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To support efectively function-driven 3D model retrieval in the phase of mechanical product conceptual design and improve the
efciency of functional semantics annotation for 3D models, an approach for functional semantics automatic annotation for
mechanical 3D product model based on latent functional semantics is presented. First, the design knowledge and function
knowledge of mechanical product model are analyzed, and the ontology-based functional semantics for assembly product is
constructed. Ten, some concept about functional region is defned, and the 3D product model is decomposed into functional
regions with diferent levels of granularity. Te similarity of the functional region is evaluated considering multisource attribute
information and geometric shape. Subsequently, the similarity based on latent functional semantics annotation model for
functional regions is established, which is employed for annotating automatic latent functional semantics in the 3D product model
structure. Finally, mechanical 3D models in the model library are used to verify the efectiveness and feasibility of the
proposed approach.

1. Introduction

More and more 3D models have been accumulated with 3D
CAD software applied widely in enterprises, which are
important knowledge resources and can be employed for
reference and reuse during developing new products.
When 3D CAD model is reused, it is very difcult for
meeting the practical needs of engineering designers by
retrieving the CAD model only considering the topological
and geometric information. Especially, in the process of
product conceptual design, engineers pay more attention to
searching for 3D CAD model structures with specifc
functions by making use of product function requirements’
information. Te existing 3D model structures embodying
plenty of design/assembly intent can achieve specifc
function requirements. However, there is no explicit and
clear correlation mapping relationship between structure
and function. Te functional semantics tagging corre-
spondingly to the model structure is becoming a hot issue
in the 3D model reuse feld.

In the process of design and development for mechanical
products utilizing computer-aided design systems, designers
mostly design the structure/geometry of 3D product model
in terms of the product’s functional requirements, param-
eters, and performance. Te functional requirements’ in-
formation and the 3D model structure are independent. In
this case, there is a gap between functions and structures for
the 3D product CAD model [1]. It means that there is no
explicit and clear structure-function correlation for an
isolated 3D CAD model, lacking of functional information
that the structure can accomplish. It will have an impact on
the level of 3D model reuse.

Currently, the research on the 3D CADmodel retrieval is
mainly grouped into two classifcation: geometry-based
[2, 3] retrieval and topology-based [4, 5] retrieval. But these
query information is uncertain and vague; at the stage of
product conceptual design, it is difcult to support the reuse
of 3D CAD model knowledge. With the emergence of se-
mantic modeling tools, some researchers are concerned for
visualization and semantic expression for resolving the
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semantics gap between the high-level design semantics and
the bottom-level geometric shape of the 3D model. To
simplify the process of semantic-based 3D model retrieval,
Attene et al. [6] presented a semantic description of the local
shape of the 3D model, where the 3D model is segmented
into regions and the segmented region is labeled with
marking semantics by using ontology-based concept in-
stance semantics. Cheng et al. [7] proposed a complex
surface shape design method for the CAD model based on
semantic features, where the diferent geometric constraints
and geometric surface types are defned as corresponding
semantic features, and the semantic features are used for
modeling complex surfaces of the CAD model. To capture
the design intent of the 3D model, Abdul-Ghafour et al. [8]
integrated semantic web into the CAD system and built a
common design feature ontology for feature modeling of the
CAD model, where the semantics is used for modeling and
reasoning, and the association relationship between the
product data can be efectively managed and discovered.

