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Abstract Tracking, recognition and interaction based on
3D freehand are a part of our virtual assembly system, in
which monocular camera is used to input online freehand
videos and the hand pose tracker requires a reliable initial
pose in the first frame. A novel approach to initializing 3D
pose and position of freehand is put forward in this paper
visualization of 3D hand model and modeling the operators’
cognitive behaviors. Our approach is composed of three
phases: hand posture recognition, coarse-tuning and fine-
tuning. The operator moves his/her hand onto the to meet the
needs of our virtual assembly system. The main contribution
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of this paper is that the three core techniques are for the first
time integrated together, including human–computer inter-
action (HCI) in the process of initializing, projection of the
3D hand model in the period of coarse-tuning time. Then,
the computer repeatedly fine-tunes the 3D hand model until
the projection of the 3D hand model is completely super-
imposed onto the operator’s hand image. We focus on ex-
ploring and modeling cognitive behavior of operator’s hand
upon which we design our initialization algorithm. Our re-
search shows that cognitive behavioral models are not only
beneficial to reducing cognitive loads for operators, because
it makes the computers cater for the changes of the opera-
tors’ hand poses, but also helpful to address high dimension-
ality of articulated 3D hand model. Our experimental results
also show that the approach presented in this paper is easier,
more pleasurable and satisfactory experience for the opera-
tors. Our initialization system has successfully been applied
to our 3D freehand tracking system and a simulation virtual
assembly system.

Keywords 3D Freehand pose model · Features extraction ·
Initialization · Visualization · Cognitive behavioral models

1 Introduction

There has been a great emphasis lately in Human Computer
Interaction (HCI) research to create easier use of interfaces
by directly employing natural communication and manip-
ulation skills for humans. Adopting direct sensing in HCI
will allow the deployment of a wide range of applications in
more sophisticated computing environments, such as Virtual
Environments (VEs) or Augmented Reality (AR) systems.
The development of these systems involves addressing chal-
lenging research problems including effective input/output
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techniques, interaction styles and evaluation methods. In the
input domain, the direct sensing approach requires capturing
and interpreting the motion of a hand. The hand is the most
effective, general-purpose interaction tool due to its dexter-
ous functionality in communication and manipulation [1].

One of the keys to track freehand by Monte Carlo method
is to acquire initial state of a hand pose with some accuracy
[1–4]. Especially in recursive and model-based freehand
tracking approaches, initialization of 3D-freehand-pose is a
necessary step, yet it is a troublesome problem because in
most of the studies, initial state of a hand pose is manually
complemented.

Motivated by the application of human–computer inter-
face in AR and VE, bare hand tracking requires a reliable
initial pose in the first frame. There are many difficulties in
the initialization. Firstly, it remains challenging to recover
3D structure from a single hand image in computer vision
domain. Secondly, freehand is a typical articulated object
with high dimensionality, and to find out the real 3D hand
model from nearly unlimited hand gestures is almost im-
possible unless approximate methods are used, just as most
of the single-frame pose estimation approaches do. Thirdly,
how to acquire measurements or image features automat-
ically and robustly from frame images sequence is still a
problem to be further researched.

2 Related work

2.1 Initialization

Initialization of 3D freehand pose is always related to
the problem of single-frame pose estimation. A person-
independent recognition method for hand postures against
complex backgrounds is proposed in [5] by combining dif-
ferent feature types at the graph nodes. To estimate arbi-
trary 3D freehand postures, N. Shimada [6] accepts not only
predetermined hand signs but also arbitrary postures in a
monocular camera environment. The estimation is based
on a 2D image retrieval. More than 16,000 possible hand
appearances are originated from a given 3D shape model
by rotating model joints and storing them in an appearance
database. A Specialized Mappings Architecture (SMA) ap-
proach, proposed by Rómer Rosales [7], is to map image
features to likely 3D hand poses by employing a machine
learning architecture, with the help of rotation and scale-
invariant moments of the hand silhouette. The SMA’s funda-
mental components are a set of specialized forward mapping
functions and a single feedback matching function. The joint
angle data in the training set is obtained via a CyberGlove,
a glove with 22 sensors that monitor the angular motions of
the palm and fingers. During training, the visual features are
generated by using a computer graphics module that renders

the hand from arbitrary viewpoints given the 22 joint angles.
Generally speaking, SMA provides continuous pose esti-
mates through regression. The chamfer distance, edge orien-
tation histogram and moment are used in [8] to estimate 3D
hand shape and orientation by retrieving appearance-based
matches from a large database of synthetic views, which are
rendered by 26 predefined prototype shapes. The hand shape
in the input image is assumed to be close to one of the 26
predefined shapes. A tree-based representation [9], where
the leaves define a partition of the state space with piece-
wise constant density, can be applied effectively to track 3D
articulated and non-rigid motion.

