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Abstracc'l'heﬁeldofmed:enlmboncmulanvelynew,mdcompmzmdedmgwelsymmmﬂ:mbotformmdehmyhas
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insertion and ablation, C-Arm as well g8 one or more needle insertion robots are represented as independent robotic models in one
workeell.Unliketyp:ealmdebogme&ealmbotuopuaMgmanmﬂucﬂnedchmulmmmmtwﬂhmymnm
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microcomputer system with multiple core processors. ‘Instead of relying on the task scheduler based upon load balancing, we
investigated LogP which is & theoretical model that does not consider the topology of the communication netwark. The network is
represeuteduangyammetusﬂmtwcountforhmﬂedhandmdthxntoandomoftheprocesso:.men:ynndove:heed. We

. demonstmedthatpamllelalgonthmsennbedmved and evaluated vsing this model.
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1. lntroducnon :
By extending hnmnn sutgeon's abxhty to plan and carry
out surgical interventions more accurately and less

invasively, computer aided surgical ‘system including
medical robotic, can greatly reduce costs, improve clinical

outcomes, and improve the eﬂic:ency of health care
delivery. The field of medical robotic is relatively new,

“and . computér- aided surgical system with robot for
.n'eennentdehveryisfarfmmbemgﬁzllexplomd.A

soluuontoremedythxsdiscrepmcyxsthmnghamore
efficietit ‘preparation of the intervention via computer
simulation. Hoivever, computer simulation of medical

‘mbonclssnllvexymuchmnsmfancy

Medical ‘robotic development systems inchiding
graphical simiilation are of considerable interest [1), for
several reasons.. Such systems permit planning and

. evéluation of the_ robot and/or related surgical equipment

before they are used in the surgery. They ‘permit the
programming of robot awsy from the" -clinical
environment in which it must operate. The risk of damage
is reduced: ﬁxtwpossnbletovxsually inspect the execution
of the task on a graphic screéen beforé it is executed
clinically. ' Neverthicless, this ' is 'a complex and
oompntauonally intensive .process, and unlike mdusn'ml
robonc system,” we are worhng on an unstructured
clinical environmeat with many variations that will
demand ﬁequent parameter- changes and interactive
simulation.

In our virtual medical robotic systems for ﬂuoroscopxe
image guided needle insertion, the robot and C-arm are
represented es independent robotic models i one. work
cell. An objective of the simulation is to,derive with our
conceptual robot the optimal needle placement and
insertion with unobstructed view from C-Arm and

* minimal X-ray dosage.

Despite the recent advancement of parallel computing
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hardware such as workstation cluster, and recently,
microcomputer system with multiple core processors, it
remains an issue on how to fully utilize this computing
hardware to deliver optimal performance. In this paper,
we describe our investigation on two theoretical models

"for cluster and multicore computing respectively for

medical robotic simulation.
2. The LogP Model i
In LogP model [2, 3), communication between
processors is represented by a set of parameters, and
through a broadcasting media. The LogP model is
originally targeted as a model for multiprocessor systems,
and is independent of the communication network
topology. We want to use the LogP model to design and

-evaluate parallel/distributed algorithms for real time

simulation of robot operations.
The LogP model we use contmns the following
components
e P processors that run asynchronmsly end
-independently.
‘e An interconnection network whose topology is of
no concerm to us, except that we know:
o g, a single parameter that ‘accounts for
limited bandwidth into and out of the
processor. It is the rate at which a
processor can send words into the
network when it is ready to do so.
o Listhelstency. =
o o is the overhead, accounting for all other
- time in the execution of the remote
instruction during which the processor is
unavailable for computing,
g approximates (1/B) where B is the bandwidth of the
entire nétwork. If an instruction is executed at a source at
time ¢, the solution is not available at the destination until
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¢+ L. The model is usefu] when it can be used to design
and devaluate a large class of algonthms related to robotic
simulation. :

3. Performance Evaluation using LogP Model
We will start by proving the désired performance of
- this mode] usirig one-to-all broadcasting in Lemma 1, and
.allto-allbroadeasungmLemmaZ Orze-to-all and
all-to-all broadeasnng are fundamental operations that
appear msny time as subtask.s in medical robotic
simulation. - Note that g is the most_important factor
corisidered i Jin”our theoretical analysis, &nd to transmit
elements fmm one proeessor to another processor requires
O(rig) time.

Lemma l One-to-All Broadcast
AAf one processor needs to send n elements to all other
P-1 proe_esso;s, it can be done in O(uglog P) time.

‘Suppose that there are P processors. Any one processor
_pwantstosendavectorbofnelementstoallother

bma:y u'ee and the. exeeuuon starts in. top-down mode.

For example, if pmcessor P, is to broadcast » elements
to all other processors, it will send these elements to
pmeecsorsP, and P;. They -will then transmit these
elemexits to Py, P, and Ps, Pg r&specuvely in a concurrent
_ manner. This _process repeats uritil all processors receive

the elements. The number of recursion equals o the depth
of the tree. The henght of the tree is OClog P). It is clear
‘that the time complexity is O(ng log P).

Note that we can. improve the O(ng log P) time
complexity to O(ng + glog P) by plpehmng the
tmnsmxssmns ofthe n elements

Lemma2 All-to-All Bmadeast ‘

Ifall processors need to send n elements to all other
proeessors, and there are P procmors, it can be done i in
O(rig P) nme thh no eonﬂu:t.

