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Abstract

Quality evaluation is very important for haptic rendering. In this paper, an objective evaluation method for a
haptic rendering system based on haptic perception features is proposed. In the method, the haptic rendering
process is compared to the real world perception process in a simple standardized procedure based on feature
extraction and data analysis. A complete evaluation process for a simple haptic rendering task of pressing
a virtual spring is presented as an example to explain the method in detail. Compared with the traditional
objective method based on error statistics, the method is more concerned about the consistency of human
subjective feelings rather than physical parameters, which makes the evaluation process more consistent
with the haptic perception mechanism. The results of comparative analysis show that the method presented
in this paper is simple, gives reliable results reflecting the consistency with subjective feeling and has a better
discrimination ability for different kinds of devices and algorithms compared with the traditional evaluation
methods.

Keywords: haptic rendering evaluation, human-machine interaction, haptic perception, measurement method,
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1. Introduction

Virtual haptic rendering is a process that simulates the haptic interaction between human
and environment through haptic devices. The aim of haptic rendering is to obtain good sense of
reality consistent with the real world for users. The realistic quality evaluation of haptic rendering
effect is an unavoidable topic in the design and improvement of haptic rendering algorithms
and devices. A haptic rendering system usually consists of haptic rendering algorithms and
haptic rendering hardware. There are two main types of evaluation methods in previous studies:
methods based on physical parameters (objective methods) and methods based on psychophysical
experiment (subjective methods). Many basic physical parameters such as mean square error of
force and accuracy are proposed to assess the algorithms and devices based on physical properties.
The results are objective, reliable and repeatable. However, realistic quality of a haptic rendering
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focuses on consistency of subjective feeling with the interaction process of the real world.
Researches of human perception characteristics and mechanism have shown that consistency with
physical stimuli (physical parameters) does not mean consistency with subjective perception in
many cases. An evaluation method based on subjective perception experiments could measure the
consistency with subjective feeling directly, but the results are easily influenced by experimental
conditions and individual perceptual differences. Thus it is meaningful to find out a method
with proper and reliable metrics to measure the objective quality of a haptic rendering system
while taking human perceptual characteristics into consideration. So in this paper, an objective
evaluation method for a haptic rendering system based on haptic perception features is proposed
to simulate the user’s subjective psychophysical evaluation process by extraction of perception
features and consistency analysis.

In early exploration of evaluating performance of a haptic rendering system, researchers
tried to choose parameters mostly used in robot mechanical devices, especially in teleoperation,
to evaluate the performance of haptic devices [1-3]. Hayward and Astley [4] chose series of
physical parameters defined as transparency to measure the performance of a device, including
working space, inertia, stiffness, damping, refresh frequency etc. Colgate and Brown [5] from
Northwestern University thought that stability was a fundamental problem and proposed the
concept of Z-width as an important rationale in the evaluation. However, these evaluation methods
based on physical property mainly focus on displacement or force tracking devices, and are hard
to be applied to the evaluation of other different kinds of interactive forms such as vibration [6],
electrical stimulation [7], pneumatic [8], and magneto rheological [9] with the rapid development
of haptic interfaces. With the development of new kinds of haptic devices, it is difficult to define
just several parameters that are complete and applicable to describe the performance of all kinds
of haptic rendering systems.

At the same time, evaluation metrics based on psychophysical experiment technology were
also proposed. Though some haptic rendering systems [10-12] could also be evaluated by physical
parameters such as computation time, output error and so on, the subjective scores obtained
from psychophysical experiments were more integrated and intuitive evaluation results. So the
subjective evaluation methods have been widely used. Samur proposed a generic and systematic
evaluation method of haptic interfaces based on test beds [ 13], different kinds of evaluation metrics
were proposed based on haptic rendering tasks. For example, parameter index of performance (IP)
was used for travel and manipulation, weber fraction was used for discrimination of force, texture
and hardness, information transfer (IT) was used for identification of size and shape. Kirkpatrick
and Douglas [14] proposed an application-driven approach to the evaluation of haptic interfaces
and they considered that the evaluation method that exercises a single haptic mode tests the
hardware and software of the interface on a task that has a clear relationship to actual applications.
Kocsis and Cholewiak [15] in 2013 tried to use a similar discrimination ability of real and virtual
surfaces with sinusoidal and triangular gratings using the fingertip and stylus as metrics to
show the rendering effect based on psychological experiments. Evaluation methods based on
psychological experiments take full account of human haptic perception characteristics but need
a large number of manpower and resources. And the evaluation results are easily influenced by
individual differences. In addition, experimental environment, controlled parameters and human
perceptual habits could also greatly affect the results. So this method is usually unstable and
difficult to repeat.

Some researchers used interaction information from the real world as a reference and cal-
culated similarity between virtual and real interaction data as the evaluation metrics. Compared
with psychophysical experiments, this kind of method is objective, more repeatable and sta-
ble. Okamura [16] evaluated their surgical cutting rendering system by comparing the haptic
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recordings from real cutting tasks with an empirical model. Similarly, Kuchenbecker et al. [17]
assessed their event-based rendering approach using subjects tapping on real and virtual samples.
Leskovsky [18] in 2006 used multidimensional scaling to identify different perceptual cues in
discriminating real and virtual objects to evaluate the fidelity of haptic rendering. A standardized
evaluation method for haptic rendering systems was also proposed by Ruffaldi, Emanuele and
Morris in 2006 [19]. They compared data of virtual and real interaction processes by building
and releasing several sets of position and force information, collected by physical scanning a
set of real world objects, along with virtual models of those objects and provided a series of
example analyses that demonstrate their approach’s ability to quantitatively assess haptic ren-
dering systems. In 2009, Swindells [20] compared the similarity of automatically estimated
model parameters to manually tuned parameters from humans to infer the rendering effect.
Hassen [21] also proposed HSSIM as a measure for haptic force-feedback signals inspired by
the evaluation method of visual information quality, which provided new ideas for objective
evaluation methods. In conclusion, most objective evaluation methods were based on mathemat-
ical error analysis between real and virtual interaction processes, which could not reflect the
consistency with subjective feeling in many cases because of ignoring the human perception
characteristics.

