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Abstract. Stand-alone and networked surgical virtual reality based sim-
ulators have been proposed as means to train surgical skills with or with-
out a supervisor nearby the student or trainee. However, surgical skills
teaching in medicine schools and hospitals is changing, requiring the de-
velopment of new tools to focus on: (i) importance of mentors role, (ii)
teamwork skills and (iii) remote training support. For these reasons a
surgical simulator should not only allow the training involving a student
and an instructor that are located remotely, but also the collaborative
training session involving a group of several students adopting different
medical roles during the training session.

Collaborative Networked Virtual Surgical Simulators (CNVSS) allow
collaborative training of surgical procedures where remotely located users
with different surgical roles can take part in a training session. Several
works have addressed the issues related to the development of CNVSS
using various strategies. To the best of our knowledge no one has focused
on handling heterogeneity in collaborative surgical virtual environments.
Handling heterogeneity in this type of collaborative sessions is important
because not all remotely located users have homogeneous Internet con-
nections, nor the same interaction devices and displays, nor the same
computational resources, among other factors. Additionally, if hetero-
geneity is not handled properly, it will have an adverse impact on the
performance of each user during the collaborative session. In this pa-
per we describe the development of an adaptive architecture with the
purpose of implementing a context-aware model for collaborative virtual
surgical simulation in order to handle the heterogeneity involved in the
collaboration session.
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1 Introduction

Over the last few years how a surgeon is trained has changed considerably.
Nowadays, new tools allowing the surgeon train and validate your skills, before
going a real operating room with a real patient are in common use. Moreover, the
role of the mentor during surgical training is of great importance, since he guides
the learner not only considering technical aspects of the surgical procedure but
also supporting the professional vocation of the surgeon. Nonetheless, issues such
as the low number of expert surgeons located in distant regions or with enough
time to provide face-to-face training in surgical centers have made difficult to
apply the learning model mentor-apprentice in this context.

Networked virtual surgical simulators (NVSS) have been proposed to over-
come these issues. NVSS has been created to allow a student to be trained
remotely by an instructor. In such a system, the instructor can perform the pro-
cedure remotely while the student not only watches, but also feels (haptic feed-
back provided) what the instructor is touching without actually participating in
the execution of the surgical procedure. Nevertheless, a surgical procedure usu-
ally requires several medicine specialists playing a specific role and collaborating
each other, with the purpose of saving the patient’s life. Additionally, hand eye
coordination skills are as important as communication and collaboration skills
during a procedure. Considering this goal, CNVSS have been proposed to al-
low for the collaborative training of users located remotely with each member
playing a role during the training session.

However, differences in users’ machine capabilities and network conditions,
called heterogeneity factors, may affect the level of collaboration achieved by
the users in a CNVSS, which directly affects the purpose of surgical training as
a team. As far as we know no one has proposed a strategy in order to handle the
heterogeneity in CNVSS and thus mitigate the impact that these factors have
over collaboration.

In this paper we describe the development of an adaptive architecture, ex-
tending the SOFA framework developed in [1], with the purpose of implement-
ing a context-aware model for collaborative virtual surgical simulation in order
to handle the heterogeneity involved in the collaboration session. The proposed
architecture allows the modification in real time of simulation variables such as:
(i) mesh resolution, (ii) collision, visual rendering and deformation algorithms,
(iii) local and remote computation in order to adapt the CNVSS to the context
of the system (i.e. user preferences and roles, network conditions and machine
capabilities) and optimize the collaboration of the users.

The paper is structured as follows: Section 2 describes similar projects and
opportunities of research. Section 3 describes an adaptive architecture proposed
to mitigate heterogeneity issues raised in CNVSS. Section 4 shows the results
and section 5 conclusions and future work.
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2 Related Works

Collaborative Networked Virtual Surgical Simulators (CNVSS) allow collabora-
tive training of surgical procedures where remotely located users with different
surgical roles can take part in a training session. Several works have addressed the
issues related to the development of CNVSS using various strategies. In [2] and
[3], two specific middleware systems for CNVSS are proposed. These middleware
systems use specific protocols, different architectures, compensation mechanism,
among other strategies to address network impairments such as jitter, delay
and packet loss, in order to maintain adequate collaboration and shared state
consistency of the virtual environment.