SupposethattheremPptocwsors and each
processor wants 10 send a vettor b to all other
processors.]t is obvious that this will require O(ng P log
P) time if we will to use procedure: One-to-All Broadcast
P times toaccomphshthe task. A more natural way is

2007411 R

given in procedure All-to-All Broadcast. It is clear that
there is no' conflict in communication and O(ng P) time is
required for this procedure,

Lemms 1 and Lemma 2 provide the theoretical basis to
derive and evaluate theoretical optimal algorithms for
other paralle] scalar and matrix operations

Procedure One-to-All Broadeast {
If all processors receive b then stop
Else recursively transmit to the next two
processors that do notyet teeeive b
}
Procedure All-to-All Broadeast{
For k=1 to P-1
For each processor p do in pamllel
Send b to processor (p+k) mod P
Receive b from processor (p-k) mod
P ,

} .

4. Disc_ussion and Conclusion

It is difficult is achieve optimal performance on
parallel/distributed computing system ‘using typical tasks
sehednlmgmethodsbasedonloadbalanmg In this paper, we
described our investigation on the appheanon of LogP model
which is a topology independent mode), in derivation and
evaluation of parallel algorithms for medical robotic simulgtion.
Our work on the LogP model focuses on efficient computetion.
This is different from previous works that concentrated
primarily on communication,
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Abstract

A surgical manipulator system that can answer a wide range of surgical needs is described. We have ever
developed a surgical manipulator system HUMAN (Hyper-Utility Mechatronic AssistaN't)__. It provides .
minimally invasive neurosurgery in a clinical setting. Besides the obvious restriction of only beiaug‘ able to use
this system on the brain, the operative field that this system could treat was circular within a diameter of 1 cm.
We therefore developed an advanced system based on HUMAN, which we.call AMATERAS. This new surgical
manipulator system enables precise and ﬁlinimally invasive surgery on not only the brain but also on such %
areas as the abdomen. The setting of the manipulator needs to be usable for more than the brain and to have a -
treatable operative field of 3 cm minimum. We developed two new mechanisms: a positioning arm that has a
five-bar linkage mechanism for piv,ot'ing the manipulators and a mechanism that puts some manipulators on a
stand for an operating microscope, one that does not hit the surgical bed or the patient’s body. With these .

mfunctions, AMATERAS pr'ovides precise and minimally invasive surgery for many area of the body.
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Fig. 12 Endoscopic image of test chart on positioning amn movement.
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Complete resection of glioma is required to obtain a
satisfactory outcome in neurosurgical treatment. It
is difficult for neurosurgeons to identify the boundary
between glioma and normal tissuc using the naked eye
alone, so surgical assistance systems such as surgical
navigation systems for the detection of brain tumor
have been used in clinical operations. Intraoperative
information obtained from intraoperative biomedical
mesasurement systems must be integrated to detect
brain tumors more accurately. In this research, we
developed an intraoperative information integration
platform using middleware that has global positioning
and global time management capabilitics. To evalu-
ate the platform, we developed an integrated platform
consisting of devices and systems for neurosurgery.
Through experiments, we confirmed the basic perfor-
mance and effectiveness of our platform in a simulated
clinical environment.

Keywords: system integration, neurosurgery, distributed
system, S-aminolevulinic acid, navigation system

1. Background

In recent years, a number of research laboratories are
expected to develop devices and systems supporting min-
imally invasive surgery and its effects [1~3)]. In order to
perform more effective surgical operations, appropriate
computer-assisted surgery is needed based on the required
function, so an integrated system is needed that supports
surgeons in an environment in which surgical devices are
integrated.

In order to integrate a system, communication software
is needed for connecting computers that control and man-
age multiple surgical devices, as is software to mutually
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integrate individual systems. If the development environ-
ments of individual systems differ, it takes much time and
cost to develop such software.

As a solution, we have developed an intraoperative in-
formation integration system utilizing distributed object
technology (middleware) {4]). When using distributed ob-
ject technology, differences in operating systems (OSs)
and hardware are made transparent and the development
of application software operating under different plat-
forms is facilitated. Parailel processing to distribute a load
over multiple computers then becomes possible [5].

For these reasons, computer-assisted surgical systems
using distributed object technology are being widely de-
veloped. Knappe et al., for example, developed a navi-
gation robot reusing an existing system having a different
development environment and specifications to reduce de-
velopment time and cost [6). Schorr et al. distributed the
calculation load of image processing, which takes time in
navigation processing, by using multiple PCs to develop a
navigation system enabling real-time information presen-
tation [7}. For improving performance by reducing devel-
opment time and cost and distributing the load of calcula-
tion processing, computer-assisted surgical systems have
thus been developed using distributed object technology
{6-8].

When considering the construction of an integrated
computer-assisted surgery environinent, a problem arises
in a distributed system using multiple computers because
individual computers do not always indicate the same
time, and the positional information of computer-assisted
surgical devices may not be mutually associated correctly.
To solve this problem, we must standardize ime informa-
tion, including mutual time synchronization of subsystem
components and the integration of positional information.
The integration of positional information has been fully
discussed in an integrated system using multiple surgical
devices [6-8]. Time has not, however, been sufficiently

339



Aok, E. et al.

Time synchropous

-

(et (oompomen) (e

|

Fig. 1. System overview: system integration platform
for surgery assisting system is consisted of global position
server, global time server and components.

clarified and standardized in conventional studies.

In dealing with biclogical information, the positional
information of organs varies from hour to hour as typified
by bodily movement. To integrate biological information
from multiple measuring instruments, the timing between
measuring instruments must be standardized highly pre-
cisely.