The single-frame pose estimation approach [10], based
on a local search, expects to work well at the initial phase,
because no more history information can be used. One of the
distinct features of single-frame pose estimation approach is
to retrieve hand poses from hand image database. This ap-
proach benefits from the appearance-based matching for 3D
parameter estimation, by looking up the ground truth labels
of the retrieved synthetic views. In [11], Stochastic Meta-
Descent (SMD) algorithm is employed in an eight-particle
tracker to track high-dimensional articulated structures with
far fewer samples than in the previous methods, as well as
to handle multiple hypotheses. Martinde LaGorce et al. [12]
assumed that hand is parallel to the image plane at initializa-
tion and linear constraints are defined on relative length of
the parts within each finger.

2.2 Cognitive behavioral model

Cognitive psychology is an approach in psychology that em-
phasizes internal mental processes. Cognitive models have
been successfully used in three main ways by human–
computer interaction (HCI) [13–15]. Cognitive models are
used to modify interaction to help operators with their tasks
[16, 17]. The cognitive behavioral model is based on the
cognitions influence on behavior and vice versa, it is use-
ful to HCI by predicting task times, assisting operators, and
acting as surrogate operators. If cognitive models could in-
teract with the same interfaces that operators do, the models
would be easier to develop and apply as interface testers.

2.3 Visualization

Visualization [18] has been around for a long time. It is
a process of transforming information into a visual form
enabling the viewer to observe, browse, make sense, and
understand the information. Through visual imagery, it
has been an effective way to communicate both abstract
and concrete ideas, and typically it employs computers to
process the information and computer screens to view it us-
ing methods of interactive graphics and imaging [19].
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2.4 HCI

As computers become integrated into everyday objects, ef-
fective natural human–computer interaction becomes criti-
cal: in many applications, operators need to be able to inter-
act naturally with computers the way face-to-face human–
human interaction takes place [20]. HCI design should con-
sider many aspects of human behaviors [21]. The opera-
tor activity has three different levels: physical [22], cogni-
tive [23], and affective [24]. The physical aspect determines
the mechanics of interaction between human and computer
while the cognitive aspect deals with ways in which oper-
ators can understand the system and interact with it. The
affective aspect is a more recent issue and it lies not only in
making the interaction a pleasurable experience for the op-
erator but also in affecting the operator in a way that makes
him or her continue to use the machine by changing atti-
tudes and emotions towards the operator [25]. The ultimate
goal of HCI is to provide an easier, more pleasurable and
satisfying experience for the operator. By now, we have not
found a way such as ours, which blends techniques of com-
puter interaction, visualization and theories of cognitive be-
havioral models, to settle down initialization issue for 3D
hand-tracking models.

Summarily, the above approaches, no matter how 3D
tracking or 3D reconstruction algorithm works, are not so
flexible as to satisfy the need of novel HCI in VR system.
For example, many hand-tracking systems, based on image
sequences or off-line videos, require the initial poses and po-
sitions identified manually to be the same as those in a hand
pose data set.

The main contribution of our work consists in fusing the
three core techniques, human–computer interaction in ini-
tializing, 3D hand model visualization and the operator’s
cognitive behavioral modeling, in an attempt to improve ac-
curacy and reduce computational cost derived from the high-
dimensional articulated hand structure.

3 The proposed method

3.1 Problem definition

We attempt to find a solution of V and R for the following
problem:
⎧
⎪⎪⎨

⎪⎪⎩

MinE{V,R}
V,R

V0,R0

E(V,V0) < Φ

(1)

where R is an operator’s hand pose from an online video
and V is a synthesized 3D virtual hand model which is syn-
thesized by the computer based on freehand model, V0 and

R0 are the initial synthesized 3D virtual hand model and
real hand pose, respectively. In the expression (1), E(·) is
the cost function used to evaluate the similarity of V and R,
MinE(·) is the 3D virtual hand model which is nearly the
same as the operator’s real hand pose, including both their
positions and poses, Φ is a threshold value.