Te existing semantics annotation methods for 3D
models mainly considered the geometric shape and topo-
logical structure information. On the basis of semantic la-
beled sample 3D models, machine learning algorithm is
employed for automatic semantics annotation [9]. However,
there are fewer researchers on functional semantics anno-
tation of 3Dmodels. In fact, functional semantics as a special
class of semantics is not only an abstraction of geometric
shapes, but also a high-level semantic description for po-
tential information such as design or assembly intent, usage,
and efcacy of the 3D model. Te functional semantics
annotation of the 3D model is much more difcult and
complex than the shape or structure semantics annotation; it
still faces many challenges for functional semantics-based
retrieval of the 3D model. To meet the requirements of the
CAD model retrieval at the stage of mechanical product
conceptual design, Wang et al. [10] constructed function
semantic ontology of 3D CAD models, where the overall
functional semantics of 3D models are annotated, and the
functional semantics-based retrieval of 3D models is real-
ized. It is concerned about functional semantics annotation
of the 3D part model, lacking functional analysis and an-
notation of the 3D assembly model at diferent granularity
structure. Han et al. [11] proposed an approach for struc-
ture-function semantic correlation analysis and annotation
of the 3D assembly model, where the 3D assembly model is
divided into diferent functional regions for structure-
function semantic correlation analysis, and the polychro-
matic sets is used to describe correlations of structure-
function semantics. Tis method is concerned with the
structure-function analysis of the 3D parts/assembly model,
and functional semantics is labeled by the human-computer
interaction mode so that the annotation efciency is not
high. Hao et al. [12] took key parts in the assembly model as
the object and evaluated the similarity of the participated
shape structure key parts. Te functional semantics is an-
notated based on the shape and structure similarity, without
consideration attribute information of the 3D model
structure. Te accuracy of the functional semantic anno-
tation is afected to some extent. Te function is not only

related to the geometric shape of the 3D model, but also
related to the geometric parameters, type of kinematic pair,
and so on. Terefore, a reasonable and feasible solution for
structure-function semantic correlation analysis and auto-
matic annotation of the 3D product model can be provided
by comprehensively considering geometric structure and
attribute information of the 3D model.

Functions can refect the specifc requirement, objective,
and purpose that the product needs to achieve, which exists
throughout the life of the product design. In the stage of the
product conceptual design, it is usually on the premise that
the product function requirements have been determined to
fnd correspondingly the structural design scheme, that is,
the product function-structure mapping. Function-structure
mapping is the key process of the top-down product design,
which is an approach of transforming the product function
model to parametric structure model [13]. Te function is
the abstraction of the product structure and the purpose of
structure realization, and the structure is the shape and
composition structure that is shown to achieve certain
functions. Te mapping relation of function-structure is a
many-to-many relationship, where a certain function may
be completed by one structure or multiple structures, and a
structure may also implement one or more functions. Te
current more typical design process model about function-
structure mapping relation include function-structure
(Function-Structure, FS) [14] and function-behavior-
structure [15]. To realize the relationship between the
function and structure, a behavioral layer is introduced to
describe the action and principle which are performed to
complete the function, and explain “how the structure re-
alizes the function.” Based on that, the models including
function-behavior-state model [16] is proposed. Te issue
about function-structure mapping can be efectively solved
by using the abovementioned approaches in the product
conceptual design.

To improve the efciency and accuracy of the structure-
function semantic annotation for the 3D CAD product
model, and support 3D CAD model retrieval by means of
functional semantics, an approach for structure-function
semantic automatic annotation of the 3D product CAD
model is presented. Te structure of the 3D product model
is decomposed into functional regions (i.e. assembly region
and fow-activity region) with diferent levels of granu-
larity. Multisource attributes information and structural
similarity are considered for evaluating the similarity be-
tween any two functional regions. Based on that, an ap-
proach for automatic annotation of latent functional
semantics for 3D model structure based on semi-super-
vised learning is built for improving the accuracy and
efciency of functional semantics annotation of the 3D
model structure.

Tis rest of the paper is organized as follows: ontology-
based functional semantics is constructed for providing
standard and formal terms for functional semantic anno-
tation in the 3D product model is discussed in Section 2. In
Section 3, similarity evaluation of the 3D product model
structure is given by taking advantage of multisource in-
formation. A latent functional semantic annotation model of
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functional regions is presented in Section 4. Cases are
designed and tested in Section 5. In Section 6, the paper is
concluded and further works are provided.

2. Function Ontology of the 3D Product Model

2.1. Product Function Classifcation. Design knowledge is
mainly related to the product conceptual and detailed design
phase, which contains design document, domain expert
experience, and so on. Te design knowledge can help
capture design and assemble intent of the 3D CAD model,
which can provide basis and support for design thinking
analysis for the correlation between the structure and
function of the 3D model. It can be obtained from design
documents, PDM, BoM, machining, assembly process
documents, and so on.