Based on the above, we use not only distributed ob-
ject technology and but also develop an integrated plat-
form focusing on the integration of positioning and tim-
ing. Our discussions here focus on the highly precise stan-
dardization of timing, which is important for performing
advanced computer-assisted surgery. We then apply the
integrated platform to an actual surgery-assisted system
for neurosurgery and verify its effectiveness through an
evaluation experiment, as reported in the sections that fol-
low. : N

2. Methods

2.1, System Configuration

We focus on three functions for realizing an integrated
platform for a computer-assisted surgical system:

1. The integration of surgical devices having different
development languages and environments.

2. The integration of positioning information.
3. The standardization of timing information.

In order to realize the integration of surgical devices
having different development languages and environ-
ments, we use distributed object technology. In order to
realize the integration of positioning information and the
standardization of timing information, we established a
time-synchronous server for providing standardized tim-
ing and positioning information servers for providing in-
tegrated positioning information in the integrated plat-
form. We also provide communication software compo-
nients for connecting components of surgical systems with
the present platformn (Fig. 1).
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Table 1. Classification of middleware.

OS Language | Real Time
independent | independent
NDDS Q @) ©
JAVA RMI X A
COM X O A
CORBA O © A

2.2. Use of Distributed Object Technology

Widely vsed middleware includes JAVA Remote Mes-
sage Invocation (JAVA RMI), Distributed Component Ob-
ject Model (DCOM), Common Object Request Broker
Architecture (CORBA), and the Network Data Distribu-
tion Service (NDDS) (Table 1). CORBA is actively stud-
ied and developed, having many supported development
environments and programming languages [5-10).

Communication in CORBA is based on TCP/IP. In
TCP, data lost during communication is retransmitted
(Retransmission Control). Communication is controlled
to adjust the amount of data based on available commu-
nication conditions (Congestion Contro). TCP retrans-
mission and congestion control is effective when data is
transferred securely to a destination, but communication
time cannot be estimated because data retransmission and
the transmission amount are adjusted.

Unlike TCP, UDP does not perform retransmission
control if communication information is lost during com-
munication. While transmission of information is not en-
sured, communication having an immediate response is
realized. In the contro} of mechatronics equipment, which
requires strict real-time performance such as high-speed
sampling, communication control having an immediate
response rather than data reliability is needed. In con-
trolling a computer-assisted surgery robot, UDP commu-
nication is preferable. By adding functions of retransmis-
sion and congestion contro} to the communication based
on UDP, reliable communication such as TCP can be re-
alized.

In the present study, we used NDDS (WaveWorks(®),
RTI, USA), which is a type of distributed object tech-
nology based on UDP/IP {11]. NDDS uses a Real Time
Subscribe (RTPS) communication model, which does not
require an intermediation server or irrclevant request mes-
sage.

2.3, Integration of Standard Positioning Informa-
‘tion by Positioning Information Server

In managing systems by wsing an integrated coordi-
nates, setting position of individual equipment are mea-
sured by using an external sensor, which we also use, and
based on this, information from individual equipment is
integrated into the standard coordinates.

External sensors include mechanical sensors measur-
ing the location of the tip of a multijointed arm by an en-
coder detecting the angle of each joint, magnetic sensors
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detecting positioning by generating a magnetic field and
measuring the intensity of the magnetic field by a mag-
netic field sensor attached to a probe, and optical scnsors
detecting positioning by using a CCD camera to capture
the light reflected from an exclusive reflective marker at-
tached to a probe.

The area measured by a mechanical sensor is limited
to the driving range of a robot's mechanical arm. Mag-
netic sensor measurement error occurs due to magnetic
materials around the target to be measured, and this re-
stricts its use, depending on the surgical environment. Op-
tical sensors involve the problem of blocking by obstacles,
but enabling unrestricted measurement and comparatively
higher measurement accuracy.

Based on the above, and considering reliability, expan-
sion ease, precision, and the environment used in mea-
surement, we used an optical three-dimensional position-
ing measurement device (POLARIS®, Northern Digi-
tal Inc. Canada) that uses reflective markers. Its sam-
pling speed is approximately 60 Hz and root-mean-square
(RMS) precision is 0.35 mm in positioning measurement
of reflective markers. The positioning information server
measures positioning information of the surgical device
set up in the operating room and integrates coordinates
with an optical position measurement device providing
the standard coordinates.

2.4. Standardization of Timing Information by
Time Synchronization Server

2.4.1. Requirement Specifications

OS generally standardize integrated time systems us-
ing network time protocols (NTP) via Internet connectioa.
The NTP acquires correct time using the Global Position-
ing System(GPS) to adjust internal computer clocks based
on world standard time.

Information must be managed highly confidentially
when treatment information including private patient in-
formation used in surgery, which is why data is not usu-
ally transmitted or received via the Internet. Configuring
practical computer-assisted surgery requires an integrated
platform, regardless of the system environment, where in-
formation among computers in the operating room is lim-
ited to LANs (LANS). For this we use a time synchroniza-
tion server generating a standard LAN time that differs
from actual time.

To realize integrated computer-assisted surgery, infor-
mation from multiple measuring instruments must be in-
tegrated so that subsystem time is synchronized with cur-
rent standard time. In intraoperative logging recording
surgery information, massive bleeding is a serious prob-
lem, before and after which information on equipment and
operation is recorded as a time-series, allowing a lag from
actual time.

The time synchronization server issuing standard time
in an integrated system operates continuously. If a fail-
ure occurs in a single time synchronization server, stan-
dard time is lost, so the time synchronization server is re-
booted, which loses consistency with time in intraopera-
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tive information recorded previously. Standard time in the
integrated system must therefore be maintained regardless
of problems in the time synchronization server.

When dealing with biological information, precise
treatment information cannot be obtained if a time lag ex-
ists among measuring instruments. Tokuda et al. mea-
sured hepatic motion via breathing to show that a po-
sitioning variation of 50-60 mm is created at intervals
of 7-8 seconds [12]). When position accuracy required
for computer-assisted surgery is 1 mm, to obtain accu-
rate treatment information for an ever-changing organism,
time must be standardized to within 100 ms. To do so
while considering the communication time lag, time reso-
lution, and lag of measuring instruments and the time lag
of the drive used together, it must be as fast as possible, so
we set it to 30 ms. Under the system environment limited
to the LAN, (a) time is precisely standardized at 30 ms
and (b) the time synchronization server is fault-tolerant
ensuring standard time continuity.