3.2 Overview

Just as defined in the formula (1), the objective of 3D-
freehand-pose initialization is to reconstruct 3D hand mod-
els in accordance with the operators’ poses based on their
hand images from calibrated monocular cameras.

Our method is composed of pose recognition, coarse-
tuning for hand poses and fine-tuning for 3D models (see
Fig. 1).

The objective in hand pose recognition is to retrieve a
rough 3D hand model, which is similar to the operator’s ini-
tial hand pose. The objective of coarse-tuning process is to
move the operator’s hand towards the projection of the 3D
hand model while it keeps fixed, and the objective of fine-
tuning process is to fine-tune the 3D hand model making it
be the same as the operator’s hand while the operator’s hand
keeps fixed.

In order to provide a new approach to initializing 3D free-
hand model which is human-oriented, the following three
core techniques are for the first time being blended together
in our method: human–computer interaction in the process
of initializing, visualization of 3D hand model and modeling
the operator’s cognitive behaviors.

The key of this paper is as follows. First of all, by means
of blending cognitive psychology and case observations,
cognitive behavioral models for operators are set up. Then,
a novel 3D-freehand-pose initialization algorithm based on
operator’s cognitive behavioral models is proposed. Lastly,
experiments are performed to demonstrate the performance
of our method.

Fig. 1 The proposed 3D model
initialization approach. Our
algorithm is featured with
interaction between the bare
hand operator and the computer
in the process of initialization
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Fig. 2 The kinematic hand model [1]

Fig. 3 The proposed 3D hand model with 26 encoded DOF

3.3 Hand mode

Based on the kinematic model [1] shown in Fig. 2, the 3D
freehand model designed for initialization is shown in Fig. 3.
The freehand consists of 27 bones, 8 of which are located in
the wrist. The other 19 constitute the palm and fingers. The
bones in the skeleton form a system of rigid bodies con-
nected together by joints with one or more degrees of free-
dom per rotation. Each knuckle is simulated by a column
with fixed radius and length, and the palm is simulated by a
cuboid. In our model, all joints are located in the same plane
on a finger, the plane is perpendicular to the palm plane with
thumb excluded. Any two fingers are not allowed to overlap.
There are 26 degrees of freedom (DOF): 20 local DOF and
6 global DOF. The fingers and the thumb have two DOF at
the anchoring joint allowing flexion with an angle as well as
spreading movement. The proximal interphalangeal and the
distal interphalangeal joints have one DOF each. The kine-
matic constraints are listed in Table 1.

Table 1 The kinematic constraints of hand joints (the unit: degree)

f θ

θmin
0 θmaxn

0 θmin
1 θmax

0

0 −30 20 −20 40

1 −10 10 0 90

2 −10 10 0 90

3 −10 10 0 90

4 −10 10 0 90

3.4 Modeling cognitive psychology

How should we make the initialization process pleasurable
and amusing? Researching the behavioral models of opera-
tors’ hands is an important way to achieve this purpose.

According to cognitive psychology [14], the behavior of
freehand is controlled by cognitive model, which reflects the
cognitive processes and disciplines of human psychology,
and this cognitive model keeps stable in the period of com-
pleting a specific cognitive task. A human performs cogni-
tive tasks according to mental models.

GOMS (Goals, Operations, Methods, and Selection
rules) models [26] are a well-developed tools for mental
evaluation in their current modern form, and we find that it
is still applicable for describing cognitive psychology mod-
els in our initialization system. We combine GOMS and the-
ory of cognitive load to model cognitive behaviors, placing
emphasis upon the way to describe Operations and Methods
in GOMS by the means of observation and case analysis.

3.5 Case investigation

In order to study Operations and Methods in GOMS and
acquire steady Cognitive Behavioral Model (CBM) in the
process of hand pose initialization, the participators were
invited to take part in our experiments: each of them was
equipped with a data glove on his/her right hand. A 3D hand
model was visualized in the scene and each participator was
requested to adjust his/her right hand from an initial natural
pose until the hand pose and the 3D model were the same.
In this process, all data from data glove sensors is reserved
for further analysis. A research scene on CBM is shown in
Fig. 4.

