify the features possibly affected by
directmodeling operation. During the direct editing pro-
cess, faces are dragged or rotated, which results in conflict
cells. According to the operated face and the conflict cells,
three kinds of affected features are identified: (i) Corre-
sponding features of the operated faces; (ii) The features
whose faces overlapped or intersected with the oper-
ated faces; (iii) Features in the owner list of the conflict
cells.

For the instance shown in Fig. 4, face f 1 is moved, so
we identify the block feature as an affected feature. And
by checking the adjacent faces f 2, f 3 and f 4 of the oper-
ated face f 1, we also identify the through slot feature as
an affected feature.

Figure 4. Identification of affected features.

4.3.2. Reconstruction of affected extrusion feature
We reconstruct the affected extrusion features based on
their surface group after direct editing, which is pro-
cessed according to their orders in the feature tree. By
modifying the sketch and the extrusion direction, we try
to define the maximum extrusion feature.
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Surface Group Determination The surface in the
extrusion feature is constructed using the geometry
equation of boundary feature face and non-boundary fea-
ture face. Boundary feature faces are the primitive faces
of the feature at the boundary of the B-Rep model, and
non-boundary feature face are those not at the boundary.
As shown in Fig. 5, faces f 1, f 2 and f 3 are boundary fea-
ture faces, while f 4, f 5 and f 6 are non-boundary feature
faces.

Figure 5. Feature faces: (a) A slot feature (red) in the cellular
model, (b) the corresponding boundary feature faces and non-
boundary feature faces.

The boundary feature faces are derived from those of
the affected features in the original model. For instance,
as shown in Fig. 6, the boundary feature faces of the slot
feature in Fig. 5 after direct editing are derived from the
corresponding boundary feature faces before direct edit-
ing.When only parts of the feature faces sharing the same
surface are affected by direct modeling, we select the face
group with larger area as the boundary feature face. This
accordsmore with human visual perception. As shown in
Fig. 6, four blue boundary faces are moved while the red
face is not affected, and we choose the blue face group to
form the boundary feature face.

We determine non-boundary feature face using ref-
erence feature face, which is coplanar with other feature
faces in feature model. Fig. 7(a) shows a block feature cut
by a through slot feature, and the through slot feature is
bounded in the block feature. The three non-boundary
feature faces of the through slot feature f 4, f 5 and f 6 are
coplanar with the three feature faces f′4, f′5 and f′6 of
the block feature respectively. To keep the original design
semantics, we preserve this type of coplanar relationship.
In particular, reference feature facesmust satisfy two con-
ditions: (i) be coplanar and overlapped with current non-
boundary feature face; (ii) be constructed before current
feature.

Since the reference feature face is possibly changed
during the process of direct modeling, non-boundary
feature face is determined after direct modeling. In

Figure 6. Determination of boundary feature faces: (a) the corre-
sponding boundary feature faces (blue) of the slot feature in Fig. 5
before direct modeling operation, (b) the corresponding bound-
ary feature faces (blue) of the slot feature in Fig. 5 after direct
modeling operation, (c) partially affected boundary feature faces.

Figure 7. Determination of non-boundary feature faces: (a)
coplanar reference feature face, (b) non-boundary feature face
without reference feature face.

the process of synchronization, the affected features are
sorted by the order of feature tree and reconstructed in
turn, which guarantees the correctness of reference fea-
ture faces. The reference feature faces are efficiently deter-
mined using cellular model. In case that non-boundary
feature face cannot be determined using reference feature
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face (Fig. 7(b)), we only estimate a reasonable geometric
equation. Two heuristic rules are adopted:

1. Set the normal of feature face as unchanged, in order
to introduce leastmodification to the originalmodel.

2. Put the feature face on either side of other feature
faces, forming the minimum positive volume of the
face group.

Maximum Extrusion Determination The surface
group with maximum extrusion possibility is recognized
if the feature is no longer a valid extrusion feature after
direct editing. As shown in Fig. 8, the top face of the prism
is rotated, resulting in a non-extrusion feature. In this
case, the surface group with maximum extrusion pos-
sibility is determined, which satisfies the following two
conditions: (i) least number of faces are excluded; (ii)
the face group can be extruded along one direction. The
specific steps are as follows:

1. Collect a feature face set which consists of all the
boundary feature faces and non-boundary feature
faces with reference feature faces.