2.4.2. Time Synchronization Algorithm

- A time synchronization server having high-precision
standardization of time and fault-tolerant performance re-
alizes functions according to the following flow:

(a) One of the subsystems is started as a time server.

(b) When a new system is added, time is synchronized
with the present time server.

(¢) H a failure occurs in the present time server, another
subsystem becomes the time server to maintain the
continuity of time management in the system.

2.4.3. High-Precision Standardization of Time
To realize high-precision standardization of time, it is
necessary to consider two things:

» The lag created by the progress of the clock of each
computer.

"« The lag created by the communication time delay at
the time of synchronization.

Regarding the lag created by the progress of the clock
of each computer, progress can be adjusted by increasing
the frequency of updating with the time synchronization
server. The lag created by the communrication time de-
lay at the time of synchronization denotes the precision
(hereafter, time synchronization precision) when synchro-
nizing with the time synchronization server and the cor-
rective effect of lags due to individual computer clocks
depends on the time-synchronous precision of lags due
to the communication time delay at time synchronization.
Accordingly, to perform high-precision time synchroniza-
tion, it is desirable to solve the problem of communication
delay time.

In CORBA, TimeService is prepared as a service for
synchronizing time [13]. It only obtains time issued by
the TimeService, however, and communication delay time
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is not considered. In a one-to-one client-server system
configured in a LAN environment, Dalton et al. show that
there is an unsteadiness of communication time of from
several ms to several tens of ms [14). Schorr et al. show
that a maximum 40 ms delay is created in communication
processing time [7). Depending on the communication
environment to be used, reliable time synchromzanon is
difficult to achieve when communication delay time is not
considered.

In the present article, we employ a time-synchronous
algorithm considering the communication time based on
aformula (1) proposed by Cristian et al. [15]. In Cristian’s
algorithm (formula (1)), loopback time (T2-T71-3)
from the client to the server is measured, half of the loop-
back time (T2 T'1 — S} is added to the time (Ggerver) SNt
from the server, and the time-synchronous time (Gejient) iS
obtained.

Galiet = Gerver + (lZ__g'l_S_)

Gljien: time-synchronous time
Gierver: time of time-synchronous server
T2: time when data is received from server
T1: time when data is sent to server
S processing time at server

The problem with this method is that half of the loop-
back tirne cannot strictly be said to be communication
time. The factor is cited that the round-trip communica-
tion time of the network is not always the same. When
the loopback time is short enough, the round-trip time lag
is small and can almost be neglected. That is, in the case
of employmg Cristian’s method, time-synchronous preci-
sion is 1mproved by synchronizing time when the loop-
back time is short, but communication conditions of the
network are not fixed, therefore the decision criterion of
whether loopback time is short or not should be decided
according to circumstances.

In summary, in order to realize lngh-precxsmn time syn-
chronization, time synchronization is performed dccord-
ing to flows (a) to (c) as follows:

(a) Measure the loopback with the time server 100 times
to calculate average (¢) of the loopback time and its
variation (¢).

(b) From a statistical value obtained from (a), communi-
cation time is estimated to be (t — o) when the net-
work is relatively idle.

(c) When communication time is equal to or smaller
than assumed value (1 — o), synchronize time by
adding communication time.

‘We adopt a policy in which, after time synchronization,
if the consistency of time cannot be maintained among
subsystems, for example, when transmitted time precedes
reception time, synchronization is performed again.

2.4.4. Time Synchronization Server Having Fauit Tol-
erance

The present system is designed to have failure tolerance
using the following algorithm (Fig. 2):
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Fig. 2. Flow chart of fault tolerant time synchronization
algorithm,

« All systems have time synchronization servers and
clients communicating with the server to be con-
nected to the platform.

« If no time synchronization server is present, the sys-
tem itself becomes the time synchronization server.

» When a time synchronization server is present, the
system becomes a client to be synchronized with the
server. When multiple time synchronization servers
are present, time is synchronized with the server hav-
ing the highest priority.

« After completing time synchronization, the cén-
nected system drives the priaritized time synchro-
nization server having priority. Clock performance is
measured in advance and priority is allocated based
on performance.

Thanks to such algorithms, even if the currently operating
time synchronization server stops functioning, the server
with second priority (the time synchronization server in
operation having the highest priority) starts. The time
consistency of the subsystem is maintained by the redun-
dant time synchronization server (Fig. 3).

As mentioned before, actual time is not so important
that prioritization based on the clock accuracy of the com-
puter does not have an important meaning. Changing
to a time synchronization server having a largely differ-
ent clock performance, however, is not desirable becanse
there is the possibility that a time lag may be created in the
integrated system. Clock performance is therefore mea-
sured in advance and priority is allocated in turn based on
performance.
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Fig. 3. Fault tolerant algorithm of the whole system; priority 1 >2>3>4.

Fig. 4. Overview of network component.

2.5. Communication Component Module

To realize a time synchronization server having time
consistency and fault-tolerant performance, as mentioned
above, software to perform the function is required to be
implemented for each component connected to the plat-
form. It is problematic, however, in view of develop-
ment efficiency, to have separate correspondence to soft-
ware implementation operation for each system, we de-
veloped a communication component (class library) hav-
ing the time synchronization function above (Fig. 4).

Depending on the computer-assisted surgical system to
be used, the requirement for communication may differ.
When controlling a computer-assisted surgery robot, for
example, communication having an immediate response

_ is required. When recording intraoperative information

for which security is important, an immediate response is
not necessary; instead, ordered and secure transmission
and reception of information is required.

