A s ystem architecture for computer and

robot assisted craniofacial surgery

by A. Pernozzoli * , C. Burghart y , J. Brief * , S. Haßfeld * , J. R aczkowsky y , J.

Mühling * , U. Rembold y , H. Wörn y

* University of Heidelberg, C linic of Cranio - Maxillo - Facial - Surgery

y University of Karlsruhe, Institute of Process Control and Robotics

We present the concept of a system arch i-

tecture for the computer aided craniof a-

cial sur gery. The architecture is based on

CORBA, an industrial standard specific a-

tion for the development of distributed a p-

plications. Our concept includes a fund a-

mental behaviour oriented communication

model and some fundamental software

safety considerations. W e´ve developed a

standard library for the integration of new

services and devices into our system a r-

chitecture. It increases development time

noticeably. We tested the performance and

usability of our concept on an evaluation

set up consisting of a surgery robot sy s-

tem, an infrared navigation system, a

force - torque sensor and a visualisation

software obtaining excellent results. F u-

ture work will consist in the integration of

further devices and the extension of our

safety concept. An accurate clinical

evalu ation will take place continuously.

1. Introduction

Computer aided surgical methods and d e-

vices are gaining on importance in clinical

routine as the qualityofthe surgical inte r-

vention is enhanced to a great extend. E s-

peciallycraniofacialsurgerylends its elfto

an integration ofcomputer aided methods

into the treatment of fractures, tumours,

bone repositioning and implantology. The

cooperation ofthe surgeons ofthe Clinic

ofCraniofacialSurgeryofthe University ofHeidelberg and the engineers ofthe I n-

stitute ofProcess Controland Robotics of

the UniversityofKarlsruhe targets the d e-

velopment ofa computer and robot aided

operating theatre. The clinic offers to the

engineers an idealtest bed for their co m-

puter aided surgical methods and appar a-

tuses. The surgeons evaluate the methods

with respect to applicability, ergonomy

and safety.

The interaction between different software

applications and devices requires a model

for the communication and controlofthe

whole system, namelya systemarchite c-

ture.

The architecture ofa computer aided su r-

geryenvironment could be described with

an hierarchical model. The surgeon leads

the hierarchy, he plans and performs the

surgical intervention. The operation pla n-

ning systemsupports the surgeon at this

stage. The operation plan [Münchenberg -

1998] is translated into an instruction

graph which contains single procedures

for the surgeon and the devices. The plan

execution mo dule should also be int e-

grated in the systemarchitecture, since it

has to communicate with e verydevice

which is part ofthe o p erating theatre.

The requirements on a systemarchitecture

for the computer aided surgeryare as fo l-

lows:

· Platformindependence

· Asynchronous (non - blocking) co m-

munication capabilities

· Distributed software modelsupporting

the development ofdifferent software

d e vice drivers.

· Real - time capabilities for fast and rel i-

able interaction with the robot control

system

· Controlofthe operationalreliabilityof

single devices and the whole system

· Monitoring ofsystemstates and user

alerting

· Easyto handle programming library

In the following section we willpresent

our approach addressing the described r e-

quirements.

2. The System Architecture

1.1 The Communication model

During a computer assisted operation the

hardware devices should exchan ge info r-

mation for example about toolpositions,

trajectories, systemstates etc. The co m-

munication software libraryshould respect

the fo l lowing requirements:

· Typicalcomputer aided surgeryenv i-

ronment are based on hardware wor k-

ing under different operati ng systems,

like UNIX, VxWorks and Wi n-

dowsNT, the communication should

be platform independent. Low level

communication can be realised via

Ethernet, RS - 232, CANBUS etc.

· Calls to other services should not

block the execution ofthe calling

pr o cess (asynchr onous communic ation). Synchronisation points are to be

d e fined when a dependencyis given.

· A distributed software model is

needed since manydevices and sof t-

ware services are to be integrated in

the architecture.

· Robot controlneeds a fast commun i-

cation be tween the different services,

therefore a real - time environment is

needed.

The Common Object Request Broker A r-

chitecture (CORBA) defines a framework

for developing distributed applications.

Manyimplementations supports different

operating systems. Commun ication b e-

tween different components can be rea l-

ised in CORBA bystandard function

calls, one - directionalcalls or bythe use of

an event exchange model.