2. Enumerate all the possible extrusion directions for
the feature face set of step 1, and determine the
corresponding extrusion face groups.

3. Select the face groupwithmaximumnumber of faces
as the maximum extrusion face group.

Figure 8. Maximum extrusion surface group: (a) original extru-
sion feature, (b) direct editing resultwith the top face (red) rotated.

In addition, all the feature faces not in the maximum
extrusion face group are regarded as the non-boundary
feature face without corresponding reference feature face.
In Fig. 8, the maximum extrusion surface group contains
all but the rotated feature face.

Sketch Construction Based on the surface group
determined, the extrusion feature is constructed by
extruding the sketch along its perpendicular direction.
As the extrusion direction is perpendicular to the sketch
plane and the extrusion length is the distance from extru-
sion source face to extrusion target face, the remaining
problem is how to construct the sketch. Based on the
original topology of side faces in the extrusion feature,
we construct the sketch as follows:

1. Project all the surfaces of side faces onto the sketch
plane and obtain curves of the surfaces.

2. Intersect the curves based on the original topology
of side faces and obtain the divided edges.

3. Connect the conjoint edges and complete the sketch.

As shown in Fig. 9, the blue faces in the top row are
the corresponding boundary faces of the features, and the
red wireframes are the constructed sketches. The red vol-
umes in the bottom row are the reconstructed extrusion
features based on the sketches.

When great changes are made during direct editing,
the original design semantic is largely modified, which
may cause self-intersected sketch. In this case, the sketch
is repaired as follows:

1. Intersect non-adjacent edges each other, and split
each edge into two new edges respectively if there is
any intersection between two non-adjacent edges.

2. Repeat step 1 until there is no edge to split.
3. Find the wireframes that are not self-intersected.
4. Project the original sketch onto the wireframes and

select the wireframe with the largest projected area
as the new sketch.

Fig. 10 shows an example of the above method. Com-
bined the sketch of each extrusion feature with the extru-
sion direction and extrusion distance, we can reconstruct
the extrusion feature.

Model Updating Once an extrusion feature is recon-
structed, both of the feature model and its cellular-based
representation are updated. The affected feature in the
feature model is updated only if its feature face geomet-
ric equations are changed. The cellular representation is
also updated during this process, and the nature of each
cell turns to be opposite if the primitive of the feature is
inverted.

When all of the affected features are reconstructed and
updated, geometric consistency checking is performed to
detect conflict cells. The synchronization is successful if
there is no conflict cell; otherwise we proceed to the next
synchronization step.
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Figure 9. Construction of sketch in extrusion feature.

Figure 10. Repair of self-intersected sketch: (a) the original model which includes a block feature cutting out a L-shaped feature, (b) the
direct editing result, (c) the boundary faces of L-shaped featuremarked in blue, (d) the self-intersected sketch; (e) reconstructed extrusion
feature after repair.

4.4. Adjustment of feature orders

One reason why the geometric inconsistency happens
after direct modeling is the incorrect feature orders
in feature tree. The nature of new cell introduced by
direct modeling depends on latest feature in its owner

list. Depending on feature tree, the nature of the new
intersection region may be different from that of direct
modeling result, as shown in Fig. 11. For successful syn-
chronization, we first analyze the dependency relation-
ship of features, and then swap necessary features to
eliminate conflict cells.