In [4], [5] and [6] a middleware is proposed to handle network connection
issues while maintaining the consistency of the collaborative surgical virtual en-
vironment. The proposed middleware is composed by: network management ap-
proaches (including services management), collaboration mechanisms, adaptive
protocols, various deformation models, 3D to 2D synchronization and flexible
computation policies. They try to manage the heterogeneity of the network con-
nection and machine capabilities of the user, implementing two computation
policies to handle the deformation: (i) local computation policy, where defor-
mation computation is off-loaded to individual participants; and (ii) the global
computation policy, where a participants hardware with powerful computational
capability is assigned as the server in the system. The bandwidth requirement
for the former is low since the data transfer only involves the parameters of the
computation.

A high-performance, network-aware, collaborative learning environment is de-
veloped in [7]. A middleware system that monitors and reports network condi-
tions to network-aware applications that can self-scale and self-optimize based
on network weather reports is described. The core system and applications have
been developed within the context of a clinical anatomy testbed. A review about
CNVSS is presented in [8]. Challenges characterizing these CVE (Collaborative
Virtual Environments) are identified, and a detailed explanation of the tech-
niques used to address these issues are provided. Finally, some collaborative sur-
gical environments developed for different medical applications are described. In
this review, strategies to handle heterogeneity in CNVSS are not reported.

Yet, to the best of our knowledge, no one has proposed an arquitecture and
an adaptive model to handle heterogeneity in CNVSS. This paper describes the
development and implementation of an adaptive architecture that provides the
sotware structure and functionality required to apply an adaptive mathematical
model.

3 Description of CNVSS Network Architecture

The network architecture describes the functional relationship existing between
network elements that compose a CNVSS. Client-server and peer-to-peer are the
most commonly implemented network architectures, each one providing differ-
ent advantages and disadvantages for the development of CNVSS. Peer-to-peer
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architecture computes the simulation on each client machine providing low re-
sponse time but making difficult to guarantee shared state consistency of the
simulation for each user. By contrast, client-server architecture centralize the
computation of the simulation in a machine called server and transmits the re-
sult to each one of the clients, so shared state consistency is guaranteed but
increasing response time of actions performed by each user. Additionally, the
server can become a bottleneck for the computing load and data that needs to
be communicated through server [9].

To avoid some disadvantages of client-server and peer-to-peer architectures,
a hybrid client-server architecture is implemented in our CNVSS, based on the
one proposed by [10]. This architecture allows to maintain the consistency of
the collaborative virtual surgical environment, centralizing the computing of the
surgical simulation on a server, and also preventing the server from becoming a
bottleneck by distributing the computation load of collision, visual and haptic
rendering algorithms among each client.

In hybrid client-server architecture the server role consists of computing the
deformation of anatomical structures and the client role consists of running, lo-
cally, the visual rendering, collision detection and haptic rendering algorithms.
Whenever a collision between an anatomical structure and a client surgical in-
strument (local user input) arises, the client sends the primitives of the anatom-
ical structures which are colliding with the surgical instrument, as well as the
instrument position and orientation data to the server. Then, considering the
collision primitives of all clients, the server calculates the deformation of the
anatomical structures and sends the simulation data, mostly composed by the
deformed state of organs and tissues, to each client. This process is involved
in all of the operations supported by our CNVSS such as probing, attaching,
carving, cutting and attaching of clips.

Figure 1 shows an example scheme of the architecture where two users are
collaborating.