We chose the Adaptive Communication

Environment (ACE) and the Object R e-

quest Broker (TAO) developed on the

Washington university( [Schmidt - 97] and

[Schmidt - 98]) since it accords to allr e-

quirements ofour archite c turalconcept.

In particular we make an extensive use of

the real - time event service for the e x-

change ofinformation between the ind i-

vidualproc esses. The real - time event se r-

vice offers a prioritybased event distr i b u-

tion which is needed since criticalsy s tem

states are to be handled immed i ately.

The information entities are represented

byevent structures. Theyconsist ofa

unique event identifi er and a data attac h-

ment which could be ofanydesired type.

Events are used for requests, responses,

state reports or data transfers.

START

naviga ting

READY

NAV_INIT

NAV_START

NAV_STOP

NAV_COORD/ CoordData

Figure 1 . Stategraph examplefor thenavig a-

tion system.

The architecture is behaviour oriented

which means it reacts on incoming events.

Figure 1 shows a smallexample. START

represents the initialstate ofthe process

after it is been started. The navigation sy s-

temcan be initialised by a NAV_INIT -

event when it is in START - state. After

in i tialisation the process goes to the

READY - state and is readyfor navigation.

The service goes to the navigating - state

after it has received a NAV_START

event. It starts a thread which reads the

navigati on coordinates an sends themto

the event channelperiodically. The

NAV_STOP event stops the navigation,

the service goes back to the READY -

state.

1.2 The virtual device concept

Our set up can be used in passive mode

(without robot system) and active mode

(inc luding the robot system).

The modular conception ofthe systema r-

chitecture allows adding or removing d e-

vices and services as needed. The surgeon

and his assistants are able to plug in the

desired or needed hardware as described

in the operation plan. Fut ure hardware

changes are supported byan hardware i ndependent driver model, a so called vi r-

tual d e vice model .

The virtualdevices should represent the

necessarysubset of function. The su p-

ported functionalitymust be selected in

respect to the device featu res and the r e-

quirements ofthe computer aided surgery

environment. Hardware specific features

can be supported through additional inte r-

face functions, but, ifhardware is changed

later on, the use ofthese features could r e-

sult in a time expensive redesig n ofthe

client applic a tions.

As described earlier our hardware test set

up consists ofmainlythree hardware d e-

vices, the robot controlsystem, the nav i-

gation hardware and the force torque se n-

sor. We focused on the selection ofa su b-

set of features which are probablyco m-

mon to different implementations ofthe

devices like position control, force values

or navigation coordinates.

Figure 2 illustrates the virtualdevice

model. Hardware devices are represented

bytheir drivers. The devices commun i-

cates with the systemthrough an event

channel. Calls to the software driver are

done bysending events through the event

channel. Driver responses are also prop a-

gated through the event channel.

Hardwa re

device

Soft ware driver

with functional

subset

Events

Event channel

Figure 2 . Event based virtual devicemodel

1.3 Implementation details

A disadvantage ofCORBA is the large

implementation overhead for the registr a-

tion ofthe ORB and the needed services.

We´ve implemented a base class

( DERAS_Base ) which performs the

CORBA overhead and defines standard

macros for the definition ofevent cal l-

backs in C++. Basicallya developer can

implement a service compliant to our sy s-

temwithout anyCORBA knowledge, just

byrequesting an event identifier set from

the systemadmin istrator and impl e men t-

ing the callbacks for these events. Some

systemcriticalfunctions like per i odic co n-

trolprocedures, timeout exce p tions and

service registration are impl e mented in the

base class..

DERAS_Base

· Initialisation

· CORBA-

overhead

· System event

handlers

Service-class

· Service event

handlers

· Internal

functions

Figure 3 . DERAS_Base Class inheritance e x-

ample.

Everyservice must be inherited fromthe

DERAS_Base class. It is started bya call

to the base ::run() - method and registers

automaticallyto a real - time event channel.

Registered events are filtered [Sc hmidt -

94] . The application doesn´t have to ha n-

dle undesired events which increases the

services performance. Figure 3 shows an

example for the definition ofa service

class.

The object oriented approach ofour i m-

plementation leads to a fast and easyto

handle development ofservices as we a l-

readyexperienced.