We just present the angle curves with time for the middle
finger and the forward direction vector of the palm shown
in Fig. 5: they are just a little clip of the 26 curves used in
analysis of CBM. We observed from Fig. 5 that the curves
can be divided into two parts, the one acutely changing in the
first period of time, which can be assigned to a coarse-tuning
process; and the other placidly changing in the second pe-
riod of time, which can be assigned to a fine-tuning process.
This observation stimulates us to introduce the technique of
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(a)

(b)

Fig. 4 A research scene on CBM. (a) The operator was equipped with
a data glove on his right hand. (b) The hand on the right is the fixed 3D
hand model and on the left is the synthesized 3D virtual hand based
on data glove data. We attempt to probe into some clues about how
operators change their hands for superposition of the synthesized hand
and the 3D hand model

interaction between human and computer, and it also pro-
vides us with cues to assign interactive and cooperative tasks
to the computer and the operator based on the two periods.
The CBM models are stated in the form of CBM features.

3.6 CBM features

Observation and analysis of the series of experiments yields
the following CBM featured points:

CBM-1: In the process of adjusting variables of pose vec-
tors, changes with large range occur in frontal period of
time while changes with small range occur in back period
of time.

CBM-2: A hand pose vector is always composed of vari-
able parts and unvariable parts. Taken gun-style pose as an
example, in the whole process of initialization, the middle
finger, the ring finger and the little finger are kept unvari-
able.

CBM-3: Compared with the approach of asking operators
to imagine and form their required hands only according to
required regulations or constraints, allowing the operators
to actively adjust their hand poses towards visible 3D hand
models shown on displays is more coincident with opera-
tors’ cognitive customs and less with their cognitive loads.

(a)

(b)

Fig. 5 (a) The change curves with time for a middle of the finger.
(b) The forward direction vector of the palm expressed as the angles
of forward direction vector of the palm with x-, y- and z-axes. The
curves start with the initial hand gesture and end with the situation
when freehand returns to the initial state. The operator was required to
wear a data glove with hand-position tracker system on his/her right
hand. The time unit is millisecond. The angle unit is degree

CBM features are based on interaction between operators
and computer.

3.7 Fine-tuning process

The superiority of operator over the computer is that he/she
can flexibly make decisions to all the situations in the
process of completing a cognitive task, so it is reasonable
to introduce the technique of interaction between human
and computer into our initialization system. How to make
computers to adapt to humans, or how to make initializa-
tion process easier, more pleasurable in experience for the
operators, is the main objective in our system.
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Operator’s initial freehand pose is always far from the
predefined one, meaning that to search the solution for the
problem definition (1) requires computationally expensive
searching algorithm. In order to deal with this problem, we
assign the operator to do this intelligent work corresponding
to the frontal period of time stated in CBM-1. The operator
adjusts his/her bare hand’s position and pose in agreement
with CBM-2 to make the online freehand images to be su-
perposed onto the projection of the given synthesized initial
3D hand model while the 3D hand model is kept fixed.

Once the operator’s freehand fall into the neighborhood
of the 3D freehand model, the computer will provide the
operator with feedback, flickering and highlighting, and the
computer begins to fine-tune the 3D hand model using the
approach similar to a particle filtering (PF) [27] in which the
CBM-2 is followed in order to greatly reduce the particle
number. Fine-tuning is assigned to the back period of time
stated in CBM-1.

The above two phases go by turns between human and
computer until the operators feel satisfied or the Hausdorff
distance between the human image and the projection of the
3D hand model onto the image is in the required scope.

According to CBM-3, the human–computer interaction
to some extent depends on the way of feedback and effec-
tiveness of visualization. In our study, many approaches are
used for visualization. For example, the 3D hand model is
rendered and outputted by means of OpenGL, the new hand
images are displayed in real time with a visual style.