688 J. FU ET AL.

Figure 11. Influence of feature orders on synchronization: (a) original feature model and the corresponding feature tree, (b) the depth
of the blind hole is modified through direct modeling, (c) inconsistency appears for specific feature orders (the extrusion feature ‘cut off
‘ the blind hole).

4.4.1. Analysis of feature dependency relationship
The dependency relationships between features reflect
design semantics. Besides new intersections introduced
by direct editing, the natures of original intersection
regions depend on the related feature orders. Therefore,
the dependency relationships should be kept during the
process of feature order adjustment, otherwise new con-
flict cells may appear in the synchronized model.

We use the feature dependency graph which is defined
as G = {V, E} to described the feature dependencies. V
= {v1, v2, . . . , vn} represents the vertices of graph. Each
vertex corresponds to a feature. And E = {e1, e2, . . . ,
en} represents the directed edges of graph. Feature v1
depending on feature v2 is denoted as v1 → v2, which
means feature v1 must be constructed after feature v2.
In addition, the feature dependencies satisfy transitivity,
i.e. v1 → v3 if v1 → v2 and v2 → v3. The dependen-
cies are obtained by analyzing the intersection of features,
which is convenient in cellular model. Since the analysis
of feature dependencies is processed aftermodification of
feature parameters, the conflict cells are ignored to ensure
the reasonability of the analysis. We sort the features in
each cell’s owner list as the order in feature tree. If two
features with opposite nature are adjacent in owner list,
then the latter one depends on the former one.

We use a matrix D to store the feature dependencies:
Dij = 1 if feature i depends on feature j, andDij = 0 oth-
erwise. Based on thematrixD, we useWarshall algorithm
to compute the transitive closure.

4.4.2. Swapping of features
We try to adjust the feature orders based on the feature
dependencies to eliminate the conflict cells. Supposing
the last feature in the owner list of a conflict cell is fea-
ture Fj, if there exists a feature Fi in the owner list that
satisfies i �= j and Dij �= 1, then the conflict cell can be
eliminated by adjusting the feature order between Fi and
Fj. In order not to introduce new conflicts in the process
of feature orders adjustment, we must preserve the orig-
inal feature dependencies. For instance, Fig. 12(a) shows

the original feature tree, in which the directed edges rep-
resents the feature dependency relationships. Obviously,
all the directed edges are pointed from the latter features
to the former features, and there is no edge cycle. To swap
the position of F2 and F7 while keeping the original fea-
ture dependencies, F4 must be put after F2, and F3, F5
must be put in the front of F7 after swapping.

Figure 12. Swapping of features: (a) original feature tree, (b) new
feature tree with adjusted feature orders.

Our strategy for keeping feature dependencies is: col-
lect features with transitive dependencies as a group, and
keep the inner orders of features in the group during
feature swapping. Given two features Fi and Fj to swap,
the feature Fk (i < k < j) between them in the feature
tree can be classified into three types: Fk1 that satisfies
Fk1 → Fi; Fk2 that satisfies Fj → Fk2; and Fk3 that



COMPUTER-AIDED DESIGN & APPLICATIONS 689

Figure 13. Example2: (a) the original feature model and the direct modeling operation, (b) the synchronization process.

satisfies neither of the above. Based on the classification,
the swapping is executed as follows:

1. Collect features of Fk1 and Fi as group g1, collect fea-
tures of Fk2 and Fj as group g2 and collect features of
Fk3 as group g3.

2. Rearrange these features in the order: group g2 first,
then group g3, and group g1 last.

After feature swapping, the conflict cells caused by
incorrect feature orders can be eliminated. If there exist
no conflict cells anymore, the synchronization is success-
ful; otherwise we go to the next step of synchronization.

4.5. Addition and deletion of features

Addition of New Features The synchronization is not
guaranteed to succeed throughmodifying feature param-
eters and adjusting feature orders in feature tree. By
adding new features to the feature model, we can always
achieve a valid synchronization. The procedures are:

1. Select a conflict cell as the seed, and form a con-
nected region with other adjacent conflict cells hav-
ing the same nature.