Therefore, it is useful and necessary to take advantages of these kinds of methods and
make a balance: using stable and reliable parameters to describe the performance of a haptic
rendering system while taking human perception characteristics into consideration in a simple
evaluation process. So in this paper, an objective evaluation method for haptic rendering based
on human haptic characteristics is proposed. Interaction data and parameters of the real world
are the evaluation reference. Similarity of haptic rendering interaction data to the real world is
the final metrics to measure the rendering effect. What is important is that, during the evaluation
process, error analysis is carried out based on integration of effective perception features extracted
according to some important human perception characteristics and that makes the similarity
represent the consistency with human subjective feelings. The method is introduced in Section 2.
In Section 3, a haptic rendering example of pressing a real and virtual spring is chosen to illustrate
how the proposed objective evaluation method works. The results show that, compared with the
traditional methods, it can avoid the impact of human subjectivity and other uncertain factors
such as experiment conditions. Moreover, it is a simple and standardized process suitable for
different kinds of devices and more stable and reliable.

2. Objective evaluation process

The popular subjective evaluation method is actually a consistency analysis process carried
out by the users through comparison of the haptic rendering process with the real feeling process
or daily experience, as shown in the left half of Fig. 1. Similarly, the objective evaluation method
proposed in this paper based on human haptic characteristics is also essentially a process of
comparing the haptic rendering process with the standard process (the interaction process in
the real world). Haptic stimuli are perceived by different kinds of sensors instead of haptic
receptors, comprehensive analysis is done by consistency analysis in the perception space by a
computer instead of the human neural centre. Compared with the traditional objective evaluation
method, the error analysis in this paper is performed based on integration of effective perception
features extracted according to some important human perception characteristics, which make
the similarity analysis results represent the consistency with human subjective feelings rather
than with physical parameters. There are several aspects of work to be done in this method
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(shown in the right half of Fig. 1): data collection, extraction of haptic perception features and
comprehensive error analysis in the perception space.
Process of subjective evaluation Objective method in this paper

Virtual Real Virtual Real
Interaction Interaction Interaction Interaction

I,'m;fJ o

Haptic Receptors
and Channels

Analysis by Subjects
=1= A 4 l
-| Subjective Scoring ( Evaluation Metrics and Results )

Fig. 1. An objective evaluation method proposed in this paper compared with the subjective evaluation
method. For the subjective evaluation process, the perception and evaluation processes are completed
by human haptic receptors and human analysis respectively. In the objective method in this paper, the
perception process is performed by data collection via sensors (corresponding with haptic receptors
and channels), the evaluation process is carried out by feature extraction and similarity analysis in the
perception space (corresponding to subjective analysis in the central nervous system).

Data Collection

( Perception Features Extraction

)

Error is in Perception Space
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2.1. Data collection and representation

Different kinds of haptic rendering tasks may have different interactive modes. But there
are several common physical parameters that can reflect the interaction process because the
users usually perceive stimuli via hand and arm in most situations: force, displacement, velocity,
acceleration, angle and so on. In the method proposed in this paper, data of these parameters
should be collected by corresponding sensors selected according to different haptic rendering
tasks. For example, for a grabbing task, force information is suggested being measured by flexible
force sensors that can fit close to the palm and fingers and usually the maximum range of
3 N and resolution of 0.01 N are good enough for the grabbing task. Displacement, velocity
and acceleration information can be measured and calculated by a micro-accelerometer such as
MPU-6050. And finger bending angle information could be measured by a fibre-optic sensor such
as 5DT Data Glove Ultra. In the data collection process, all the information should be collected
synchronously and integrated into a multidimensional matrix changing with time. The probable
general form of the haptic data matrix is shown in (1) and (2). One of the advantages of the
haptic data matrix is that it can visualize interaction data in multidimensional space to help us
learn more details about the interaction process, as shown in Fig. 2, which shows an example of
a haptic data matrix reflecting the process of pressing a spring. What is more, it is convenient to
analyse the interrelationships between these parameters and process these data using methods of
matrix transform:

M=WM), 1=12..T, (1)
F S A q
M=\ g s A @
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Fig. 2. An example of interaction process of pressing a spring. Force, displacement and

velocity information of the pressing spring process are collected in the haptic data matrix. It is

a multi-dimensional matrix changing with space and time, reflecting the changing of physical
parameters and environment in the haptic rendering tasks.

where M; is the observation state of haptic image M at time ¢, F!, S¥, A, a!are popular physical
parameters measured in a haptic rendering interaction task, where F,l is the force information,
S! is the displacement information, A! is the bending angle information of user fingers or arms,
a! is the acceleration information, i stands for different measuring parts of the users, F/, S!, 8,
Al express potential physical relationships of these parameters. (1) and (2) are just an abstract
universal mathematic description of a haptic data matrix. For different haptic rendering tasks,
physical parameters should be chosen according to actual situations. Generation of a haptic data
matrix is the preliminary task of the objective evaluation method based on human perception
features. In this way, methods in other fields may be applied to the analysis of haptic data matrix
and extraction of perception features.