What the computer does is to adjust 3D hand model
once the operator accomplishes adjusting his/her freehand.
Even if approximate poses are obtained by pose classifi-
cation, it is still difficult for the computer to further fine-
tune 3D freehand models with fast speed until the 3D hand
model is the same as the operator’s hand pose because of
high-dimensionality problem. It is fortunate that CBM-2 can
help us alleviate this problem. For example, if the computer
knows or predicts that some part of the variables in a hand
pose vector will change with time, it will focus on identify-
ing the values of these variables and pay little attention to
the left variables to be unchanged with time. This approach
is equivalent to reducing dimensionality of the hand pose
vector.

The fine-tuning process by computer is as follows:

(1) Generate N particles Xi
1 of X1, i = 1,2, . . . ,N , using

Gaussian model in agreement with the CBM features.
(2) Compute weight ω of each particle by

h(i) = Hausdorff
(
X

(i)
1 ,Ω

)
, (2)

s_h(i) = e−h(i)

, (3)

ωi = s_h(i)

∑N
j=1 s_h(i)

. (4)

(3) State updating

X =
N∑

i=1

ωiX
(i)
1 . (5)

(4) X is evaluated by

E = Hausdorff(X,Ω). (6)

In the formulas (2) and (6), Hausdorff(X,Ω) is the Haus-
dorff distance between the projection of hand model X onto
hand image plane and the hand image. The hand image fea-
tures are extracted by multiple scale approach [28].

4 Experimental results

4.1 Experimental settings

We use a color CCD calibrated camera ZT-QCO12 with a
4 mm lens that captures 640 × 480 video at 30 Hz. Our
computer is Intel®, CoreTM, Quad CPU 2.66 GHz, 3.25G
memory. We employ a 3D hand model with 26 degrees of
freedom (DOF), 6 DOF for the global transformation and
4 DOF for each finger. The length of each knuckle on the
finger and the size of the palm are determined beforehand.

4.2 Initialization of 3D hand model

Our method is compared with the two widely used ap-
proaches, the single-frame pose estimation approach [10]
and the SMD approach [11], and for simplification, SF and
OM stand for the single-frame pose estimation approach and
our proposed method, respectively.

The 3D-freehand-pose initialization process by OM is
shown in Fig. 6.

This process is composed of the three phases: hand pose
recognition [29], coarse-tuning and fine-tuning. The coarse-
tuning process is performed by the operator and the fine-
tuning process is performed by computer.

We used three quantitative measures to evaluate initial-
ization algorithms: accuracy, time cost and cognitive bur-
den. Accuracy is evaluated by Hausdorff distance between
hand images and projection of 3D hand models onto the im-
age planes (which is also called as Hausdorff distance in
the remaining part of this paper for simplicity). Cognitive
burden was evaluated by the four factors: tiredness, jovial-
ity, freedom and workability. The tiredness is described the
extent of toil the user experiences in the process of initial-
ization; the joviality describes the degree of amusement the
user feels; the convenience describes the quality of being
suitable to user’s purposes; and workability describes the
extent to which the initialization approach is feasible. The
four factors are scored between 0 and 100 by the users.
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(a)

(b)

Fig. 6 The 3D-freehand-pose initialization process by OM. (a) Pose
recognition [29], obtaining an initial 3D model. (b) The process of in-
teraction between human and computer. In (b), the top-left is the vi-
sualization of 3D hand model and image features. On the right is the
initialized 3D hand model. The bottom-left is a frame image from the
monocular camera

We asked an operator to accomplish an initialization task,
using OM, SF and SMD respectively, 50 times for each, and
the average results are shown in Fig. 7. The time costs by
OM, SMD and SF are 2535.3 ms, 8176.6 ms and 936.66 ms
respectively (Fig. 7a). Hausdorff distances of OM, SMD and
SF are 32.569, 37.205 and 74.825 respectively (Fig. 7b). OM
has the least Hausdorff distance of the three methods.

The investigation of cognitive burden of OM, SF and
SMD was conducted and the results are shown in Fig. 7c. It
is shown that OM is easiest, most pleasurable for the opera-
tors for the online use because of the least cognitive burden.

The Hausdorff distances in each of 50 times are shown
in Fig. 8. On a whole, the Hausdorff distance of OM is the
least.

We further carried experiments in the case of different
operators. Fifty students were asked to perform the same ex-
periment, the experimental results are shown in Fig. 9.

Figure 9 demonstrates that the evaluation results are ac-
cording to the same operator.