We therefore implement two types of communication
modules into the communication component to enable
communication to be selected based on the system: a
RealTime communication module (RT communication)
to realize communication having an immediate response
based on UDP/IP and a Relizble communication mod-
ule (Reliable communication) to make data transmission
and reception secure through the functions of retrans-
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mission control and congestion control with no real-time
performance. When information to be transmitted is
being transferred from a corresponding surgical device,
the communication component starts a thread perform-
ing time synchronization in the background to synchro-
nize time with the time synchronization server in the pet-
work. When data is transferred through a communica-
tion interface from the comesponding surgical device, in-
tegrated time information is added to the data as a time
stamp and data is transmitted and received by a selected
communication module (RT communication or Reliable
communication). Regarding such a time synchronization
function and communication control of the network, all
processing is performed in the background.

The above points ensure data transfer between plat-
forms for users without having to change the control soft-
ware of the existing surgical device, etc., simply by decid-
ing data interface transmission to and reception from the
network.

3. Application to Neurosurgical Surgery-
Assisted System

We have associated the fluorescence intensity and
spectrum information obtained from S5-aminolevulinic
acid (SALA) induced protoporphyrin IX (PpS) fluores-
cence with cancer malignancy as a neurosurgical surgery-
assisted system to develop a cancer detection system for
quantitative diagnosis [1,2]. Even if a cancerous area is
identified by this cancer detection system, it is difficult
to remove cancer if it is close to an important functional
region but the positional relationship of a patient’s motor
language area to the motor area (functional information)
is not sufficiently clear.

In surgery using a navigation system based on pre-
operative diagnostic information, the location of the un-
clear cancer boundary (anatomical information) and the
cerebral function region (functional information) of motor
language area and motor area, etc., is presented to the sur-
geon as objective three-dimensional image information.
More effective surgical navigation is realized with histo-
logical information such as cancer malignancy detected
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by Pp9 fluorescence measurement being presented to the
surgeon together with cerebral functional and anatomic
information by this navigation system.

We therefore applied the position scrver, time server,
and communication component we developed to a
surgery-assisted systern for neurosurgery. We configured
an integrated navigation system that collects and inte-
grates information from multiple intraoperative measur-
ing instruments to display on a navigation screen. Func-
tions of the integrated system are realized in the following
flow:

(a) Standardization of time between subsystems.

(b) Integration of coordinates to unify positioning-
information by using a positioning-information
server.

{c) Collection of multiple intraoperative information as-
sociated with positioning.

(d) Integration of information from time information
added simultaneously to intraoperative information.

(¢) Integration of preoperative and intraoperative infor-
mation obtained from a diagnostic imaging system.

(f) Extraction of integrated information based on surgi-
cal conditions to display as intuitive information on
the navigation screen to the surgeon.

The integrated system consists of the following five
compuier-assisted surgical systems.

3.1. Cancer Detection System by Intraoperative
Cerebral Cancér Fluorescence Diagnosis Us-
ing SALA-Induced PpIX

5-ALA-induced fluorescent material Pp9 in cancer tis-
sue is excited locally using a 405 nm excitation laser to
detect the red fluorescence of an emission wavelength
peak of 635 nm using a detector made of optical fiber.
The spatial resolution of the detector is 0.6 mm. De-
tected fluorescence is spectrally analyzed by a spectral
photometer, then histological information on the malig-
nancy and type of cancer is obtained as quantitative in-
formation from the intensity and spectrum of the fluores-
cence signal (Fig. 5(b)) [1].

3.2. Autofocusing Robot

It is essential to stable fluorescence measurement to
keep sufficient distance between the fluorescence detector
and the subject being measured. This requires an auto-
mated positioning control function that unfailingly makes
the operating distance between the fluorescence detector
and the object surface coincide. In the present study, we
placed a fluorescence probe on a surgical microscope (Mi-
taka Kohki Co., Ltd.) equipped with an automated po-
sitioning control function that maintains a fixed distance
between the microscope and the object being measured
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(Fig. 5(a)). By combining a two-axis robot stage (scan-
ning robot), positioning measurement becomes possible
while the robot drive is scanning the brain surface.

In the present system, we measure positioning using a
confocal optical system in a confocal laser microscope.
Positioning measurement, which distinguishes top and
bottom of an object using a principle similar to the op-
tical pickup of CDs, becomes possible by concentrating a
guide laser with a wavelength of 670 nm on the surface of
an object and using a two-fraction diode in place of a pin
hole in the detector [2]. When the object is a metal with
stain finished surface, it is possible to ensure positioning
with an accuracy of 2.0 um.

3.3. Navigation System

Three-dimensional image information is prepared
based on preoperative diagnosis information such as Mag-
netic Resonance Imaging (MRI), and spatial positioning
of the object being treated is intuitively shown to the sur-
geon. As the navigation system, we used a system devel-
oped by the Kyushu University Center for the Integration
of Advanced Medicine and Innovative Technology that is
based on a 3D slicer [16), which is free software. The
navigation system [3] displays three-dimensional imag-
ing information, including the boundary between cancer-
ous and normal tissue and functional information on the
brain, etc., to the surgeon qualitatively and in real time

(Fig. 5(e)).

3.4. Positioning-Information Server (Section 2.3)

As mentioned in Section 2.3, by using an optical
position measurement device as the position measure-
ment device, three-dimensional positioning-information
of the surgical device established in the operating room
is measured and coordination integration is performed
(Fig. 5(c)).
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3.5. Intraoperative Logging System

An intraoperative logging system monitors and records
intraoperative logging information such as the condition
and function of measuring instruments during surgery.
By tracing and analyzing logging information, it is deter-
mined whether the surgical robot and measuring instru-
ments are functioning without problems, and if problems
occur, the cause of the error is checked (Fig. 5(d)).