2.2. Filtering and extraction of haptic perception features

Research results have shown that the human brain obtains the feeling regularity of stimuli
through a multi-layer network model instead of processing the data directly when receiving
external signals [22]. The perceptual system in this kind of hierarchy can greatly reduce the amount
of data processed by brain and keep useful information. Considering the perception characteristics,
haptic perception filters are used to extract useful perception features or metrics that dominate in
haptic perception. This step is aiming to remove redundant information and express interaction
information sparsely, just like the transformation process from physical stimulation to subjective
perception accomplished by the human haptic perception channels and nervous system.

As a result of previous fundamental research on human haptic perception system, various
types of characteristics such as Aristotle’s illusion [23], Cutaneous Rabbit [24], Tau Effect [25]
and Kappa Effect [26] have been well known to people. Memory properties [27] and the stochastic
resonance phenomenon [28] in haptic perception were also discovered. At the same time, various
mathematical models were built to describe these characteristics. For example, an appropriate
white noise signal could be added into the filters to improve the realism of haptic rendering
according to the human stochastic resonance phenomenon in haptic perception [29]. And for
the Cutaneous Rabbit phenomenon, advantage of a Bayesian perceptual model [30] which is
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equivalent to a kind of filter can be taken in the objective evaluation method to simulate the real
output feeling.

In the human haptic perception mechanism, each type of haptic perception characteristics
is equipped with respectively perceiving, transmitting and comprehending channels. So each
basic haptic perception characteristic and feature should be filtered and extracted based on
corresponding perception models. Thus a perceptual model set for filtering and feature extraction
can be expressed as:

{fr(t); OF(t); JND; ...}, 3)

where fr(t) represents a frequency characteristic filter; OF () represents models or algorithms for
feature extraction of force perception; JND is a filter designed according to different threshold
characteristics of various stimuli. Just several perceptual models are listed here; proper models
may vary for different haptic rendering tasks.

There are two kinds of models usually employed in this process. One kind is filters designed
for data pre-processing to compress data or make data closer to human subjective feeling, such as
the JND filter. And the other kind is models or algorithms for extracting features that are useful in
the consistency analysis, such as models for extracting useful feature metrics for force perception.

In order to explain the process more comprehensively, some common filters or models are
given here as examples.

The Stevens’s power law [31]:

o) = kI, “)

where [ is the intensity or strength of a haptic stimulus (force, displacement, weight); ¢(I) is

the intensity or strength perceived by the human haptic perception system; « is an exponent that

depends on the type of stimulation or sensory modality; and k is a proportionality constant that

depends on the units used. This filter is usually used to transform data of objective stimuli into

human subjective perceptual feeling, which is more accordant with the human perception system.
The perceptual-characteristic filter for hardness perception:

max (f (1))

Vo

ERH = (5)
where ERH is a useful feature metric for haptic hardness perception proposed by Hans [32];
max(f(¢)’) is the maximum rate of changing force and vy is the initial penetration velocity in the
interaction process. This filter can be used for perceptual feature extraction for haptic perception
tasks related to the hardness perception.

2.3. Consistency analysis in perception space

In the objective evaluation method, the evaluation of haptic rendering is a process of analysing
consistency between the evaluation reference (real process) and the target to be evaluated (haptic
rendering task) in a perception space based on proper metrics. The haptic perception space is
a vector space generated by dimensionality reduction based on perception features similar to
the Vector Space Model (VSM) [33] widely used in text similarity analysis. Both the evaluation
reference and target can be expressed in the space, where the recorded interaction information
may reflect more of subjective feeling than the objective stimuli. For the original interaction
information (Im, ) collected during any haptic rendering process in the perception space, it can
be expressed as the perception information (Im,,):

Im, = (Wis, war, .o Wyy) =1Im,, - T, ©)
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where unit vectors w1y, was, . . . , Wy, are a group of base vectors in the perception space; wy, is the
value in n-th perception dimension; 7 is the transform matrix. The number of dimensions depends
on whether the perception space can keep enough useful information and express the haptic
rendering tasks effectively. For different haptic rendering tasks, the effective haptic perception
features may vary, so the perception spaces may be different. A perfect perception space means
that the same haptic rendering tasks of different devices and algorithms can be distinguished
effectively when they are expressed in the perception space. In the perception space, both real
and virtual perception processes have their own expression forms (in most situations they are
coordinates), recorded as Img (¢#) and Imy (¢). Thus, the similarity S can be expressed as:

S = Dist(Img (¢), Imy (£)), 7

where the metrics are the feature distances corresponding to the perception space and features.
In practical haptic rendering tasks, the distance metric may be more complex and in a high-
dimensional space. A small value of distance means a better haptic rendering reality effect.

