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Abstract. In previous works we have studied the behavior of simple training
systems integrated by a haptic device basing on criteria derived from
Manipulability concept. The study of complex systems needs to re-define the
criteria of optimal design for these systems. It is necessary to analyze how the
workspace of two different haptics, simultaneously on the same model, limits
the movement of each other. Results of the new proposed measures are used on
Insight ARTHRO VR training system. The Minimally Invasive Surgery (MIS)
techniques use miniature cameras with microscopes, fiber-optic flashlights and
high definition monitors. The camera and the instruments are inserted through
small incisions on the skin called portals. The trainer uses two PHANToM
OMNi haptic devices, one representing the camera and other the surgical
instrumental.

Keywords: Haptics, Workspace Interference, Manipulability, Optimal
Designing.

1 Introduction

When developing a VR simulation, on the one hand we are moving in the real world
by manipulating a haptic device; this movement corresponds to a movement of an
object in our simulation, that is, in the virtual environment. So we must first study the
portion of space that can be achieved with our device, called the real workspace
(RW). Therefore should be made according to his characterization of an efficiency
measure based on the criterion of Manipulability [1], which will allow us to redefine
the subareas we want to work from all the available area. So, according to the virtual
environment to define, called virtual workspace (VW), this portion of the RW must be
chosen.

The Minimally Invasive Surgery (MIS) techniques use miniature cameras with
microscopes, tiny fiber-optic flashlights and high definition monitors. The camera and
the instruments are inserted through small incisions on the skin. The visual control of
organs and surgical instruments is done thanks to the image provided by the video
camera [2][3]. These procedures are complex to perform and require specialized
training in order to obtain proficiency in the skills [4]. Therefore this paper proposes a
methodology to optimize the design of these training systems, so that depending on
the surgical technique to implement, it is possible to define an optimal configuration
of virtual training system for each case.
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2 Manipulability Solid

Among several indices that allow us to study the quality of systems involving several
haptic devices we have chosen the well known concept of Manipulability [5] [6] [7],
since it allows a quantitative value to the quality of the system.

Manipulability of a device is its ability to move freely in all directions into the
workspace [8]. In these terms the Manipulability for each device configuration, is a
tool for evaluating the quality and the performance in the designing of a manipulator
device [1] [9] [10].

From the original formulation of Yoshikawa, we use the formulation of
Manipulability proposed by [11]:

W =GCmin (Ju)/cmax () (1)

Where:

Omin and G,y are the minimum and maximum singular values of J,, upper half of
the manipulator Jacobian matrix.

For each haptic we can define a volume as the Manipulability Solid associated to
the device (fig. 1).

Fig. 1. 3D Solid of Manipulability (left). Detail of positioning options of a VW inside the RW
(right).

From whole the RW a portion is selected: the virtual environment which we called
Virtual Workspace (VW), in red in fig. 1-right. We place VW inside RW taking
advantage of best zones according to Manipulability index (different options of
positioning a VW are presented).

3 Useful Manipulability

During a simulation session we find that there are zones of VW where the specific
task is effectuated. So it is desirable than the haptic device provides its best
performance in these zones. For a specific task to be done, we define Navigation
Frequency Map-NFM as the VW where we assign to each voxel the number of times
is visited when doing this task.
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Fig. 2. 2D Portion of NFM-Diagnostic Arthroscopy. NFM is a 3D object in XYZ, figure
represents a portion for an X defined value. Level curves represent frequency values in 10e-3.

We discretize RW in a grid of voxels so we call p the value of manipulability
calculated using (1) in each cell (i, j, k).

i, = Z#vijk fijx &)
ik

where:
Ly ijx s the distribution of Manipulability into a cell.

fij is the frequency of visits sampled during a simulation session in a cell.
Figure 2 shows an example of a NFM obtained from the simulation of a Diagnostic
Arthroscopy.

4 A New Algorithm for Optimal Positioning

The design of the proposed system requires positioning the VW inside the solid of
Manipulability. This is the intersection of two solids, the bigger, the RW that spans
the space where we can work on the other side the VW, which corresponds to the RW
subsection we want to use.