4. Evaluation Experiments

We confirmed high-precision time standardization of
30 ms and the fault-tolerant performance of the time-
synchronous server through evaluation experiments in a
laboratory environment. We also confirmed functions of
the entire integrated system through an in vivo experiment
simulating clinical use. :

4.1. Evaluation of Integrity of Integrated Time

In cerebral nerve surgery, some surgerics take as long
as 10 hours or more to remove malignant cancer.

Assuming that the computer-assisted surgical system
is applied practically in clinical use, we evaluated the
integrity of time information with and without time-
synchronization during 12 hours of continuous system op-
eration.

4.1.1. Experimental Methods

For experiments, we prepared intraoperative logging
(OS: Redhat 9.0, CPU: 3.2 GHz, Memory: 1024 MB) in
which the time-synchronous server is operated, measure-
ment system A (OS: Windows XP, CPU: 3.04 GHz, Mem-
ory: 1024 MB) using Windows, and measurement system
B (Redhat 9.0, CPU: 3.04 GHz, Memory: 1024 MB) us-
ing Linux. After ensuring time synchronization once, the
current time of each measurement system is transmitted
to intraoperative logging at intervals of 20 ms. The time
of each system received in a 20 ms cycle is recorded along
with the time of the time-synchronous server at intervals
of 1s.

Under such circumstances, we evaluated time lag with
the time-synchronous server with the system as is for 12
hours when (a) time is synchronized every 20 minutes
and (b) time synchronization is not done and left as is.
The time lag evaluated is the difference between the time
of each measurement system, which intra~operative log-
ging receives, and the time when the time-synchronous
server is recorded. Since measurement and intra-operative
logging ensure asynchronous communication, 20 ms be-
comes the time resolution, which is evaluated and equiv-
alent to the transmission period. Communication is in a
100 Mbase-T LAN environment.

4.1.2. Results of Experiments

Table 2 shows time lag with the time-synchronous
server using the elapse of one hour as a criterion when
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Table 2. Time lag with and without a timeserver.

“Elapsed | Windows | Windows | Lioux Linux
time without with without with
{hour] | timeserver | timeserver | timeserver | timeserver

[msec] [msec) (msec) [msec]
1 265 97 69 10
2 610 41 130 11
3 1016 4] 184 11
4 1392 41 232 10
5 1848 42 289 11
6 2265 42 341 11
7 2265 43 341 11
8 3093 43 445 10
9 3502 43 498 10
10 3915 44 550 11
11 4330 43 604 10
12 4743 28 657 11

time synchronization is not done and when the time is
synchronized every 20 minutes for Windows and Linux.
When time is not synchronized, an increase in the time lag
is.seen over time. The time until 30 ms, a required speci-
fication we set, is exceeded takes 8 minutes for Windows
and 26 minutes for Linux.

When time is synchronized every 20 minutes, no in-
crease in time lag was seen over for either Windows or
Linux. -More clock fluctuation was seen for Windows
than Linux, i.e., when the time lag is 10-11 ms for Linux,
it is 28-97 ms for Windows. In the experiment below,
time-synchronous server priority is preferentially given to
Linux due to its smaller clock fluctuation. For the same
08, priority is given to the computer having better per-
formance. To realize time synchronization of 30 ms, time
synchronization frequency is given a margin such as every
20 minutes for Linux and every 5 minutes for Windows.

4.2, Evaluation of Time Synchronization Precision

Time synchronization precision is evaluated by time
synchronization considering the communication delay
time mentioned in Section 2.4.3.

4.2.1. Experimental Methods

The integrated system used in the cxperiment consists
of the following components: a navigation system (OS:
Redhat 9.0, CPU 3.2 GHz, Memory: 2048 MB), in which
time-synchronous server is operated; an intraoperative
logging system (OS: Redhat 9.0, CPU 3.2 GHz, Memory:
2048 MB); a cancer identification system (OS: Windows
XP, CPU: 3.2 GHz, Memory: 2048 MB); a positioning-
information server (OS: Windows XP, CPU:3.2 GHz,
Memory: 2048 MB); and an autofocusing robot (OS:
Windows XP, CPU: 2.8 GHz, Memory: 512 MB). The
communication condition is a 100 Mbase-T LAN envi-
ronment. Each system performs transmission and recep-
tion depending on the communication conditions shown
in Table 3.

Under the condition that only the navigation system be
first connected to the integrated system, the intraoperative
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Table 3. Communication condition (100 Mbase-T).

Agent Communication | Sampling

data [byte] Frequency {Hz)
(a)CancerDetection 1080 5
(b)AutoFocusingRobot 243 20
(c)Registration 942 10
(d)Navigation 1212 5
(e)Logging 2265 50

Table 4. Result of time synchronization (n=100).

Averageof  Averageof — Max

Agent loop back time processing  loop back
gen (T2-T1) time (S) time
[msec) [rasec] [msec])
Logging 1.120.2 0.01 3.32
“CancerDetection 0.39+£0.13 0.03 1.60
AutoFocusingRobol __ 0.6020.7 0.02 0.87
“Registration 105204 0.02 1.37

logging system, cancer identification system, positioning-
information server, and autofocusing robot are connected
to the platform sequentially turn to perform time synchro-
nization with the intraoperative logging system.

4.2.2. Results of Experiments

As shown in Table 4, the time synchronization preci-
sion of each measurement system is within 2 ms and the
maximum delay time is 2.3 ms.