Te function is viewed as an abstract description of the
task that a system or product can accomplish, and the pa-
rameters or state changing when the system or subsystem is
input/output. It is an understanding for the system from the
perspective of technical realization, as explanatory de-
scription and behavior abstraction of the structure, which is
the main goal and core of the product design. Product
function is generally determined in the stage of the product
conceptual design and has an essential role in the life of the
product design.

Te concept of function basis, classifcation of function,
and fow is proposed [17]. On this basis, the function is
described as “verb + object,” where the function is expressed
through the verb and noun form. In this paper, the basic
classifcations of the function are further summarized and
refned for covering the function’s description of the me-
chanical product as far as possible. Based on that, function
ontology is constructed for providing functional semantic
specifcation and expression of the 3D product model
structure in the mechanical feld. Te functional classifca-
tion and common terms of the mechanical product are
shown in Table 1.

2.2. Function Ontology. Ontology, as explicit and formal
specifcation of conceptualization, can ofer a formal de-
scription and defning common terms, classifcation, and
relationship for conceptualization, which can be employed
to represent, storage, share, and integrate knowledge [18]. To
reduce and avoid the randomness and ambiguity of func-
tional description and ensure standardization of the def-
nition of functional vocabulary, a function ontology should
be constructed to standardize the functional vocabulary of
the product, so that functional terms of the 3D product
model structure have a unifed and standard expression
form. According to the classifcation of the function and fow
of mechanical products, the function ontology was con-
structed by Protégé through the analysis of function and fow
concepts and their logical relationships. Parts of function
ontology are shown in Figure 1, where the solid blue line
represents parent-child relationship of concepts and the
dashed red line represents object attribute relationship be-
tween concepts [11].Te function ontology provides

standard terms of functional semantic annotation of the 3D
product model.

3. Similarity Evaluation of the 3D Product
Model Structure Considering
Multisource Information

3.1. Functional Region. To analyze convenient assembly
constraints of the product model, assembled parts are
grouped into two categories: functional part and connector
[19]. Te connected relationships between assembled parts
are classifed into soft connection and hard connection in
terms of corresponding connection relationship [20].
Connectors contain a type of part used for sealing or fas-
tening, such as gaskets, screws, bolts, nuts, pins, keys, and
other standard parts. Te functional part is viewed as some
function characteristics apart from connectors.

Functional Region: For a 3D product model, the function
mainly refects in the structure at diferent granularity level.
Te structure unit with certain function characteristics is
considered as a functional region. Functional region may be
a subassembly structure composed of multiple parts or shape
structure of the part. To annotate easily functional semantics’
indiferent granularity structure for the 3D assembly model,
functional regions are grouped into assembly region and
fow-activity region. Te functional structure of the 3D
product model can be considered comprehensively by the
assembly region and fow-activity region from the aspects of
assembly structure and part shape. Te correlation rela-
tionships between the function and structure is analyzed
comprehensively from the coarse and fne-granularity
structure of the 3D product model.

3.2. Functional Region Similarity Considering Multisource
Information. Te similarity for functional regions of the 3D
product model is evaluated by considering multiple attri-
butes and geometric shapes.

3.2.1. Multisource Information Similarity of the Assembled
Part. Multisource information is mainly grouped into
qualitative attribute, quantitative attribute, text attribute
[21], and geometric shape. Te similarity calculation rule
and method of each classifcation information of the as-
sembled part are given as follows [22]:

(1) Quantitative attribute:Te attributes are quantitative
including size, surface area, volume, and so on. It can
be expressed by a numeric value.Te similarity of the
quantitative attribute can be expressed as follows:

sim attribute q
i
k, p

j

k  � 1 −
q

i
k − p

j

k

max q
i
k, p

j

k 




, (1)

where qi
k denotes the kth quantitative attribute of

part i for the product model Q and pi
k denotes the

kth quantitative attribute of part j for the product
model P.
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(2) Qualitative attribute: Te attributes are not quanti-
fed, such as face type of the part, design/assembled
feature type, and so on. Te similarity of the qual-
itative attribute is expressed as follows:

