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Abstract—A new algorithm for collision handling between simulators have been validated in the acquisition of technical
3D agents in a laparoscopic surgery simulator is proposed in skills [6].
this paper. Simulation in minimally invasive surgery pursues a
trade off between real-time execution and fidelity in the virtual The main benefits of surgical simulation lie on the possibi-

scene. In order to achieve visual realism, accurate deformations |ity of allowing students to get used to a similar environment,
of graphical models are required when interactions between \hera the level of inmersion depends on the fidelity in the real-

tools and organs occur. Specifically, during the simulation step, fi int i tactile feedback f d vi | i
vertices of the organ detected as collided must be accurately M€ INteraction, tactile feedback forces and visual perception

shifted out of the tool to elude the interpenetration. Techniques ©Of the models and deformation responses [7]. With regard to
reported in the literature usually resort to approaches grounded the visual realism, efficiency handling the collisions occured

on physical properties that entail significant computational load. during the interacction between tools and organs appears as a
Consequently, it reverts on non-desirable simplifications in which challenge in the literature. The purpose of collision handling

the 3D character of tool models is typically avoided. Hence, . . .
the aim of this paper is to present an algorithm for collision IS to find where the nodes of the deformable object detected

handling between 3D deformable (organ) and non-deformable @s colliding must be moved to, so that they are taken out of
(surgical tool) objects involved in a non-structured interaction the tool with realistic resemblance and no iterpenetration is
scene. The proposed approach obtains the new position of eachg|lowed.

collided vertex of the organ taking into account two key concepts.

First, a parameter which embodies the ongoing state of the scene Because of the time-constraints of the surgical simulation

is obtained making use of both kinematic information of the cycle, most approaches to collision handling introduce inade-
surgical tool and geometric information of the organ surface that quate or over-simplified representations of the environment to

surrounds the vertex under analysis. Second, three parameters b deled. th ina the desired vi | i f h
inferred from a feedback fuzzy logic system ponderate the P€ MOCGEIEM, thuS worsening the desired visual realism of the

nature of the tool motion with respect to the organ, modeled SyStem.

as penetration/extraction and sliding. Preliminary experimental Within thi text. th . | of thi is t
results show that this solution is able to avoid the interpenetration ithin this context, the main goal ot this paper is 1o propose

among the multiple colliding points detected in each simulation an algorithm that performs the collision response task in real-
step in an efficient, physically and spatially coherent manner.  time and solves some pitfalls of collision handlers reported be-

fore in the literature. A procedure that achieves realistic results,
in spite of being simple, is pursued. Based on geometric and
kinematic information, the algorithm calculates a displacement
INIMALLY Invasive Surgery (MIS) is a widespread vector for each of the colliding points, taking into account
technique for reduced body invasion surgery which wasistinguished cases of collision, namely, penetration/extraction
introduced in 1987. Compared to traditional open surgemnd sliding. In order to adjust the displacement, a degree of
the relevance of MIS lies on the clinical, physical [1] andimilarity to each of these cases is computed by means of a
physcological [2] benefits that have reported. Neverthelesgzzy logic system. In addition, local geometric information
new special skills must be developed by the surgeon, suchgisthe deformable model is taken into account through the
accomodation to a limited field of view, hand-eye coordinatiogystem feedback. Hence, the core benefits of the proposed
and force feedback from the surgical tools [3]. Hence, in ordafgorithm are: (1) The method is able to handle several
to achieve the proficiency level required, is it common thablliding points simultaneously; (2) The algorithm contributes
novel surgeons train with costly and non-ethical procedureso a more spacially coherent displacement of each collided
Such problems have triggered the development of tailorallertex; and (3) User interaction comes into sight in a more
and reproducible training solutions qualified to offer, as mamatural manner.
times as necessary, a wide variety of proficiency levels [4].