4.3. Evaluation of Failure Tolerance of A Time-
Synchronous Server )

We confirmed that if problems occur in the time-
synchronous server, a substinite time-synchronous server
is started and time consistency ia the integrated system is
maintained. N

4.3.1. Experimental Methods

The integrated system used in the experiment consists
of the following components: an autofocusing robot (OS:
Windows, CPU 3.2 GHz, Memory: 2048 MB) (A); a can-
cer identification system (OS: Windows, CPU 3.04 GHz,
Memory: 2048 MB) (B); a positioning-information server
(OS: Windows, CPU 2.8 GHz, Memory: 512 MB) (C);
and an intraoperative logging system (OS: Windows, CPU
1.04 GHz, Memory: 1024 MB). The system time of each
system is recorded by the intraoperative logging system.
The communication condition is a 100 Mbase-T LAN
environment. Time-synchronous servers are mounted
in (A), (B), and (C). Priorities of servers are set as
(A)>(B)>(C). The time-synchronous server is first oper-
ated in (A).

Under the condition that systems (A), (B), and (C)
are already connected to the integrated system, (A) and
the time-synchronous server operating in (A) are discon-
nected from the integrated system. In a short time, (A)
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Fig. 6. Uniformity of time according to stop and restart of
each timeserver.

is reconnected with the integrated system. We confirmed
that even when (A) is reconnected, by synchronizing with
the time-synchronous server (B), which started as 2 sub-
stitute for the (A), the time of (A) is made to match the
time in the integrated system to maintain time consistency.
For (B) and (C), it is performed under the same experi-
mental conditions.

4.3.2. Results of Experiments

Figure 6 shows results of the measurement of time of
each system accompanied by disconnection and recon-
nection of the system. The horizontal axis shows the sys-
tem time for the intraoperative logging system and the
vertical axis shows the integrated system time of systems
(A), (B), and (C). As shown by Fig. 6, after disconnect-
ing (A) from the integrated system, (A) is reconnected
to the integrated system after an interval of several sec-
onds. Compared to the time of (B) and {C), the time of
(A) when reconnected has a time lag of 0 ms from (B)
and 24 ms from (C), and integrated into the time in the
integrated system without a lag of 30 ms or more. (A)
performed time synchronization with the time server (B),
which started as the substitute server for (A) in the inte-
grated system. We confirmed that the time-synchronous
server is correctly selected based on the specified priority.

Similarly, we confirmed that when disconnecting and
reconnecting from the integrated system, the time of sys-
teriis (B) and (C) is integrated with the time in the inte-
grated system without a time lag of 30 ms or more.

4.4. Evaluation of Entire System by in Vivo Experi-
ment

We confirmed basic navigation function under an envi-
ronment simulating clinical use.

The integrated system is configured using five sep-
arately developed computer-assisted surgery systems
{Fig. 5) (Section 3.1) communicating. with each other.
Communication interfacing of each system is defined as
Table 5. Communication conditions are set as shown in
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Table S. Interface definition. .

An Intraoperative Information Integration System

Agent Communication interface

(2)CancerDetection ___ Property of cancer, measurement time

{b)AutoFocusingRobot  Robotic position, measurement time

(c)Registration Setting position, measurement time

(d)Navigation Integrated data(robotic position, selting

position and property of cancer)
(e)Logging Afl intraoperative data
T o
Table 6. Computer specification Fig. 7. Overview of brain surface with and without fluores-

Agent RAM [MB] _ CPU [MAZ) 0S cence area,

{a)CancerDelection 512 28060

(b)AvioFocusingRebot 1024 3060 RedHzt 9.0

(c)Registration 1024 3060 RedHat 9.0 Table 7. Result of time synchronization (a=100).

{d)Navigation 1024 2400 FedoraCore 3.0 :

(6)Cogging 2048 3060 Redhat 9.0 Ageat Average of Average of

loop back time processing
(T2-T1) [msec] time (S) [msec]

Table 3. Communication is done under the 100 Mbase- Logging 1.16::0.05 0.25
T LAN environment for the number of clients and (Ta- CancerDetection 0.7+0.28 0.21
ble 3) communication data used in the integrated system, A“‘?F°°‘,’s‘°§R°b°‘ 0.7+0.3 0.34
which ensures sufficient communication resources. Th-  Registration 1.0+04 029

ble 6 shows specifications for computers of computer-
assisted surgical devices. Based on specifications in Ta-
ble 6 and the policy under Results Section 4.1, time-
synchronous server priority is set to (e), (c), (b), (d}, and
(a), in this sequence. Originally, data displayed in naviga-
tion is MRI images captured before surgery, but because
preoperative image by MRI cannot be obtained in animal
experiment facilities, dummy data is used, consisting of a
porcine head imaged in advance. T

44.1. Experimental Methods

An anesthetized pig (Landrace) is subjected to a cran-
iotomy and 50 mg/kg of 5ALA, which is an excess quan-
tity, is administered intravenously. In buman subjects
orally administered SALA, in the process of metabolism,
SALA changes into PpIX, becoming fluorescent that
accumulates selectively only in cancerous tissue, In
our experiments, by intravenously administering greater
amounts than those used in ordinary surgery, both cancer-
ous and normal tissue uptakes the dye, SALA inducing
PpIX, which accumulates and fAuoresces from all exposed
brain surfaces, where body movement of 5-10 mm is cre-
ated at intervals of 6-7 seconds caused by the pig’s breath-
ing and heartbeat.