2. Check if the conflict region is an extrusion feature.
If so, create an extrusion feature; otherwise create
a user-defined feature. And set the new feature’s
nature as the opposite nature of the conflict cell.

3. Insert the new feature at the tail of feature tree and
update the cellular model. Go to step 1 if there still
exists any conflict cell.

Deletion of Useless FeaturesAfter adding of new fea-
tures, the features do not contribute on the final geometry
are useless and should be deleted from the feature tree.
The specific steps are:

1. For each cell, if there exists any feature whose nature
is opposite to the cell’s nature in the owner list of the
cell, then find the last such feature in the owner list
andmark its next feature as useful; otherwise, simply
mark the first feature in the owner list as useful.
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Figure 14. Example3: (a) the original feature model and the direct modeling operation, (b) the synchronization process.

2. Delete all the features that are not marked as use-
ful and are not depended by any other feature in the
feature tree.

5. Experimental results

We illustrate the effectiveness of our automatic synchro-
nization method through three experiments. The orig-
inal feature information are obtained from commercial
system UG NX [32], and the synchronization process
is implemented based on the cellular topology husk of
geometric modeling toolkit ACIS.

The first example is shown in Fig. 1.When user applies
a direct modeling operation on one part of a feature
face in feature F3, our method first tries to synchro-
nize through modification of feature parameters. From
Fig. 1(c), we can see that the extrusion lengths of feature
F3 and feature F4 are increased. Then consistency check-
ing is performed, which detects two conflict regions. One
of the conflict regions is caused by intersection of feature
F3 and feature F5, which can be eliminated by swapping

F3 and F5. Finally, a new feature F6 is added to guarantee
the success of synchronization.

Fig. 13 shows the second example. The original fea-
ture model and the direct editing, which drags four co-
planar faces at the same time, are shown in Fig. 13(a).
The corresponding synchronization process is shown in
Fig. 13(b).

We can see that, during the synchronization, four fea-
tures’ parameters aremodified and a new feature is added
into the feature tree. No features are swapped in the pro-
cess. Analogously, Fig. 14 shows another synchronization
example.

From these experiments, we demonstrate that our
algorithm can effectively synchronize the feature model
with the direct editing. More importantly, one direct
modeling operation is usually converted into multiple
equivalentmodifications on the featuremodel, which can
be seen from statistics inTable 1. Thatmeans, without our
automatic synchronization method, users always need to
manually modify many features’ parameters and orders
in the feature tree to achieve the same editing effect as a
single direct modeling operation. Even worse, sometimes
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Table 1. Statistics of synchronization operations on the
feature model, in which #Sync1 means the number of
feature parametermodifications, #Sync2means the num-
ber of feature order adjustments and #Sync3 means the
number of feature additions or deletions.

Example #Sync1 #Sync2 #Sync3 #Total

no.1 2 1 1 4
no.2 4 0 1 5
no.3 3 0 2 5

they need to add or delete features. This indicates that our
method indeed brings great convenience to the users who
wants to edit feature models “directly”.

6. Conclusion and future work

In this paper, we proposed a novel synchronization
method to automatically keep the feature model consis-
tent with the direct editing result. By successively exe-
cuting modifications of feature parameters, adjustments
of feature orders and additions/deletions of features, the
method not only ensures a successful synchronization
solution, but also preserves the design semantics of orig-
inal model as much as possible. During the process, we
leverage the cellular model to efficiently and effectively
check geometric consistencies and manipulate features.
The experimental results show that the synchronization
algorithm works well for feature models consisting of
extrusion features. In all, we believe our method opens
the possibility towards an elegant fusion between feature-
based modeling and direct modeling technologies.