Generally speaking, the Euclidean distance is the simplest measure for the consistency analysis
between real and virtual interaction processes, which can be expressed as:

Sgu = [Img (1) — Imy (7). ®)

However, for different features and haptic rendering tasks, distance measures should be
selected and defined accordingly. For example, if a feature of perceptual mean square error
(PMSE) was used for the consistency analysis, as Chaudhari [34] proposed, in the perception
space the distance metric could be defined as:

1 N-1
Spmse = 77 >, (Im (i) = Tmy (1)), ©
i=0

where N is the number of feature points. For instance, for Force-Feedback Signals, Hassen [35]
also proposed a distance measure named HSSIM inspired by a quality assessment method for
digital image, adopting the Minkowski pooling approach:

S, = [[(Img, Tmy)]* - [c(Img, Imy)]? - [s(Img, Tmy)]?, (10)
1 N
HSSIM:N;S , (11)

where [(Img, Imy); c(Img, Imy ); and s(Img, Imy ) are the luminance feature, contrast feature,
and structure feature defined and calculated analogically with the HSSIM measure for image
quality assessment [36], @ > 0, 8 > 0 and y > 0 are parameters used to determine the relative
importance of the three comparison features; N is the number of samples in S, and r is the
Minkowski power.

3. Example of objective quality evaluation for haptic rendering system
In this part, a simple haptic interaction process is given as an example to show the general

process of objective haptic rendering evaluation method of this paper. Though not all kinds of
processing steps and methods mentioned above are used in this example, it offers a template of
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the objective evaluation method of haptic rendering realism for more complex haptic interaction
processes, which may have more complex parameters and data in a high-dimensional space.

Virtual mass spring is a basic but widely used model in virtual reality modelling such as virtual
surgery, virtual remote operations and virtual reality games. So the processes of pressing a spring
in the real and virtual environments are chosen as an example of rendering system to be evaluated
in this paper. A haptic rendering system consists of two parts: the virtual rendering algorithms
and the hardware devices. So in the objective evaluation method proposed in this paper, haptic
rendering realism effects from both algorithms and hardware performance are considered, which
is consistent with the common experience about human haptic perception: in most situations the
users cannot distinguish whether the feeling change of haptic rendering is caused by a change
of algorithms or hardware. So in this paper, haptic rendering changes both in algorithms and
hardware are performed as contrasts. Three kinds of haptic devices (Geomagic Touch, Geomagic
Touch X and Omega.7) and two kinds of rendering models of spring (F = kAx and F = kAx?)
are used in this paper. Touch and Touch X are produced by the Geomagic company and Omega.7
is produced by the Force Dimension company. Their details are shown in Table 1. For a spring
model, the linear one F = kAx is natural and popular, whereas the nonlinear one F = kAx>
exhibits unnatural feeling and it was selected as a contrast because the unnatural rendering effect
or a small degree of similarity to the real normal spring are also important metrics to evaluate
the rendering effect. For a device with worse performance, it is possible that the user cannot
distinguish which kind of spring (natural or unnatural) is being rendered while they can easily
tell the difference on a better device. Thus, there are 6 kinds of haptic rendering conditions to be
evaluated in total: {F = kAx by Omega.7, F = kAx by Touch X, F = kAx by Touch, F = kAx?
by Omega.7, F = kAx? by Touch X and F = kAx? by Touch}.

Table 1. Details of three kinds of haptic devices.

Devices Omega.7 Touch X Touch

160 W 160 W

Workspace (mm) ®160x 110 120H 120H
120D 120D

Max Force (N) 12 7.9 33

X 1.86 X 1.26

Stiffness (N/mm) 14.5 Y 2.35 Y 2.31
7148 Z1.12

Resolution (mm) 0.01 0.023 0.055

3.1. Data collection

The data collection process of interaction in the virtual environment is shown in Fig. 3. When
the user is pressing the virtual spring through a haptic device, the feedback forces will be put
on the user’s finger by the device in real time according to the spring models (F = kAx and
F = kAx?). During the pressing process, the position and force information of the user’s finger
is recorded by the device and sensors with a frequency of 1000 Hz. For the process of pressing
a spring in the real world, a baffle is placed between the fingertip and the spring to make the
pressure on the spring more uniformly distributed, as shown in Fig. 4. The time information is
recorded to make sure that every pressing process spends nearly the same length of time, which is
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Fig. 3. Data collection of interaction on haptic devices. a) Virtual spring. The black ball is

the proxy of haptic device in the virtual environment; when the subject presses the haptic

device along X axis direction, the ball will press the spring along the X axis synchronously;

b) Omega.7; c) Touch X; d) Touch. In the experiment of pressing a spring in this paper, only

the DOF along the X axis is useful because the spring is restrained to produce deformation in
only one direction.

Fig. 4. Pressing a spring. The force on the subject’s fingertip is measured by a flexi-force
pressure sensor on the baffle when the spring is pressed. Meanwhile, an ultrasonic distance
measuring module is placed at the bottom of the spring to record the distance from bottom of
the spring to the baffle, which can be translated to the deformation displacement of the spring.
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more convenient for the standardization and normalization process in the following steps. Fig. 5
gives the force acquisition results of pressing process in different conditions.

- Pressing processes of different conditions 5 Pressing processes of different conditions
— — —real process . — — — Touch,f=kx
3 Omega.7 f=kx # Y 3 | = Touchf=lo
.......... Omega.7,f=kx 2 ssseesnns Touchy,f=kx

25} 25k |77~ Touchxf=kx ? /

force(N)
.

0 100 200 300 400 500 600 0 100 200 300 400 500 500
time step time step

Fig. 5. The virtual and real interactive forces. Lines represent the interactive force curves of a complete real and
virtual interaction process in the same experiment environment.