sim attribute q
i
k, p

j

k  �
1, q

i
k � p

j

k,

0, else,

⎧⎨

⎩ (2)

where qi
k denotes the kth qualitative attribute of part i

for the product model Q and pi
k denotes the kth

qualitative attribute of part j for the product model P.
(3) Text attribute: Te attributes are expressed mostly by

string/text set for assembled constraints [23]. Te set
theory is employed to the similarity of the text at-
tribute, which is expressed as follows:

sim attribute q
i
k, p

j

k  �
q

i
k ∩p

j

k

q
i
k ∪p

j

k

, (3)

where qi
k denotes the kth text attribute of part i for

the product model Q and pi
k denotes the kth text

attribute of part j for the product model P.
(4) Geometric shape: Te geometric shape of assembled

parts is taken into account during the similarity of
the functional region. Te similarity calculation
about the geometric shape is mainly referred to the
literature [24]. Here, it can be expressed as
sim shape(qi

k, p
j

k).
(5) Multisource information similarity of parts: Based

on similarity evaluation of assembled parts consid-
ering multisource information, the weight coefcient
α is introduced for describing the importance degree
of each factor in terms of requirements of engi-
neering designer. Te similarity of parts considering
multisource attributes sim part(qi, pj) can be
expressed as follows:

sim part q
i
, p

j
  � ω1• 

T

t�1
sim attribute q

i
k, p
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k •αk + ω2•sim shape q
i
k, p

j

k ,



T

t�1
αt � 1,
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⎪⎪⎪⎪⎪⎪⎩

(4)

Table 1: Functional classifcation and common terms of the mechanical product.

Functional
classifcation

Functional
basis Verb vocabulary

Branch

Separate Isolate, disconnect, cut, and detach
Remove Cut, lathe, mill, drill, grind, polish, bore, and remove
Divide Disassembly, isolate, release, classify, group, and divide
Refne Extract, flter, purify, permeate, wash, clean, and refne

Distribute Disperse, spread, dissipate, disperse, and distribute

Channel

Import Entry, accept, permit, capture, and import
Export Discharge, eject, jet, release, destroy, eliminate, and export
Transfer Convey, handle, carry, move, lift, conduct, communicate, and transmit
Guide Guide, drive, switch, move, transfer, migrate, rotate, turn, fip, limit, release, and oriented

Connect Couple Connect, assemble, install, tie, and couple
Mix Merge, merge, package, mix, add, and mix

Control

Actuate Begin, start, launch, initiate, and actuate
Regulate Control, balance, limit, block, interrupt, delay, close, forbid, and allow

Change Adapt, correct, reverse, adjust, modify, increase, enlarge, magnify, enhance, enlarge, expand,
strengthen, reduce, weaken, shrink, reduce, compress, transform, construct, form, and change

Stop Inhibit, protect, seal, insulate, isolate, shield, end, close, terminate, stop, interrupt, and prevent
Convert Convert Conversion, transform, concentrate, melt, liquefy, solidify, evaporate, fusion, integrate, and process

Supply Store Store, contain, include, encapsulate, enclose, accumulate, gather, collect, reserve, occupy, and retain
Supply Supply, furnish, fll, supplement, and expose

Signal
Sense Sense, identify, distinguish, and confrm
Display Display, show, indicate, register, record, expose, choose, and select
Measure Measure, calculate, process, estimate, check, proofread, examine, and compare

Support
Stabilize Stabilize, frm, and prop
Secure Secure, place, arrange, press, clamp, and tighten
Position Position, orient, limit, and guide
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where sim attribute(qi, pj) denotes the similarity of
part i for the assembly region Q and part j for the
assembly region P considering multisource attri-
butes, T denotes the total number of attributes, αt
denotes the weight of the tth attribute, w1 denotes
the weight of the similarity of attribute information,
and w2 denotes the weight of the similarity of the
geometric shape.

3.2.2. Similarity Measure of the Functional Region. Te
similarity of the functional region mainly contains the
similarity of the assembly region and the fow- activity
region.