Fig. 1. Network elements and the funtional relationships that compose the architecture
implemented by our CNVSS. Right one plays server role and left one plays client role.
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4 Description of Adaptive System

An adaptive architecture allows modifying its parameters or structure using
different mechanisms, in order to maximize the objective for which it was devel-
oped [11]. Considering CNVSS its main objective is to guarantee collaboration
between users, performing a surgical training session as a team, despite different
conditions that system could face. This collaboration must only be affected by
the level of expertise of users performing surgical training, and not by system
conditions such as machine capabilities or network conditions.

The process of adapting an application is composed by two important con-
cepts: context and adaptive mechanisms [12]. The first refers to everything that
surrounds the application and can affect their status or behavior. The second is
the mechanisms used by the application to adapt to the current context. For ex-
ample, considering CNVSS context refers to network conditions (i.e. bandwidth,
jitter, latency and packet loss rate), computing capabilities of user machines and
preferences, and role of users. On the other side, adaptive mechanisms are the
size of data transmitted between user computers (i.e. resolution of anatomical
structures simulated in the training session), visualization quality of anatomical
structures, deformation algorithms, among others.

An adaptive architecture consists of three components: (i) The monitoring
component, (ii) the inference or adaptation machine, and (iii) the reconfigu-
ration system component (Figure 2). Each one of these components and their
implementation in SOFA framework will be described in the next.

Fig. 2. Components taking part of the adaptive architecture proposed
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4.1 Monitoring Component

This component gathers all the information related with the context of the sys-
tem. Table 1 summarizes variables that are part of the context of the CNVSS
developed.

Table 1. CNVSS Context Variables

Variable Measurment Method

Jitter and packet loss Iperf application was implemented (Milliseconds /
Percentage) [13].

Delay Ping service was used, which returns the round-trip
time of a data packet transmitted between two nodes
in the network (Milliseconds).

Bandwidth Pathload application was implemented (Mbits/s)
[14].

Frames per second This value is calculated by the framework SOFA for
each of the machines.

User role and preferences The role options in the CNVSS are attaching
anatomical structures, handling the camera, cut-
ting, applying clips and cauterizing. Considering
user preferences, the user chooses between display
and interactions preferences. The scale range is from
0 to 1, where 0 was a low preference and 1 was a high
preference.

Furthermore, this component defines the time interval for updating the con-
text.

4.2 Inference or Adaptation Machine Component

This component infers which mechanism is required to adapt the simulation
considering the context determined by the monitoring component. So far, the
inference component is based on an expert system, consisting of a set of rules,
which compare variables of the context with predefined thresholds, and deter-
mines the best options available for each of adaptation mechanisms.

4.3 Reconfiguration System Component

This subcomponent applies the mechanisms and actions required by the system
and determined by the inference machine. Our system basically has three dif-
ferent mechanisms that vary the parameters of the simulation, and allow the
system to adapt to the conditions of context maximizing collaboration among
users:
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– Changing resolutions and algorithms: This mechanism allows to interactively
change the resolution and the algorithms used to simulate the anatomical
structures, in each of the user machines taking part of the collaborative train-
ing session. Using this strategy is possible to vary the computing capacity
required by each machine to run the simulation.

– Quality of data transmission: Using this mechanism the amount of data being
transmitted per unit time over the network, from the server role machine to
the client role machines, can be changed. This change in the quality of data
transmitted is performed using two methods: (i) the mapping method, which
allows decreasing the resolution of the mesh transmitted from server to client,
and (ii) varying the transmission frequency of the data.

– Local and remote computation: By default the system performs the computa-
tion of the deformation in a centralized manner and the result is transmitted
to clients which update their simulation state. However, when it is required
this mechanism allows clients to change between the centralized manner to
calculate the deformation locally and then update it with the computation
performed by the server. In this way, response time of the simulator is de-
creased for deformations performed locally and mitigates the possible effects
of latency on collaboration of the users.