(a)

(b)

(c)

Fig. 7 The average time cost, accuracy and feedback for cognitive
load, with the same operator participating in the experiments OM, SF
and SMD, 50 times in each. (a) The average time of OM, SF and SMD.
(b) The average accuracy of OM, SF and SMD. Accuracy is evaluated
by Hausdorff distance. (c) The average tiredness, joviality, freedom and
convenience of OM, SF and SMD. These experiments were performed
by the same operator

4.3 Analysis of the experimental results

Our initialization system benefits much from visualiza-
tion. Because of the use of visualization, it is possible
that human–computer interaction is carried through harmo-
niously, and that the operators can feel intuitively how the



614 Z. Feng et al.

(a)

(b)

Fig. 8 The experimental results of 50 times by the same operator.
(a) The time cost of OM, SF and SMD. (b) The Hausdorff distance
in each of 50 times for OM, SF and SMD. Hausdorff distance is used
to evaluate 3D hand models after initialization is performed. These ex-
periments were done by the same operator

orientations and ranges of their hands should be adjusted, no
matter how big the distance between the objective position
and the current position is.

The time cost of our algorithm is composed of the three
parts: the time cost in hand pose recognition by computer,
in coarse-tuning process by operators and in fine-tuning
process by computer. The time cost by coarse-tuning process
depends mainly on skills for the operator to manipulate our
initialization system, while the time cost by computer is
mostly impacted on the number of particles used because

(a)

(b)

(c)

Fig. 9 For 50 different operators, the average curves of time cost, ac-
curacy and feedback for cognitive load. (a) The average time of OM,
SF and SMD. (b) The average accuracy of OM, SF and SMD. (c) The
average tiredness, joviality, freedom and convenience of OM, SF and
SMD

of high dimensionality of a 3D hand structure. On the other
hand, based on the CBM-2, the dimensionality of freehand
pose vectors is greatly reduced.

What we benefit most from CBM and interactive behav-
ior between human and computer is that it makes our initial-
ization system fast, accurate, robust and intelligent, as well
as human-oriented for operating, convenient for online use,
beneficial to reducing cognitive loads of operators. These
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(a)

(b)

Fig. 10 The operator is moving a vehicle part from one place to an-
other with his bare hand. The first scene is in the process of initializa-
tion of freehand. The last three scenes are tracking process by PF [27],
our operator are moving a vehicle part from one place to another in
our assembly system. This experiment is performed in complex back-
ground

superiorities over other initialization systems are important
for HCII (Human Computer Intelligent Interaction) or PUI
(Perceptual User Interface), and are also parts of the objec-
tives in our assembly system.

4.4 Application of OM

Our initialization system has been applied to our bare 3D
freehand tracking which is a part of our virtual assembly
system (see Fig. 10).

5 Discussion and conclusion

Human–computer interface with intelligence, nature, amus-
ingness and convenience is one of the important components
in our virtual assembly system. Tracking, recognition and
interaction based on bare 3D freehand are a part of the cores
in our assembly system. The freehand pose tracker requires
a reliable initial pose in the first frame. Estimating the free-
hand pose in a single frame without a strong prior of the
freehand pose is challenging. Unfortunately, initialization
has not been paid enough attention for many years and there

are few related or specialized papers or products available to
retrieve from or to refer to.

One motivation for addressing this challenging problem
is for the purpose of initializing tracking without imposing
too many constraints on the user and making initialization
human-oriented for operating, convenient for online use, and
beneficial to reducing cognitive loads of operators.

A novel algorithm for initializing human 3D freehand
model is proposed in this paper. The main contribution
of this paper is that the three techniques—interaction be-
tween human and computer, modeling cognitive behaviors
for operators, and visualizing information in the process of
initialization—are fused together to meet the needs of fast
speed, high accuracy, high intelligence.

The visualization system based on computer vision with
monocular camera has been implemented with VC++6.0,
and many experimental results demonstrated that our sys-
tem is direct, amusing, natural, intelligent and convenient.
Furthermore, this system has successfully been applied to
our 3D freehand tracking system and simulation of virtual
assembly system.

Cognitive behavior in itself is very complex. How to in-
tensively explain, analyze and model cognitive behavior is
intended as our future work.
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