In the future, we plan to study the method of deter-
mining the optimal modification to the feature model
after direct modeling operations, and explore the sup-
port of geometric constraints during synchronization,
which largely enriches the design semantics of feature
model and hence requires more complex algorithms. In
addition, we are also interested in synchronization of
non-extrusion features and even assembly model.

Acknowledgements

The authors are very grateful to the financial support from 863
High Tech. Plan of China (2013AA041301).

ORCID

Xiang Chen, http://orcid.org/0000-0002-6955-8729
Shuming Gao, http://orcid.org/0000-0002-7061-9912

References

[1] Abdul-Ghafour, S.; Ghodous, P.; Shariat, B.; Perna, E.;
Khosrowshahi, F.: Semantic interoperability of knowledge
in feature-based CAD models, Computer-Aided Design,
56, 2014, 45–57. https://doi.org/10.1016/j.cad.2014.06.001

[2] Babic, B.; Nesic, N.; Miljkovic, Z. A review of auto-
mated feature recognition with rule-based pattern recog-
nition, Computers in Industry, 59(4), 2008, 321–337.
https://doi.org/10.1016/j.compind.2007.09.001

[3] Bidarra, R.; Bronsvoort, W. F.: Semantic feature mod-
elling, Computer-Aided Design, 32(3), 2000, 201–225.
http://doi.org/10.1016/S0010-4485(99)00090-1

[4] Bidarra, R.; Madeira, J.; Neels, W. J.: Efficiency of bound-
ary evaluation for a cellular model, Computer-Aided
Design, 37(12), 2005, 1266–1284. http://doi.org/10.1016/
j.cad.2004.12.006

[5] Bidarra, R.; Kraker, K. J.; Bronsvoort, W. F.: Rep-
resentation and management of feature information
in a cellular model, Computer-Aided Design, 30(4),
1998, 301–313. http://doi.org/10.1016/S0010-4485(97)
00070-5

[6] Bronsvoort, W. F.; Bidarra, R.; Alex, N.: Feature model
visualization, Computer Graphics Forum, 21(4), 2002,
661–673. https://doi.org/10.1111/1467-8659.00624

[7] Bronsvoort, W. F.; Noort, A.: Multiple-view feature mod-
elling for integral product development, Computer-Aided
Design, 36(10), 2004, 929–946. https://doi.org/10.1016/
j.cad.2003.09.008

[8] Cellular topology data structure, http://doc.spatial.com/
index.php/Cellular Topology Data Structure.

[9] Choi, G. H.; Mun, D.; Han, S.: Exchange of cad part
models based on the macro-parametric approach, Inter-
national Journal of CAD/CAM, 2(1), 2002.

[10] Chung, J. C. H.; Cook, R. L.; Patel, D.: Feature-based
geometry construction for geometric reasoning, Com-
puters in Engineering (Eds. VA Tipnis, EM Patton) San
Francisco: ASME, 1988, 497–504.

[11] Crocker, G. A.; Reinke, W. F. An editable non-manifold
boundary representation, IEEE Computer Graphics and
Applications, 11(2), 1991, 39–51. https://doi.org/10.1109/
38.75589

[12] Cutkosky, M. R.; Tenenbaum, J. M.; Muller D.: Features
in process based design, ASME computers in Engineering
(CIE) conference, 1988, 557–562.

[13] Directmodeling - who andwhy needs it? a review of com-
petitive technologies, http://isicad.net/articles.php?article
num= 14805

[14] Gao, S. M.; Shah, J. J.: Automatic recognition of interact-
ing machining features based on minimal condition sub-
graph, Computer-Aided Design, 30(9), 1998, 727–739.
https://doi.org/10.1016/S0010-4485(98)00033-5

[15] Han, J.; Pratt, M.; Regli, W. C.: Manufacturing feature
recognition from solid models: a status report, Robotics
and Automation, IEEE Transactions on, 16(6), 2000,
782–769.