5 Implementation of the Network Architecture and
Adaptive System

The SOFA framework allows the development and integration of new compo-
nents in order to extend the basic functionality it provides. This framework
provides all the elements to develop a surgical scenario such as: collision, vi-
sual and haptic rendering, deformation and topological changes algorithms, and
data structures for loading and storing the geometry of the anatomical struc-
tures that will be simulated. However, the framework lacks of capabilities to
develop CNVSS and adaptive components. In this section we describe each of
the components developed for this purpose:

– CNVSS-MW is a middleware layer which provides three main networking
capabilities to our CNVSS; (i) organize the event data in messages that can
be transmitted using an specific application level communication protocol
developed, (ii) defines, depending on the type of message, whether it needs
to be sent using UDP (User Datagram Protocol) or TCP (Transmission
Control Protocol), (iii) controls the connection state and manages the session
between clients and server.

– MultilevelThetrahedralHybridForceField allows to switch between two algo-
rithms with different complexity to computes the deformation of the anatom-
ical structures.

– MultiResolutionMeshLoader and MultilevelMesh: These components are re-
sponsible for loading and storing data structures at different resolutions for
each of the anatomical structures simulated in the surgical scenario.
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– MultilevelFixedConstraint is a component that allows applying fixed me-
chanical constraints in multiresolution meshes.

– MultilevelBarycentricMapping applies the barycentric mapping method in
data estructures with different resolutions.

– AttachingController, CarvingController and AttachingClipController receive
all the collision and basic surgical operation data sent by each client and
apply them modifying the simulation state at the server side. Additionally,
determine whether a local surgical instrument is colliding with an anatomical
structure and if it is, all the information related with the col- lision and the
basic surgical operation performed (attaching, carving, clip attaching, among
others) are stored to be send to server by CNVSS-MW component.

– OmniDriver and RemoteOmniDriver functionality is described in [15].
– NetworkController is a very important component in our architecture that

runs at the client and server side as an independent thread. Its function is to
read the state of the components described above and determines whether
there is an event to be transmitted by CNVSS-MW to the clients or to the
server.

6 Results

A preliminary test was performed in order to evaluate the CNVSS developed,
and determines if it is possible to maintain collaboration of users conducting a
training session as a team while context is changed to deteriorate conditions. Ten
users grouped as team of two members performed the experiment. The surgical
procedure trained was cholecystectomy and users were expert in the surgical task
trained (Figure 3). Each team performed the procedure twice: (i) using the CN-
VSS described in this work and (ii) using a non-adaptive version of CNVSS. The
order of the experiments was determined randomly. Network conditions and ma-
chine capabilities were varied at the beginning of the experiments so that they
were not suitable to guarantee good collaboration. Task completion time and
number of errors were measured.

Table 2 and 3 shows the results obtained in the experiment described.

Table 2. Preliminary results for the task completion time (seconds)

Experiment Adaptive CNVSS NonAdaptive CNVSS

1 132 164
2 124 156
3 131 155
4 129 160
5 118 158
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Fig. 3. Two users performing a Cholecystectomy using the CNVSS developed. Each
instrument is controlled by one user.

Table 3. Preliminary results for the number of errors

Experiment Adaptive CNVSS NonAdaptive CNVSS

1 4 10
2 2 11
3 6 15
4 4 9
5 3 20

From the results obtained it can be observed that when users performed the
experiment using the adaptive CNVSS had a shorter task completion time and
fewest errors. Considering users were expert in the execution of the task, it can
be determined that metrics are affected only by system conditions (i.e. machine
capabilities or network conditions).

7 Conclusions and Future Work

The conceptual development of a CNVSS able to adapt to the current con-
text, and maintain the collaboration of users when the machine capabilities and
network conditions are not the best is described. Three important components
are part of the system: the monitoring component, the inference machine and
configuration component. Additionally, CNVSS implementation using the SOFA
framework is described, and its integration with hybrid client-server architecture
is presented. Finally, an experiment to evaluate the developed CNVSS is per-
formed. From the results obtained it can be concluded that the adaptive CNVSS
allows users collaboration to be more effective, and task completion time and
number of errors are decreased.

As future work the development of an inference machine based on robust math-
ematical models is proposed including the dynamic adaptation of the CNVSS.
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