This intersection affect zones with different values of u (different colored volumes
v; in figure 1). The use of this concept has the difficulty of finding the best relative
positioning, i.e. what is the best area of RW for that size of VW, and for the
application which we will do in this virtual environment

We modify the previously used global optimization algorithm for solving it. The
main advantage obtained with the use of this modified algorithm compared to the
previous, Simulated Annealing-SA [12], is that in the case of the use of SA the ability



Study of Optimal Behavior in Complex Virtual Training Systems 67

to converge sometimes was compromised if there was much difference between the
size of RW and VW, so we could stay in local minima. Now the obtained search
process is therefore more general.

4.1 Interference Factor-IF

Optimal navigation of a single device has been defined in previous work by the
coefficient of Useful manipulability [13]. However, when the system consists of two
devices, the behavior of one influences the other. While the two haptic devices do not
perform a Dual Arm Cooperative Task Execution [14], there is interference because
we have two haptics working in the same VW. We define Interference Factor (IF) as
the index to quantify that effect. For its definition is necessary to study NFM tasks of
each device, as well as introducing a time base. So taking into account not only how
many times you visit a voxel of VW, but in what instant, and the proximity of the
voxels that both Haptics visit in the same moment.

Additionally we must consider that there is a task, in this case the tool's operation,
which can be primary. In this case we can think about minimizing the interference
factor of the camera on the tool, providing NFM modification of the OMNi camera,
looking for a new optimal path.

5 Results

In Insight ARTHRO VR, containing two devices, the application is centered on a
virtual model of the human shoulder. We compare the optimal XYZ relative
positioning for a set of different operations. We obtain these optimal positioning and
the [i, values corrected with the new IF index.

Interference factor is calculated considering a time base. To do this, when we
create the NFM, is incorporated in each voxel, not only the value of visits to this
voxel, but also the instant of time of each visit. So when we study the comparison of
dual work with two haptic devices, we must consider where to find the End Effector
(EE) of each device at all times.

The IF is a function of the distance between the EE of each device so that if the
distance is reduced, should be incorporated a real interference in the devices
movements, since the rate of Manipulability of individual haptic, is going to be
conditioned by the movement of the other.

The IF is modeled as an exponential value and corresponding to a maximum value
of 1, without interference from a distance that our case is 5 voxels. For the positioning
based in Simulated Annealing + IF a cell for the size of VW of 2mm is selected. Then
IF is effective in a distance of 10mm between both EE. Moreover, with this size of the
grid we can simplify assuming p, = i calculated by (1), that is, we can suppose in
each cell the value of the index of Manipulability is constant, so (2) can be simplified
to:

i, = Zluijk S 3)

ijk
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We have to realize the study of a system that is going to involve two OMNIi
devices, provided that in case of study, an operation of minimally invasive surgery,
they are going to play roles of video camera and operation tool. Therefore there have
been defined the corresponding VW of VW-camera and VW-tool. In these VW both
values of Navigation Frequency Map (NFM) (Figure 2) must be indicated. With this
information we incorporate the value of time each voxel is visited and the instant of
the visit.

Once obtained the maps of frequencies for each of two devices there begins the
process of search of the ideal positioning. The initial parameters of the Simulated
Annealing [15] are:

Initial Error: error_i = 0.12
Initial Probability: pr_i = 0.28

Initial Temperature: —error _i

L-0.125

temp _i=
P log(pr_i)

The "condition of cooling " is temp=temp*0.92. The process will continue while
the condition is fulfilled of temp > 0.005.

The initial placement of the VW must be arbitrary in order to avoid local minima.
As the temperature is modified, jumps of position are going to be realized, and we
have introduced too a bigger jumps in this version. In every temperature the variation
of position for each of the directions XYZ is calculated by the formulae:

temp

ox = LS - random- ly = i random - femp _ 7 = K random - _temp_
6.5 temp _i 6.5 temp _i 6.5 temp _i
where:
k is a constant proportional to the resolution of the grid
random is a random Lumber between O and 1.

The conditions of acceptance are one of the following:
ﬁ'v > I:Lv-accepled pr > pa .

being:
“’v»accepted - “’v ]

pr — value of the probability at a temperature: temp

pa — a random number between O and 1.