3.2. Pre-processing and filtering

Many fundamental researches have focused on the psychophysical experiments of human
haptic perception characteristics, which can provide a lot of valuable references in the design
of perception filters. Their results show that the changing rate of force and deformation play
the key role in haptic discrimination of hardness [37]. So in the example of this paper, hap-
tic perception characteristics of hardness perception about force and position are taken into
account. Moreover, many researches [38, 39] have employed the Just Noticeable Differences
(JND) as a dead-band in perceptual analysis to eliminate unperceivable force, position or velocity
interaction data, which makes the data streamlined and more in line with data processing in
the human perception system. So there are two main haptic perception characteristics used in
the design of perception filters: JND perception filters for force and displacement and capable
output frequency bandwidth of the human fingertip. The absolute force perception threshold
of human fingertip is 0.06 N [40], which is much smaller than the force dead zone (0.6 N)
of a pressure sensor. So the absolute force perception threshold can be ignored. The relative
perception difference is 7% over the range of 2.5-10 N [41] and 15-27% for forces smaller
than 2.5 N [39]. And the output force frequency bandwidth of human fingertip is 2-6 Hz
[1, 42, 43]. For the JNDs, according to the Weber-Fechner’s Law, the JND filter [44] is de-
signed as:

Al/l =K, 0<K<l, (12)

where I means the magnitude of stimulus, which may be kinaesthetic distance, force, temperature
or other physiological stimulus; Al represents the changing value of two adjacent continuous
stimulations. A parameter K is called JND coefficient which usually is a constant percentage in
a specific situation. When Al/[ is smaller than K, it means that the user cannot feel the change
of the stimulus magnitude. In this paper, AI means the change of fingertip force or displacement,
I stands for the value of fingertip force. K is 20% (15-27%) when the force value is in the range
of 0.06-2.5 N, and it is 7% when the force value is bigger than 2.5 N. Fig. 6 shows the results of
perception filtering for all conditions.
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Fig. 6. Filtering results. The lines are interaction data after filtering. During this process, a continuous stimulus
is transformed into discrete time series compared with original data in Fig. 5, which is closer to the real human
perception feeling.

3.3. Effective perception features in hardness perception

In this step there are extracted effective features that can be used to build the perception
space. Different features may reflect different characteristics of different devices and algorithms.
A good perception space should have as much as possible effective features. For the perception of
hardness, force, deformation and their changing rates there are usually useful features for human
hardness perception [45]. Han [32] examined the relevance of 7 kinds of physical variables
obtained in the experiment to the hardness perception of virtual surface. And the results show
that the force changing rate, deformation changing rate and extended rate-hardness are effective
metrics and features for perceived hardness. Besides, frequency is always an important parameter
to measure the performance of a device. So in this paper, there are four useful features being
extracted from the haptic data matrix of the pressing spring example:

Force and displacement changing features, Rate-hardness feature and Frequency feature.

Force and displacement changing features

A lot of researches show that the changing rate of force and displacement play the key role
in haptic discrimination of hardness, which is consistent with the human common sense. So the
rates of force and displacement changing with time are selected to see whether they are useful
perception features in pressing spring perception. And they can be calculated as:

F o= F(n+1)-F(@) ,

v AT 13)
_Si(n+1) = 5:(n)
Ss=——F27 (14)

where n is the number of sampling points; AT is the number of sampling points between adjacent
values after filtering. Fig. 7 shows F,, and S, of virtual and real processes, in which the overall
trends of change are similar, and the local features are different between the real and virtual
processes in four conditions. Both the changes of devices and algorithms could lead to this result
and that means that the series of pressing force and displacement changing with time are effective
in reflecting the effect of haptic virtual reality rendering.

485



Z Shao, J. Wi, Q. oﬁ‘y‘(}‘ﬁg“i&?\f‘dﬁjﬁé‘f}v@/EVALUATY&?\VME%HOD FOR HAPTIC..

Feature of F | Feature of S
06 1.5
— — —real process -
— & — Omega.7 f=kx [oa
0.4 F1 ’ T
\ 2 4} Omega.7 =k’ fok
\ ?0 H — + — Touch,f=kx » 9 |
g o2f i - £ * ~ Touch,f=koc® EAD o} /,‘\ &9\
> \ Kk ‘/ \Q *, « | ° Touchx,f=kx PR r N\
4 © —o-
2 , %é 4 € 05| [ =9~ Touomsi? i g Ehadtsc D \ e \\\0
o e > Qog&
2 +”+ =3 1/%%9005 2UV&\
=) & I 258y
§-02f S * &
S s Or 3 e
3 - :rea\ process = - XK W@@g
£ © — Omega.7 f=kx £ 2 Ry
8 04 E NFZET N B4E
Omega.7,f=ki S 1\ % Qg ‘p° V
— + — Touch,f=kx 8 05 (5] e
0.6 | — % — Touch f=kx’ \ \\
Touchx,f=kx &Y
0.8 il TOIAChX,f:kX2 I 1 L 1 L i 1 L 1 I 1 1 1 i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time step time step

Fig. 7. a) F, and b) S,, of the real process and of the virtual process for six haptic rendering conditions, respectively.