(1) Similarity measure of the assembly region: Similarity
of assembly region should not only consider the
shape structure and attribute information of as-
sembled parts, but also take into account the in-
formation of assembly relation, such as connection
form, contact form, degree of freedom, assembly
feature pair and so on. By using the above similarity
evaluation through multisource attribute, the simi-
larity for assembly relationship could be expressed as
follows:

sim relationship q
i
, p

j
  � 

H

h�1
sim attribute q

i
k, p

j

k  • βh,



H

h�1
βh � 1,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(5)

where sim relationship(qi, pj) denotes the similarity
for assembly relationships between assembled parts i
and j for the product models Q and P, H denotes the
number of attributes for assembly relationships, and
βh denotes the weight of the hth attribute.

Considering the attributes about the assembly re-
lationship and assembled part comprehensively, the
similarity of the assembly region can be expressed as
follows:

sim assem q
i
, p

j
  � sim part q

i
, p

j
  • w1 + sim relationship q

i
, p

j
  • w2, (6)

Figure 1: Parts of function ontology for the CAD product model.
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where w1 denotes the weight of similarity of the
assembled part and w2 denotes the corresponding
assembly relationship similarity.
Te assembly region may consist of diferent as-
sembled parts. It is necessary that the assembled
parts should be considered as matching problem
between regions while calculating the similarity of
assembly region. In fact, it has found the best as-
sembled parts pair among two part-sets from cor-
responding functional regions when the total sum
value of the similarity between functional region
pairs is maximal. Te matching problem can be
solved by using maximum matching in the weighted
bipartite graph. Te Kuhn–Munkres algorithm [25]
adopted the similarity simass(Q, P) between the as-
sembly regions Q and P can be expressed as follows:

simass(Q, P) �


l qi,pj( ∈L0
sim assem qi, pj 

max (m, n)
, (7)

where M denotes the maximal matching, L0 denotes
the set of corresponding edges, l(qi

i, pj
j) ∈ L0 de-

notes the best matching between assembled parts qi
and pj, and m, n denote respectively the number of
assembled parts in assembly regions Q and P.

(2) Similarity measure of the fow-activity region: Flow-
activity area mainly refers to the shape structure of
the part that does not participate in the assembly
region. In fact, it specifcally refers to the similarity
evaluation of the part model. Similarity of the fow-
activity region q′ and the fow-activity region p′,
simpart(q′, p′) can be expressed as follows:

simpart(q
′
, p

′
) � sim part(q

′
, p

′
), (8)

during the similarity evaluation, the weight values
can be determined by domain expert and experience
generally. Moreover, to avoid subjective interference,
the weight values can be determined by using AHP
and TOPSIS [26].

4. Latent Function Semantic Annotation of the
Functional Region

Functional region as a structure with certain functions in the
3D product model, functional semantic annotation of the
functional region is viewed as essentially functional semantic
annotation of the model structure. Trough analysis of the
function region, the function that the corresponding
structure of the function region can achieve will be obtained.
Based on that, the corresponding latent functional semantics
can be annotated. Te process of latent functional semantic
annotation of the functional region consists of two steps:
① functional semantic annotation of sample CAD models,
that is, the structure-function is analyzed for 3D CAD
product sample models, and corresponding functional se-
mantics is annotated interactively. ② Latent functional se-
mantic annotation based on the similarity. A latent

functional semantic prediction model is built for auto-
matically annotating latent functional semantics in the 3D
assembly model structure. Te process of latent functional
semantic annotation of the functional region is shown in
Figure 2.

4.1. Functional Semantic Annotation of the Sample Model.
For mechanical product, functions are mainly refected in
assembly regions and fow-activity regions. Trough ana-
lyzing the structure-function of the product model from the
two aspects of the assembly region and the fow-activity
region.

(1) Functional semantic interactive annotation of the
assembly region: Te assembly region can be
expressed by assembled parts, assembly feature, and
corresponding attribute information involved in the
assembled structure. By analyzing the part attributes,
connection types, matching types, degrees of free-
dom, and other information in the assembly region,
together with the mechanical design theory and
design experience, designers can capture the as-
sembly intent, function, and degree of freedom,
which is contained in the features of the assembly
region. According to the function ontology, func-
tional semantics of the assembled structure are la-
beled, thereby absorbing and understanding the
assembly structure knowledge.