Based on such an in vivo test environment, we in-
tentionally prepared nonfluorescent regions (Fig. 7(a)
above), where the brain is covered by dura matter, protect-
ing the brain surface, and fluorescent regions (Fig. 7(a)
below), where the brain surface is exposed. Fig. 7(b)
shows the brain surface exposed in reverse imaging and
the unexposed region in normal imaging. Using autofo-
cusing and scanning robots, scanning spans the boundary
between fluorescent and nonfluorescent regions (Fig. 7)
while maintaining a fixed distance between the instru-
ment and object. Pp9 fluorescence is measured by a flu-
orescence detector having a spatial resolution of 0.6 mm.
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Specifically, a selected region is divided (Fig. 7(b)) into
lattices at intervals of 0.4 mm, scanning stops on each
latticé intersection and fluorescefice is measured, then
the next lattice point is moved to and measured. When
fluorescence is measured, the spectral photometer is set
to an exposure time of 200 ms. Fluorescence informa-
tion (Fig. 7(b)) from cancer identification and informa-
tion from the autofocusing robot showing the measure-
ment position are integrated based on integrated time and
displayed on the navigation screen as region information
on fluorescent (red) and nonfluorescent (white) region.

4.4.2. Results of Experiments

Table 7 shows results of measurement of the time lag
between the time-synchronous server of each system. In-
tegrated system time is integrated with time-synchronous
precision of 1 ms. After we conducted experiments for
two hours, the time lag between the intra-operative mea-
surement system and time-synchronous server was within
30 ms, i.e., it is 26 ms for the intra-operative measurement
system (Windows) and 11 ms for the anto-focusing robot
(Linux).

Figure 8 shows results of superposing the actual brain
surface boundary of the region covered by dura mat-
ter {nonfluorescent) and that (fluorescent, reverse image)
where the brain surface is exposed and the boundary (red:
fluorescent, white: nonfluorescent) displayed on the navi-
gation screen.

Unlike the MRI image of the pig, information mea-
sured during surgery is obtained as fluorescent by ensur-
ing information integration based on the integrated time
and displayed on the navigation screen having preoper-
atively photographed MRI image information, indicating
that basic navigation functions are realized.
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Fig. 8. Integration of Pp9 Spectrum data and 3D position data.

5. Discussion

5.1. Evaluation of Integrity of Integrated Time

Surgical information often is too sensitive, e.g., private
patient information, to be sent via the Internet connection
and NTP is often not available. When configuring a dis-
tributed system under such circumstances, a time lag ex-
ists between computer clock time and actual time. Given
that integrated systems into surgery are continuously used
for at least two to three hours, experiments indicate a time
lag of about one second is created when using Windows.

As clarified by ‘the result of the experiment, to real-
ize time-synchronous precision of 30 ms required in our
work, time synchronization must be within 8 minutes for
Windows and 26 minutes for Linux. Since the clock fluc-
tuates with Windows, we concluded that the frequency of
the ime-synchronous server must have a margin to real-
ize time synchronization every 20 minutes for Linux and
every 5 minutes for Windows.

5.2. Evaluation of Time Synchronization Precisiop

One may have an objection that if there is sufficient
real time performance, when each time is different, there
is no obstacle to function. Even if real-time performance
of individual equipment software is ensured, it is unclear
whether real-time performance is ensured for communi-
cation between equipment. Even if sufficient communi-
cation resources are ensured in the LAN when using the
network, a communication Jag of a maximum 40 ms may
arise [7]. In the liver, for example, the positioning fluctu-
ation of S0 to 60 mm may exist at intervals of 7 to 8 sec-
onds. A time lag between measuring instruments could
make treatment information unreliable when information
is integrated. Our proposed time synchronization realizes
precise time synchronization by considering communica-
tion time lags by measuring loop-back time with the time
synchronization server. After determining network com-
munication conditions, time is synchronized using Cris-
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tian’s algorithm when a communication time lag is suffi-
ciently short. Our experiments showed that time synchro-
nization with precision of 2 ms is feasible. '

5.3. Evaluation of Failure Tolerance of Time-
Synchronous Server

- Since sufficient time precision is maintained for short
periods when switching to the clock in each computer, it
could be assumed that fault-tolerant performance already
existed.

Even when the time-synchronous server is discon-
nected, the time lag of each computer is considered small
when system operating time is short. As discussed in
Section 5.1.1, a time lag of 30 ms exists for 8 minutes
for Windows. When considering that computer-assisted
surgery is operates continuously for two to three hours,
it becomes difficult to maintain time consistency in the
integrated system without the time-synchronous server.
As mentioned in Section 2.4.1, when a standard time-
synchronous server is disconnected from the integrated @
system, consistency of information cannot be maintained.

The fault-tolerant time-synchronous server we propose
copes with these problems because even if problems oc-
cur in the time-synchronous server, it continues to provide
standard time in the integrated system.

5.4. Evaluation of Entire System by in Vivo Experi-
ment

To reduce cost and development time when changing
specifications and adding functions, we used distributed-
object technology, developed communication compo-
nents in which all functions such as time synchronization
are involved, and applied these to a neurosurgery-assisted
system.

An integrated navigation system is configured by inte-
grating already developed computer-assisted surgical de-
vices, but it takes almost a week. We have no choice but
to evaluate development time with qualitative and subjec-
tive indexes because communication software is devel-
oped separately based on the environment is no longer
required. Since time consistency is realized in the back-
ground by the communication component we developed,
labor for developing the integrated system is reduced.

Through an in vivo evaluation experiment, we stan-
dardized time, which is important for integrating intra-
operative information, using time-synchronous precision
of 1 ms, equivalent 1o results of experiments in Sec-
tion 4.2, i.e,, 2 ms. The time lag is within 30 ms un-
der continuous 2-hour system operation. Basic func-
tions of integrated navigation are confirmed and that
intra-operative measurement information from measure-
ment systems such as cancer identification and the auto-
focusing robot is integrated based on standardized time to
be displayed on a navigation screen having preoperative
diagnosis information.

Positron emission tomography/computed tomography
(PET/CT) is an example ensuring multiple information
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