Rate-hardness feature

The concept of rate-hardness was proposed by Lawrence et al. [46] in 2000 as a feature to
find out which features were dominating in perception of hardness rendering. In their research,
they find out that even if the conditions of force and displacement are stable or exhibit high-level
stiffness (out of perception range), the subjects can still distinguish different kinds of hardness
rendering. In their following researches, they proposed the concept of rate-hardness, which is
proved to be effective in perception of hardness by lots of experiments. In their work, rate-
hardness is calculated only in the initial contact stage. In the example of pressing spring of this
paper, the concept of rate-hardness is expanded to the whole compressing stage to examine more
details of the interaction process:

Hp = (Fi(n+A;) = Fr () [ (tnea; — tn), (15)

(Si(n+A) = S () [ (tnea; = 1n)
where F;, S; are the time series of force and displacement; A; is the time window width, leading
to different resolution and stability of rate-hardness. A small A; means a high resolution but is
easily affected by the measurement error, whereas a large A; means a small computation volume
but a low resolution where rate-hardness is nearly constant. So only a proper time window width
can reflect the rendering effect of different devices and algorithms. Fig. 8 shows rate-hardness

Ratehardness in different time window width
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Fig. 8. Rate-hardness of the real process in different time window widths. Red, blue, dark and green
lines are the rate-hardness series for the time window widths of 5, 10, 20, 40 sample points.
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of the real process in time window widths of 5, 10, 20, and 40 sampling points. Analysis shows
that rate-hardness has a good discrimination ability for different devices and algorithms in a time
window of 10 sampling points in the pressing spring example, as shown in Fig. 9. Rate-hardness
is a kind of local characteristics based on a small scale compared with F,, and S,,, and could reflect
the stability and reality of haptic hardness rendering. Better devices and algorithms can achieve
more stable rate-hardness.

Feature of Rate-hardness
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Fig. 9. Rate-hardness feature of the real process and for six conditions of virtual haptic rendering.

Frequency feature

The pressing spring process is a dynamic process. The effect of different devices and algo-
rithms may be reflected in a frequency spectrogram. So in order to present global features of
pressing spring in different conditions, force time series of pressing a spring multiple times in
succession are used in the spectrum analysis. As shown in Fig. 10, the processes are composed of
low-frequency signals, the different conditions are mainly reflected in the harmonic components.

Amplitude-Frequency
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Fig. 10. Frequency feature of the real process and for six conditions of virtual haptic rendering.
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So the spectrum series are selected as the frequency domain feature in the comparison of real
and virtual processes. Better devices and algorithms may have a more concentrated harmonic
component distribution and worse devices and algorithms may have a more dispersed harmonic
component distribution, which reflects the stability and rendering effect in different conditions.

3.4. Similarity comparison in perception space

In Subsection 3.3, there are 4 different effective features (Force and displacement changing
features, Rate-hardness feature, Frequency feature), which can be expressed as F;, S, Ry, fn. So
each pressing process information can be expressed as:

Imy = (Fi, Sjs Ry fn)s (16)

where the Principal Component Analysis (PCA) method is used to build a simplest and effective
perception space based on the features extracted above, which is a simple sparse representation
method widely used in other fields. So in the process, each haptic perception condition is regarded
as an independent input sample vector Imy, consisting of feature vectors F;, S;, Ry, and f,. k, i,
j, m and n are dimensions of the input sample vector and four feature vectors respectively and
kequals the sum of i, j, m and n. So the input sample set can be expressed as {Imy, Imy, ..., Imy},
N is the number of conditions, which is 7 in total in this paper. So the average vector of the sample
set is:

_ 1 ¥
Im:N;Imk a7

and the covariance matrix of the sample set is:

N
D=5 > (ime ~ m) (ime ~Tm)" (18)
i=1

Then, if we calculate the feature vector u; of the covariance matrix and the corresponding
eigenvalues A;, the matrix T composed of these feature vectors is the orthogonal basis of the
perception space. And the interaction information of different samples is kept in the feature vectors
with larger eigenvalues. If we sort the eigenvalues of the covariance matrix in the descending order
(A1 =22 >2...2 25 >2... > 4;) and select A; greater than A4 as the principal components,
the transition matrix 7 that is mapping perception features into the perception space can be
expressed as:

T = (ul, uy, ..., ud), (19)

where u; is the corresponding feature vector of the covariance matrix and d is the final dimen-
sionality of the perception space.

In the evaluation process of this paper, the analysis results show that the first three principal
components could keep more than 90% information of Imy, which means that a three-dimensional
perception space is good enough to express the pressing process:

Im; = (x1, x2, x3) = (F;, Sjo Rns fn) - T (20)

Here, T is the transition matrix, through which the original feature matrix can be mapped into
the perception space, (x1, X2, x3) are positions of features in the perception space, e.g., the real
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pressing process can be expressed in the perception space as (0.9280, 4.4891, —2.7224). And the
distance between the real and virtual processes can be expressed as:

S; = |[lm,; — Im,||, 21

where S; means the distance of i-th haptic rendering condition; Im,; and Im, are coordinate
values of the virtual and real perception processes expressed in the perception space, respectively.
Coordinate values in different conditions in the perception space are shown in Fig. 11 and Table 2.

—— otouch kx2
dist=5.4986

touch kx
dist=4.4204

touchx,
dist=3.737%0

touchx,kx2
dist=6.6723

Omega.7 kx2

dist=7.1624 Omega.7,kx
5 dist=3.6273

Fig. 11. Distances in the perception space. Information on six conditions of haptic rendering
and the real process is expressed in a 3D perception space. Distances to the real process reflect
the rendering effect of different devices and algorithms.

Table 2. Coordinate values of different conditions in the perception space (Sorted by distances to the real process).