Integrated in a training and educational curriculum [5], these The remalnder of the_d_ocument_ls strugtured as foIIc_)ws:
Section Il introduces collision handling within the simulation
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[I. PROBLEM STATEMENT Finally, the deformation propagation module aims at calcu-

In order to gain insight into the collision handling topidating how the deformation of the colliding parts of the object
in laparoscopic simulation, the domain of the problem Rropagates throughout the whole object. Substantial effort has
examined here from two different perspectives: an explanatiBgen done in the literature related to the accomplishment of
of the prime elements which comprise the whole system afdPhysically realistic model [19], [20]. Here, an spring-mass
surround the problem is given, and next a consideration ab&@sed model has been selected [21].
the required performance criteria is done. The arguments thaf\S & concluding remark, even though several other classi-
justify assumptions made for each of these two points of vidigations related with the collision topic have been proposed

are also introduced here. in which the whole process is jointly considered [22] or even
left out [23], a more modular approach is preferred here.
A. Surgical Simulation Components To summarize, this paper faces the problem of handling

The collision handling method proposed here is involved E\Lur:cgglee :i:oillcistlggls ir?e;;v?:fri\c?eﬁtj:;zz::;i?ormable object and a
the development of a surgical simulator [8] whose simulation 9 '

cycle can be seen in Figure 1. Its components are briefly
described next. B. Performance Criteria

As mentioned above, one of the most important challenges

N N N . - in surgical simulation is to provide the level of realism
Remine [ ootecion [T™| onawg || Derenvatien [T Vieustizstion necessary to allow an adequate interaction. Realism concerns
A | the accuracy in the representation of the models involved in

the scene and its physical response when interactions among
them occur. Physicians require highly-realistic experiences in
order to validate the usefulness of surgical simulators [7].

lized devices able to provide the force feedback required pwever, as this effort increases, so does time employed

achieve tactile realism, which must also fit with the updatlg process each simulation cycle. A.n optimal frame rate in
rate demand [9]. It should be noted that, in a Iaparosco?rg'cal simulation must range the interval [30-40]Hz [22].
f

Fig. 1. Simulation cycle of the surgical simulator proposed in this paper.

Firstly, the input position of the tools is read from speci

simulation, the most common interaction is, by far, th ence, with regard to the performance, a balance between

between rigid surgical tools and deformable organs. Likewiséde'Ity and real-ime processing must be achieved by designers

visualization is carried out by means of the library WTK [10]9f surgical simulators [24].

The module responsible for finding out the exact contact
loci where agents in scene collide is the collision detection . STATE OF ART
[11] module. In this case, two main preconditions have beenlin this section the state of the art in collision handling is
beared in mind to choose the most suitable library: (1) It mustiefly described. It is not restricted to the field of surgical
consider topological changes in the structures involved in ord@mulation, but other application domains such as animation
to allow cutting or dissectioning pratices, and (2) It must beroduction and garment simulation are also considered.
able to detect collided and interpenetrated facets in order toFor collision handling, two main approaches can be found
manage 3D collisions. The last condition is very related witin the literature, namely, those based on physical properties of
the selected geometrical models of tools and organs. For the deformable object and those based on geometrical cues.
surgical tools, several simplifications have often been made inAbout the former, two main proposals deserve to be
the literature, such as considering them as a single point [1#§htlighted: constraint-based and penalty-based methods [25],
or as a straight line [13]. As realism in this case is inadequd@6]. Those aproaches based on constraints aim at finding the
[14], a computationally manageable but more faithful approaghecise time instant in which the objects would have collided
(specifically, by means of prisms) has been considered as wlithat the objects can be shifted back to their positions at that
[15]. As for the organs, there is a choice between volumetiicstant. Needless to say, these methods are characterized by a
or surface models. Even though the first-named model offaren-negligible computational burden [27] and their use in real
a more physical deformation accuracy, a surface model w#tse systems may be objectionable. Penalty-based methods
been selected in order to gain computational efficiency [1@&pply a force to the surfaces in contact that is proportional to
The drawbacks of this approach will be compensated by medhs penetration depth of the rigid object into the deformable
of the collision handling method proposed in this paper. Undene [28]. An important effort has been carried out to calculate
the above assumptions, a detecion library developped in [Xfijs force fast [29] so that the overall computational load is
has been employed. acceptable even for real time applications. These methods,