If this positioning is accepted, this cell turns into the new ideal point to place the
VW:

Hv-accepted = Hv

However, in each case, before considering the value [, .. .q 18 DNecessary to

check whether there have been problems of interference with this configuration. IF
factor is a characteristic of the operation being simulated, so there are interventions
within the same virtual environment, where interference will occur and other
interventions that do not.
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Thus, the optimal solution for each of two devices OMNi will come indicated by
the position XYZ that corresponds to this ideal value of convergence. The results
indicate the position XYZ where the optimal performance for the OMNIi is obtained
from the coordinate origin at the center of OMNi device, and the corresponding value

of fL,.

5.1 Different Virtual Scenarios

In order to study the effect of modifying NFM with the same haptic device in the
same virtual environment, we selected additional surgeries techniques:

Surgery for shoulder instability. The Bankart lesion is a tear on the labrum in the
lower part of the shoulder joint [16]. A SLAP lesion involves the labrum and the
ligament on the top part of the shoulder joint [17]. The first operation was a shoulder
arthroscopy where most part of the work is made in the border of the glenohumeral
zone. The problem to solve is called Bankart lesion, and the intervention consists of
several steps: Bankart's injury is opened with arthroscopic instrumentation to obtain
osseous bleeding tissue. After this, mini-screws have to be placed at the edge of the
glenoid cavity and threads of suture across the labrum and from the glenohumeral
ligaments. Then the ligaments and the labrum must be knotted and prefixed to the
edge of the glenoid cavity. Finally the opening is closed. According to the analysis of
the movements of the surgeon in this type of intervention, we created a NFM (Figure
3-1). The SLAP lesion involves the work in the top part of the joint, so both of them
Bankart and SLAP are located in the shoulder joint but on the bottom or in the top.
For SLAP lesion we created a NFM (Figure 3-2).

NFM-Bankart legion NEM-SLAP lesion
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Fig. 3. 3-1. Frequency map corresponding with the Bankart lesion. 3-2. Frequency map
corresponding with the SLAP lesion.

Surgery for impingement syndrome. Damaged or inflamed tissue is cleaned out in
the area above the shoulder joint itself. The surgeon may also cut a specific ligament
and shave off the under part of a bone. This under part of the bone is called the
acromion. Removing a part of the acromion can stop the tendons of the rotator cuff
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from rubbing on the bone. This type of surgery is called an Acromioplasty [18]. So,
in this intervention, most part of the work is done in the surroundings of the acromion.
For Acromioplasty we created a NFM (Figure 4).

MFM-Acromioplasty
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Fig. 4. Frequency map corresponding with Acromioplasty

Rotator cuff disorders. These are irritations in or damage to tendons around the
shoulder. The selected operation is called Bursectomy. It is a shoulder arthroscopy
where most part of the work is made in the subacromial area. The subacromial bursa
is a tissue that serves as shock absorber and that diminish the rubbing between the
acromion and the supraspinous ligament [19]. The patient with problems of the muff
has an inflammation and hypertrophy of the bursa, called bursitis. The Bursectomy
consists of drying out up the inflamed bursa. See the corresponding NFM in Figure 5.
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Fig. 5. Frequency map corresponding with Bursectomy
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The results obtained by high resolution whole-exploration including IF factor, for
optimal position XYZ are:

Bankart lesion:

OMNi-tool: 1, = 0.9176, position (-41, 139, 252) millimeters.
OMNi-camera: i, =0.897, position (-10, 112, 109) millimeters.

SLAP lesion:

OMNi-tool: 1, = 0.9384, position (-38, 167, 263) millimeters.
OMNi-camera: fi,, =0.897, position (-9, 98, 113) millimeters.

Acromioplasty:

OMN:i-tool: [1, = 0.9384, position (-40, 143, 234) millimeters.
OMNi-camera: i, =0.897, position (-10, 107, 101) millimeters.

Bursectomy operation:

OMN:i-tool fi,, = 0.908, position (51, 139, 250) millimeters.
OMNi-camera: i, =0.897, position (-14, 115, 121) millimeters.
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