Conditions Coordinate values (x;, x3, x3) Diisltlagl::c:;)tl;z:ll Spl:';)cc:ss
Real process (0.9280, 4.4891, —2.7224) 0
Omega.7 and F = kAx (1.3232, 1.6353, —4.9262) 3.6273
Touch X and F = kAx (1.0800, 1.0796, —4.2468) 3.7397
Touch and F' = kAx (0.8210, 0.0836, —3.0685) 4.4204
Touch and F = kAx> (0.9788, —0.9437, —1.8757) 5.4986
Touch X and F = kAx? (1.0591, —2.0408, —4.0871) 6.6723
Omega.7 and F = kAx? (=5.0980, 0.7248, —3.6258) 7.1624

As the real process is the evaluation reference, a smaller distance to the position of real process
means a better haptic rendering effect. The results show that all the distances (3.6273, 3.7379 and
4.4204) of the linear spring model on three kinds of devices (F = kAx) are obviously smaller than
the distances (5.4986, 6.6723 and 7.1624) of the nonlinear model (F = kAx?). That means that
the method in this paper can easily distinguish the effect of different algorithms. The natural spring
model feels more similar to a real normal spring while the unnatural nonlinear spring models
are not as expected. Specifically, Omega.7 has the best rendering effect for F = kAx (distance
= 3.6273) and the worst rendering effect for F' = kAx? (distance = 7.1624) compared with the

489



EVALUATION VIETHOD FOR HAPTIC. ..

Z. Shao, J. Wu, Q. Ouyang: “ZW‘HI&“‘J%T’)VEP JUALITY

real pressing process, Touch has the worst rendering effect for F = kAx (distance = 4.4204) and
the best rendering effect for F = kAx? (5.4986) compared with the real pressing process, while
Touch X is in the middle of Omega.7 and Touch for both F = kAx and F = kAx?. That means
that the method in this paper can also easily distinguish the effect of different devices. Omega.7
can achieve the most similar feeling when rendering linear spring models and the most dissimilar
feeling when rendering nonlinear spring models compared with a real spring. Then, it can be
concluded that Omega.7 has the best rendering performance for hardness, Touch has the worst
rendering performance while Touch X is in the middle. This conclusion can also be inferred by
experiences according to the device details listed in Table 1.

4. Comparative analysis

To verify the rationality and effectiveness of the proposed objective evaluation method, a
subjective perception experiment has also been carried out and a psychological scale was made
in this paper as a guideline. Ten subjects participated in this experiment. Their ages ranged
from 20 to 30, and all of them were right-handed and reported to have no known cutaneous or
kinaesthetic problems. Informed consent was signed by all the subjects before the experiment.
In the experiment, the devices (Omega.7, Touch X and Touch) and algorithms (F' = kAx and
F = kAx?) were combined pairwise, so there were 6 conditions in total to be perceived. Two
conditions appeared each time and the subjects were asked to tell which of the rendering effect
gave more similar feeling to that perceived with a real normal spring. Each condition should
be compared with other conditions once in one try, so there were 15 comparisons in one try.
A reverse order comparison try was carried out to eliminate the order error, so there were two
tries for each subject. A psychometric curve of the psychological scale was fitted to the data to
evaluate the rendering effect in 6 conditions, as shown in Fig. 12.

Psychometric curve of the psychological scale

N

0.96

=)
=

Fraction of "more similiar'
o =)
= Y

=]
N

0.03

Omega.7 kx touch X kx touch kx touch kx2 touch X kx2 Omega.7 kx2
Conditions

Fig. 12. A psychometric curve of the psychological scale. A higher fraction means a better
rendering effect for spring and a lower fraction means a worse rendering effect.

The results presented in Fig. 12 indicate that the subjects thought that the condition of F = kAx
by Omega.7 had a better rendering effect in 96% comparisons and only for 3% of comparisons
in the experiments the subjects thought that F = kAx? by Omega.7 had a better rendering effect.
A higher fraction means a better rendering effect and a lower fraction means a worse rendering
effect. So the psychometric curve indicates that for the linear spring model, Omega.7 has the best
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rendering effect and Touch has the worst rendering effect, while Touch X is in the middle. And for
the nonlinear spring model, Omega.7 has the most dissimilar rendering effect and Touch has the
most similar rendering effect, while Touch X is in the middle compared with a real spring, which
exhibits the same trend as the method in this paper.

In this paper, evaluation methods based on statistical analysis are also presented as a contrastive
analysis. Evaluation methods based on statistical analysis [47, 48] usually select parameters such
as peak value, maximum absolute error, mean square error, distance measurement, correlation
coefficient to describe the similarity between the real and virtual pressure time series.

Table 3 lists the two most intuitive indexes (the Euclidean distance and Pearson correlation
coefficient) to reflect the similarity to the real process. Both the Euclidean distance and Pearson
correlation coefficient are calculated by statistical analysis and reflect the output errors of the
rendering effect, just like the output force error and output position error used by Ruffaldi et
al. in their method presented in 2006 [19]. Smaller distances and a higher Pearson correlation
coeflicient (ranging from 0 to 1) mean a better haptic rendering effect. As shown in Table 3, for
the linear spring model, Omega.7 has the best rendering effect and Touch has the worst rendering
effect, while Touch X is in the middle, which is consistent with the results of the method in this
paper. However, for the nonlinear spring model, the effect of Omega.7 feels most like a normal
real spring and Touch feels most unlike a normal real spring, which is totally opposite to the results
obtained with the method in this paper. So more analysis is needed to explain this phenomenon.