As explained in [18], the purpose of the collision handlingpowever, made no provision to respect the geometry in the
module is to avoid the interpenetration between the objeatsntact and some interpenetration may be observed some time
involved in the collision by deciding where the colliding point&fter the collision. Additionally, for rapid motions in which
detected of the deformable objects should be moved to outpeEnetration depth may be large, discontinuities or instabilities
the tool. Afterwards, a deformation is computed. This subjeirt the biomechanical model have been observed [30].
is the main topic of this paper so we will describe it in detail Regarding those approaches based on geometrical cues,
in following sections. they aim at determining how the colliding surfaces must be



reallocated in order to avoid interpenetration between theoullision occurs in two oppsosite facets of the tool, all vertices
In [18] an additional care is taken not to create instabilities imove together over one of them and the tool is crossed. This
the biomechanical models when some of its vertices have besfect can appear in basic simulation scenes like cutting. Thus,
moved. In the field of surgical simulators, some examples ah independent vertex handling is adopted. Each outer normal
geometrical cues can be found [27], [30], although the way the the facet; that surrounds the vertexs taken into account,
motion of these vertices is computed is not clearly describeshyiis., ;. Both these vectors are normalized.
The most intuitive solution is probably to shift the vertices On the other hand, three cases of interaction can be distin-
of the deformable object to the closest rigid object surfagpiised, named: (1) Penetration, wh&ép and i, ; tend to
in the direction of the outer normal of this surface. Howevebe parallel but oppositer(radians); (2) Sliding, in which,,,;
undesirable effects can be observed in this case as we \iflid7i,.y, , tend to be perpendicular; and (3) Extractionyif
indicate in Section V. and gy, ; tend to be parallel(( radians). A fuzzy system

On the other hand, real time response in surgical simulg-here introduced. It takes into account a collision index
tion is a must. Therefore, simplifications of the problem toalculated as:
be solved are usually needed to meet this requirement. As
mentioned in section Il, some methods limit the interaction to Io = Uy~ figes, 1)
straight lines or the tip of the tool. In these cases, collision only
takes place with one point of the tool. Needless to say, this mayAnd in order to bear in mind all the surrounding facets of a
constitute a realistic approximation if the tool is a needle [31Yertex, the fuzzy system is feedbacked. The system ouputs the
but a realistic response may not be obtained when the volutdgle | = {Ip, I's, I}, which weigh the degree of similarity
of the tool is not negligible, as it is the case with scisso@f the situation to each interaction case and it is also used as an
or tweezers. Nevertheless, other approaches deal with seviraut for the next iteration. Hence, the vector displacement
colliding points and, in these cases, other simplifications aé each collided vertex of the deformable mod&l};s,,, is
considered. In [27], [30] cylinders are used as a model for tétained by:
tool. In the first work, vertices are moved orthogonally to the
axis of the tool towards the closest tool surface, whereas in Udispl; = IpUm — IsTdef, ; — IEUm (2)
the second one vertices are moved to their projections on a_ ] ] ) )
plane defined by the tool axis and whose normal is the averag& nally, Figure 2 shows the respective membership functions
of the normals of the colliding facets. These conditions m’ﬁ linguistic variables/c and the tuplel. It can be seen in
cause facets to cross if the contacting surface is not sufficienfigure 2-a that symbolizes a threshold among the interaction
regular. Additionally, the interpenetration between both object&Ses: These cases are considered to be equally probable so,
is not totally avoided since, if two neighboring vertices muéﬁ"th regard to (1), the limit of the angle betweef, and
be shifted to different planes, the facet subtended by thdfres:;» In order to distingh each case, will be 45. Therefore,
might cross the volume of the rigid object. ¢ has been set to 0.7071.

A related problem also appeared in our previous work [15].
Here, collisions were efficiently solved taking into account ... . —
several colliding points and the displacement was computed
from differents kinds of movement. However, the result was
also dependent on tool facets normals. This could cause
completely opposite displacement decisions for very similar
situations represented by almost identical normal vectors. o&———— —
Taking into account these normals can also lead to ambiguous @)
situations where possibly incorrect displacement decisions are
made.

MEDIUM_HIGH

IV. COLLISION HANDLING

Let us define two main vectors which represent the state of
the scene. First, the normalized motion veciigy represents % er oz e o4 o8 e o7 os o5
the direction of the displacement of the tool towards the (b)
organ between two simulation stepsSecond, a vector that
represents the organ surface. Collisions may affect several \}gg_‘ 2. Membership functions: a) For linguistic varialile; b) For linguistic

tices of the deformable model. It was adopted in prelimina?’?”ablesjp’ Is. Ie.

works to jointly deal with all colliding vertices, because facet i ) , i
The fuzzy rule base is described in Table I. The first three

crossings may be easily avoided this way. Nevertheless, if the . . s ,
rules govern the displacement of vertein the first iteration,