(2) Functional semantics interactive annotation of Flow-
activity region: Flow-activity region is a description
of the geometric shape with some functions in the
functional parts, except for participating ft or as-
sembled structure. Te structure represented by a
fow-activity region is considered as a carrier in the
process of function fow from input to output.
Terefore, when analyzing the fow-activity region, it
is needful to consider the input and output of fow
during the working process of the assembled
structure. Te key integral/local structures and
corresponding functions in the assembled function
part represented by the fow-activity region is ac-
quired. Te fow-activity region can be described by
the design feature, attribute, and other information
of the part, for example, the shape feature, geometric
shape surface, and other attribute descriptions of the
part model.

4.2. Latent Function Semantic Annotation of the Function
Region. Tere are many-to-many mapping relationships
between structures and functions, that is, the same structure
will perform diferent functions in diferent products, and
diferent structures will also achieve the same function. In
most cases, structures with the same attributes may achieve
the same functions for diferent assembly models. It is a
probability event that the same structure is provided with the
same function. As the similarity of the structure increases,
the probability having the same function also increases.
Based on that, a prediction model for latent functional
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semantic annotation of the 3D CAD product model is given
using sample models annotated functional semantics.
Drawing on the historical information of the structure-
function semantic annotation, the probability that the
product model structure can achieve certain functions is
inferred. Finally, combining with the participation of arti-
fcial knowledge, the functional semantics that can be re-
alized is determined. It enhances the efciency of functional
semantics annotating to some extent.

Assuming that the annotated functional semantic model
library isM, the unannotated structure (functional region) is
Stru. Te structure in the model library M that has the
maximum similarity with the structure Stru is Strumax, and
the latent functional semantic annotation model based on
the similarity can be expressed as follows:

p fi | Stru(  � Sim Stru, Strumax( ∗
count fi | Strumax( 

sum Strumax( 
,

(9)

where p(fi|Stru) denotes the probability that the structure
Stru can achieve the function fi. Stru represents the unan-
notated structure (functional region). Strumax represents the
structure (functional region) in the model libraryM that has
the greatest similarity with the structure to the unannotated
structure Stru. Sim(Stru, Strumax) represents the similarity
between Strumax and Stru, equations (7) and (8) are used for
similarity measurement of functional regions. Sum(Strumax)
denotes the number of the structure Strumax in the model
library M. Count(fi|Strumax) denotes the number of the
structure Strumax that has the function fi in the model library
M.

5. Case Study

5.1. Function Semantic Annotation of the Sample Model.
Te 3D CAD model of gear oil pump is used as an example
for analyzing and annotating functions in the 3D product
model. Te correlation relationship among the structure,
function, and attribute of the 3Dmodel is expressed by using

the polychromatic set, and corresponding functional se-
mantics is annotated interactively. Te 3D CAD product
model of gear oil pump and parts information is shown in
Figure 3.

Te 3D model structure of gear oil pump is divided into
several independent and stable assembly regions AR1∼AR8.
Te parts and assembly feature pairs attribute information
contained in the assembly region are analyzed for deter-
mining the functions that can be realized in each assembly
region. Te function analysis of the fow-activity region is
mainly about the function analysis of the local shape
structure that can transmit the fow in the 3D part model.
Te fow-activity region of the functional part that can
transmit fow is analyzed from the perspective of the ma-
terial fow, signal fow, and energy fow. Trough the
structure function analysis and functional semantic anno-
tation of the fow-activity region, the key structure in the
parts can be discovered and the design intent can be cap-
tured. It improves the efciency of complex parts and key
structures reuse. Te functional region and functional se-
mantic annotation in the 3D CADmodel of gear oil pump is
shown in Table 2.