[16] Kim, J.; Pratt, M. J.; Lyer, R. G.; Sriram, R. D.: Stan-
dardized data exchange of cad models with design
intent, Computer- Aided Design, 40(7), 2008, 760–777.
https://doi.org/10.1016/j.cad.2007.06.014

[17] Kraker, K. J.; Dohmen, M.; Bronsvoort, W. F.: Maintain-
ingmultiple views in featuremodeling, Proceedings of the
fourth ACM symposium on Solid modeling and appli-
cations. 1997, 123–130. https://doi.org/10.1145/267734.
267765

[18] Lee, J. Y.; Lee, J. H.; Kim, H.; Kim, H. S.: A cellular
topology-based approach to generating progressive solid
models from feature-centric models, Computer-Aided

http://orcid.org/0000-0002-6955-8729
http://orcid.org/0000-0002-7061-9912
https://doi.org/10.1016/j.cad.2014.06.001
https://doi.org/10.1016/j.compind.2007.09.001
http://doi.org/10.1016/S0010-4485(99)00090-1
http://doi.org/10.1016/j.cad.2004.12.006
http://doi.org/10.1016/j.cad.2004.12.006
http://doi.org/10.1016/S0010-4485(97)00070-5
http://doi.org/10.1016/S0010-4485(97)00070-5
https://doi.org/10.1111/1467-8659.00624
https://doi.org/10.1016/j.cad.2003.09.008
https://doi.org/10.1016/j.cad.2003.09.008
http://doc.spatial.com/index.php/Cellular Topology Data Structure
http://doc.spatial.com/index.php/Cellular Topology Data Structure
https://doi.org/10.1109/38.75589
https://doi.org/10.1109/38.75589
http://isicad.net/articles.php?article num&equals;14805
https://doi.org/10.1016/S0010-4485(98)00033-5
https://doi.org/10.1016/j.cad.2007.06.014
https://doi.org/10.1145/267734.267765
https://doi.org/10.1145/267734.267765


692 J. FU ET AL.

Design, 36(3), 2004, 217–229. https://doi.org/10.1016/
S0010-4485(03)00094-0

[19] Lee, S. H.: Feature-based multiresolution modeling of
solids, ACM Transactions on Graphics (TOG), 24(4),
2005. https://doi.org/10.1145/1095878.1095887

[20] Li, M., Gao, S. M., Wang, C. C.: Real-time collabora-
tive design with heterogeneous cad systems based on
neutral modeling commands, Journal of Computing and
Information Science in Engineering, 7(2), 2007, 113–125.
https://doi.org/10.1115/1.2720880

[21] Masuda, H.: Topological operators and Boolean opera-
tions for complex-based non-manifold geometric mod-
els, Computer- Aided Design, 25(2), 1993, 119–129.
https://doi.org/10.1016/0010-4485(93)90097-8

[22] Ovtcharova, J.; Jasnoch, U.: Featured-based design and
consistency management in CAD applications: a uni-
fied approach, Advances in Engineering Software, 20(2-
3), 1994, 65–73. https://doi.org/10.1016/0965-9978(94)
90050-7

[23] Parametric or direct modeling: why you may need both,
http://www.econocap.dk/assets/files/creoparametric/
6275 Parametric Direct CADWP.pdf

[24] Ptc creo elements/directmodeling, Available: http://www.
ptc.com/product/creo-elements-direct/modeling

[25] Rappoport, A.: An architecture for universal CAD data
exchange, Proceedings of the eighth ACM symposium
on Solid modeling and applications, 2003, 266–269.
https://doi.org/10.1145/781606.781648

[26] Requicha, A. A.; Voelcker, H. B.: Boolean operations
in solid modeling: Boundary evaluation and merg-

ing algorithms, Proceedings of the IEEE, 73(1), 1985,
30–44.

[27] Shah, J. J.: Parametric and feature-based CAD/CAM: con-
cepts, techniques, and applications, John Wiley & Sons,
1995.