!Even though this displacement is the most common cause of collisionc@nsideringv,, and7ig.y, ;. Rules 4 and 5 determine whether
can be the case that a collision occurs the other way round, i.e., becausgn¥ controller is in the first execution cycle or in feedback
the organ moves towards the tool. This situation is tackled by considering the . .
tool motion vector as the reverse of the organ motion vealgr & —,,). cycles, through the fuzzy control variallg, which can adopt
In the case that the two of them move, vectors are added the discrete values 0 or 1 converted to the linguistic terms YES




TABLE |
PROPOSEDINFERENCERULES

Number Rule Rule
1 If Ic = PENETRATEthen Ip = TOTAL and Is = NULL and Iy = NULL
2 If Ic = SLIDE then Ip = TOTAL and Ig = NULL and Ig = NULL
3 If Ic = EXTRATE then Ip = TOTAL and Is = NULL and Iy = NULL
4 If C1 = YESthen C; = NO
5 If C1 = NOthen C; = YES
6 If Cy =NOandIp=XandIg=Yand I =ZthenIp=XandIg=Y and I =Z

and NO. The set of rules that define the feedback is stated irOnce the distinction between different collision cases and
rule 6, where X, Y and Z correspond to the linguistic term#he computation of an individual displacement for each vertex
in Figure 2.b. have been shown to overcome some important problems in the
surgical simulation scenarios, we will compared the proposed
method to the one proposed in [30]. This solution moves each
vertex to the nearest face of the tool, according to the outer
In order to show the performance of our algorithm imormal of this face. Figure 5.a depicts the situation when
a real laparoscopic surgery simulator, the one developedtie® movement is slow (in this case, the interpenetration is
the project SINERGIA [8] is employed. Boundary conditiongivoided). Figure 5.b shows that, if rapid motions are performed
reported and justified in Section Il are taken into accounkith the tool, the nearest face of the colliding vertices would
We will next depict different situations that help describe theever be the tool tip, but a side face. This causes a dramatically
performance of the proposed method and its advantages Qyehetration of the tool into the organ. Figures 5.c and 5.d show
other related approaches. the wire model for the described situations in Figures 5.a and
First, Figure 3 illustrates the importance of the distinctioB.b, respectively, where the interaction between the tool and
between cases. Specifically, both penetration and sliding @te organ can be better understood.
shown in Figures 3.a and 3.b. The effect of managing a slidingFinally, in Figure 6.a, it can be seen the effect of taking
as if it were a penetration can be shown in Figure 3.c. Clearlgito account the faces of the tool in the computation of the
the vertices of the deformable object are put together, pulldigplacement, which was described in Section lll. Some of
by the tool motion, causing an unnatural resemblance.  the computed displacement vectors cross each other, which is
Next, Figure 4 depicts the situation created if the displaot correct. Figure 6.b, depicts how the proposed approach
cement of all vertices is jointly computed. As mentioned invercomes this problem almost completely.
Section IV, this approach is straightforward but it has two
major drawbacks. The displacement causes less natural results VI]. CONCLUSIONS ANDFUTURE WORK

than the method proposed here, and it may causes an incorrect ) )
tool crossing in some simulation scenes. In this paper, a simple algorithm has been proposed that
provides collision responses in real time for an actual lapa-

roscopic surgical simulator. We have chosen a geometric and
kinemactic approach, as opposed to a biomechanical approach,
and operations have been carried out by a simple scalar
product and a fuzzy logic system. The algorithm can deal
with several colliding points simultaneously as well as with
commonly-used surgical tools. Also, the approach displaces
each vertex independently and without taking into account
tool-facets. This yields more natural results and avoids some
vertex-crossing problems, as has been graphically shown. Even
though, some problems of vertex-crossing can still occur.
Future work will focus on addressing this problem by means
Fig. 4. Displacement of all vertices is jointly computed. of fuzzy control and adopting fractional simulation steps.

V. EXPERIMENTAL RESULTS
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a) Penetration case using the proposed approach; b) Sliding case with the proposed approach; c) Sliding considered only as penetration.
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a) Slow movement of the tool; b) Dramatically penetration of the tool in the organ due to a rapid movement; c) and d) Wire models of the same
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a) Computed displacement vectors using the method proposed in [15]; b) Displacement of vertices using the method proposed in this paper.
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