5.2. Latent Functional Semantic Annotation Based on
Similarity. Some 3D CAD product models with annotated
functional semantics can be obtained through the struc-
ture-function correlation analysis and functional seman-
tics labeling for 3D CAD product sample models. Based on
that, the latent functional semantic prediction model based
on the similarity can be used to automatically annotate the
functional semantics in 3D CAD product models in the
model library. Trough equation (9), the latent functional
semantics can be predicted and annotated
probabilistically.

Several typical 3D models are taken as example, which is
given with latent functional semantics corresponding
probability, as shown in Table 3. Among them, the maxi-
mum similarity structure is the annotated model structure in
the model library, and the probability of latent functional

Extraction of 
function region

Assembly region 

Flow-activity region

Structure-function
correlations analysis 

Functional semantics
interactively annotating

Functional semantics annotation of sample model

Part attribute 
adjacency graph

Surface attribute
adjacency graph

Similarity evaluation of 
function region

Similarity for
multi-attributes

Similarity for 
geometric shape

Unannotated
model

Latent functional
semantics annotation

Building of latent function 
semantics model

Automatic annotation of 
latent function semantics

3D Model expression

3D CAD
product models

Sample
model

Function 
ontology 

Annotated 
model 

Figure 2: Te process of latent functional semantic annotation of the functional region.
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p1: Left pump cover
p2: Driven gear shaft
p3: Driving gear shaft
p4: Cylindrical pin
p5: Gasket

p6: Pump body
p7: Right pump cover
p8: Seal
p9: Bush
p10: Compression nut

p11: Driving gear
p12: Washer
p13: Nut
p14: Key
p15: Screw

1

2 34

5 6 78

9 10 11 12 1314

15

Figure 3: 3D CAD model of gear oil pump.

Table 2: Functional regions and their functional semantics.

Category FR Assembled part Functional semantics

Assembly regions

AR1 {p1, p4, p5, p6, p7}
F1: sealing liquid

F2: position pump cover
F3: stabilize pump cover

AR2 {p1, p2, p3, p7}

F4: position-driven gear shaft
F5: support-driven gear shaft

F6: transform motion
F7: supply liquid

AR3 {p3, p7, p8, p9} F8: prevent liquid
AR4 {p1, p5, p6, p7, p15} F9: fasten-pump cover

AR5 {p3, p11, p14}
F10: position driving gear
F11: stabilize driving gear

AR6 {p3, p11, p12, p13}
F11: stabilize driving gear
F12: fasten driving gear

AR7 {p3, p7, p9, p10}
F9: fasten pump cover
F13: stabilize bush

Flow-activity regions

FAR1 p3: gear structure F7: supply liquid
FAR2 p2: gear structure F7: supply liquid
FAR3 p6: boss structure 2 F14: export liquid
FAR4 p6: boss structure 1 F15: import liquid

FAR5 p11: gear structure
F16: transfer torque
F17: export liquid
F18: transfer power

FAR6 p6: cavity structure F17: export liquid
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semantics is calculated by equation (9). Since the calculation
of probability is related to the annotated sample model li-
brary, if sample models are fewer, the accuracy of latent
functional semantic annotation will be low. In this case, the
designer’s design history knowledge and experience should
be considered for determining the fnal functional semantics
to be annotated.

6. Conclusion

In this paper, an approach for functional semantic an-
notation of the mechanical 3D product model is proposed.
3D product model-oriented function ontology is con-
structed to provide standard, unifed feature and function
vocabulary for functional semantic annotation. Te 3D
CAD product models break up into functional regions at
diferent granularity. Functional region is used as se-
mantic structure unit, together with product design ex-
perience, working principle, and so on; the functional
semantics of sample models is annotated interactively. Te
similarity of functional regions is evaluated comprehen-
sively considering multisource information. Similarity-
based latent functional semantic annotation model is
given for automatic annotation of functional semantics in
CAD models.

Te proposed approach improves efciency and accu-
racy of functional semantic annotation to a certain extent,
which can assist designers accelerating the speed of the
functional semantic annotation. It provides support for
searching 3D CAD model using product function require-
ment, promotes the understanding, absorbs and reuses the
complex 3D product model knowledge structure, and in-
spires the product design innovation. Further research will

focus on functional semantics-driven retrieval and product
structure optimization of the 3D CAD model.
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