[28] Shah, J. J.; Rogers, M. T.: Expert form feature modelling
shell, Computer-Aided Design, 20(9), 1988, 515–524.
https://doi.org/10.1016/0010-4485(88)90041-3

[29] Shapiro,V.: Representations of semi-algebraic sets in finite
algebras generated by space decompositions, Ph.D. dis-
sertation, Cornell Programmable Automation, Cornell
Univ., Ithaca, 1991.

[30] Shapiro, V.; Vossler, D. L.: Construction and optimization
of CSG representations, Computer-Aided Design, 231(1),
1991, 4–20. https://doi.org/10.1016/0010-4485(91)
90095-E

[31] Shapiro, V., Vossler, D.: Separation for boundary to
CSG conversion, ACM Transactions on Graphics (TOG),
12(1), 1993, 35–55. https://doi.org/10.1145/169728.
169723

[32] Siemens corporation, http://www.plm.automation.
siemens.com/en us/products/nx/

[33] Spaceclaim in manufacturing, http://partnerfiles.space
claim.com/Collateral/White%20papers/Develop3D
SpaceClaim in MFG.pdf

[34] Spaceclaim corporation, http://www.spaceclaim.com/en/
[35] Synchronous technology, http://www.plm.automation.

siemens.com/legacy/docs/SynchronousTechnology CP
DAWhitePaper.pdf

https://doi.org/10.1016/S0010-4485(03)00094-0
https://doi.org/10.1016/S0010-4485(03)00094-0
https://doi.org/10.1145/1095878.1095887
https://doi.org/10.1115/1.2720880
https://doi.org/10.1016/0010-4485(93)90097-8
https://doi.org/10.1016/0965-9978(94)90050-7
https://doi.org/10.1016/0965-9978(94)90050-7
http://www.econocap.dk/assets/files/creoparametric/6275 Parametric Direct CAD WP.pdf
http://www.econocap.dk/assets/files/creoparametric/6275 Parametric Direct CAD WP.pdf
http://www.ptc.com/product/creo-elements-direct/modeling
http://www.ptc.com/product/creo-elements-direct/modeling
https://doi.org/10.1145/781606.781648
https://doi.org/10.1016/0010-4485(88)90041-3
https://doi.org/10.1016/0010-4485(91)90095-E
https://doi.org/10.1016/0010-4485(91)90095-E
https://doi.org/10.1145/169728.169723
https://doi.org/10.1145/169728.169723
http://www.plm.automation.siemens.com/en us/products/nx/
http://www.plm.automation.siemens.com/en us/products/nx/
http://partnerfiles.spaceclaim.com/Collateral/White%20papers/Develop3D SpaceClaim in MFG.pdf
http://partnerfiles.spaceclaim.com/Collateral/White%20papers/Develop3D SpaceClaim in MFG.pdf
http://partnerfiles.spaceclaim.com/Collateral/White%20papers/Develop3D SpaceClaim in MFG.pdf
http://www.spaceclaim.com/en/
http://www.plm.automation.siemens.com/legacy/docs/SynchronousTechnology CPDA WhitePaper.pdf
http://www.plm.automation.siemens.com/legacy/docs/SynchronousTechnology CPDA WhitePaper.pdf
http://www.plm.automation.siemens.com/legacy/docs/SynchronousTechnology CPDA WhitePaper.pdf

	1. Introduction
	2. Related work
	3. Overview
	4. Algorithm
	4.1. Cellular-based feature model
	4.2. Checking of geometric model consistency
	4.3. Modification of feature parameters
	4.3.1. Identification of affected features
	4.3.2. Reconstruction of affected extrusion feature

	4.4. Adjustment of feature orders
	4.4.1. Analysis of feature dependency relationship
	4.4.2. Swapping of features

	4.5. Addition and deletion of features

	5. Experimental results
	6. Conclusion and future work
	Acknowledgements
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