Table 3. Statistical analysis results of the virtual process (compared with the real process).

. Output Error Pearson Correlation | Output Error Pearson Coyrelation
Conditions . . . . Coefficient
(Euclidean Distance) Coeflicient (after filtering) (after filtering)
Real process 0 1 0 1

Omega.7 and F = kAx 7.3078 0.9664 8.0194 0.9526
Touch X and F = kAx 7.7797 0.9649 8.8416 0.9497
Touch and F = kAx 8.6782 0.9595 9.1567 0.9317
Omega.7 and F = kAx? 10.6449 0.9144 9.8345 0.9041
Touch X and F = kAx? 11.6782 0.9099 12.1334 0.8864
Touch and F = kAx? 14.6449 0.8621 14.8596 0.8591

In order to express the similarity of these methods in the same scale, similarity results
of different conditions and the perception experiment (similarity of statistical method before
perception filtering, similarity of statistical method after filtering, distances in the perception
space, the subjects’ scorings in the perception experiment) are normalized into O to 1, which
are equivalent to the relative similarity of different devices and algorithms. O means the worst
rendering effect and 1 means the best rendering effect of the six conditions, as is seen in Fig. 13.

The results show that the algorithm of F = kAx and the device Omega.7 have the best
rendering effect in all four evaluation methods. But the relative significance degrees are different.
As it is seen in Fig. 13, perception filtering (red line) reduces a great deal of noise and makes
distances of different conditions larger, which means that the differences are easier to distinguish.
The evaluation method proposed in this paper (blue line) gives a more obvious distinguishing
result and is more sensitive than the method based on statistical analysis (green line) for the change
of both virtual haptic rendering algorithms and haptic rendering devices because of extraction of
perception features and their mapping into the perception space. Moreover, the method proposed
in this paper exhibits a high similarity trend compared with the result of perception experiment
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Fig. 13. The relative similarity of different devices and algorithms. Green, red, blue and dark

lines are the relative similarity of different evaluation methods in the same scale: similarity

of statistical method before perception filtering, similarity of statistical method after filtering,

distances in the perception space (the method of this paper) and the subjects’ psychometric
curve in the perception experiment.

(dark line), whereas statistical methods (before and after perception filtering) give absolutely
opposite results for evaluation of the nonlinear spring model. These consistent evaluation results
of objective and subjective evaluation methods also prove that the method proposed in this paper is
more accordant with the human haptic perception mechanism, which is focused on the consistency
of subjective feeling rather than stimuli.

5. Discussion

The objective evaluation method for haptic rendering based on human haptic perception
features proposed in this paper has two main advantages compared with other previous methods.
Firstly, the objective evaluation is a method that simulates the process of evaluation by the human
perception system. This method can avoid the effect of experimental environment, the human
subjective individual differences if proper parameters and features are selected and extracted.
It analyses a similarity between the virtual and real haptic rendering processes in the haptic
perception space based on data collection and analysis, which means that it has a good repeatability
and stability. Secondly, the data processing is taking into account the human haptic perception
characteristics. The data obtained from the haptic rendering interaction processes are not just
simply analysed by the ANOVA, but are translated into the human perception space based on
perception feature extraction, where the features and distances in the perception space can reflect
the human subjective feelings more veritably.

Certainly, there are several key problems and limitations that should be discussed and solved
in detail in the future research to make the objective evaluation method more complete and
convincing. Firstly, how to collect multiform interaction data steadily. Some information is hard
to obtain by proper sensors in some conditions. For example, in the case of grabbing a soft
object, the deformation of the object is hard to measure accurately. This may limit the application
of the method proposed in this paper to some less complex tasks. Another important problem
is how to extract effective perception features that can reflect the actual feeling changing in
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some complex haptic rendering tasks. Effective features can also provide useful guidance for the
improvement of haptic rendering devices and models. At the same time, more fundamental studies
on human haptic perception characteristics are necessary to help making extraction of human
haptic perception features more reasonable, especially characteristics and mathematical models
of some haptic perception illusions. What is more, the inherent correlation and redundancy of
the data acquired from the process of haptic rendering tasks should be taken into consideration
to make the analysis simple and convenient.

6. Conclusion

In this paper an objective evaluation method for haptic rendering based on the human haptic
perception features is proposed. The key steps of the objective method have been introduced.
A simple haptic rendering example of pressing springs has been used to show the general
process of objective haptic rendering evaluation method based on the human haptic perception
characteristics. In the example, a haptic image matrix has been generated according to the
regulation of data changing with time and space in the haptic rendering process. Haptic features
reflecting essential characteristics of pressing virtual springs have been extracted. Similarity has
been analysed in a perception space built based on haptic perception features to evaluate the effect
of haptic rendering produced by different devices and algorithms. The final results show that
the method proposed in this paper is closer to the human subjective perception and evaluation
process. The objective evaluation method based on the human perception features proposed in this
paper is simple and gives reliable results, reflecting the consistency with subjective feeling and
has a better discrimination ability for different kinds of devices and algorithms compared with the
used evaluation method. Certainly, only a simple haptic rendering task is presented in this paper
to prove the validation of the proposed process. More complex examples are required to confirm
the effectiveness of the method, which is the research aim of our current work (comprehensive
perception of haptic rendering combining hardness and texture) that may be published in the
future.
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