3. System safety

Interaction between humans and robots in

criticalenvironments requires a welld e-

vised safetyconcept. Thus an analysis of

the systems safetyshould consider the

complete set up and all its components as

a unit. The operation ofeach device as

wellas the communication between di f-

ferent devices should be reliable. At this

stage our focus is the software safetyco n-

cept, further developments will include

har d ware sa fety.

Watchdog processes controls the oper a-

tionalreliabilityofthe system reports e r-

rors to the user and performan aut o mat i c

recover ifpossible. R e du n dant co n trol -

procedures ensure the safetyofthe sy s-

tem. We’ve also deve l oped a sy s te mregi s-

tryfor scheduling and controlpu r poses.

Everyservice in our environment must

register itselfin a common registrydat a-

base. The registrykeeps information about

the services and checks themperiodically.

Failures are immediatelyreported through

systemevents. The registryreports fai l-

ures to the user (the surgeon or his assi s-

tant) and is able to restart registered se r-

v ices ifneeded.

Beside the reliabilityofthe device driver

services also the consistencyofdata must

be ensured. As CORBA is bas ed on sta n-

dard network - protocols, some low level

error checking is alreadyperformed. Crit i-

calservices performs additionalconsi s-

tencychecks bythe generation ofchec k-

sums. We plan to include data checking as

a base functionalityofthe DERAS_Base

class.

4. Clinical tests

First tests using an infrared navigation

system(NDI - Polaris), a surgicalrobot

(MAQUET CASPAR) and a force - torque

sensor have alreadybeen performed

[Burghart - 1998]. We also have developed

and tested an SGI - Inventor based visual i-

sation and navigation software which was

integrated in our environment. We tested

the performance and usabilityofour co n-

cept the evaluation set up obtaining e x ce l-

lent results. The event throughput (300 -

1000 events/sec) is more than sufficient

for our purposes. The set up is much ea s-

ier to handle, since the different devices

are controlled automat i cally.

Figure 4 . Test set up with thesurgical robot

and theinfrared navigation system

5. Conclusion and future go als

A consistent systemarchitecture is fu n-

damentalfor the application ofmore co m-

plex computer aided surgeryenvironments

in the clinicalpractice. Our ORB - based

approach is open to anyextension since it

is based on a standardised library. A co n-

nection to a patient database is also poss i-

ble since manyclinicaladministration sy s-

tems (SAP R/3) supports the CORBA

standard.

Future work includes the integration of

endeffectors, further sensors and human -

machine - interfaces into the presented a r-

chitecture. A c ontinuous clinicalevalu a-

tion in the animal laboratoryand in the

operating theatre will lead to a constant

improvement ofthe safetyconcept.

6. Acknowledgement

This research was performed at the Clinic

ofCraniofacialSurgeryheaded byProf.

Dr. Dr. J. Mueh ling at the Universityof

Heidelberg, and the Institute ofProcess

Controland Robotics, headed byProf.

Dr. - Ing. U. Rembold and Prof. Dr. - Ing. H.

Woern, at the UniversityofKarlsruhe.

The work is being funded bythe German

Research Foundation, as it is p art ofthe

specialresearch program~Information

Technologyin Medicine - Computer and

Sensor Supported Surgery~.

References

[Burghart - 1998] Burghart, C.; Hassfeld, S.;

Raczkowsky, J.; Rembold, U. & Wörn, H.,

`A Surgical robotic Systemfor Maxillof a-

cial Su rgery´, Proceedings of Computer

Assisted Radiology and Surgery

(CAR´98) , Tokyo 1998

[Münchenberg - 1998] Münchenberg, J.; Brief

J.; Hassfeld, S.; Raczkowsky, J.; Rembold,

U. & Wörn, H., `Expert Supported Oper a-

tion Planning in theMaxillofacial Su r-

gery´, Proc eedings of Computer Assisted

Radiology and Surgery (CAR´98) , Tokyo

1998

[Schmidt - 94] Schmidt, D.C., ´High -

PerformanceEvent Filtering for Dynamic

Multi - point Applications´, Proceedings 1st

Workshop on High PerformanceProtocol

Architectures (HIPPARCH , Soph ia Ant i-

polis, France, 1994, p 1 -- 8.

[Schmidt - 97] Schmidt, D.C.; Bector, R.; L e-

vine, D.; Mungee, S. & Parulkar, G., `T A-

O: a MiddlewareFramework for Real - time

ORB Endsystems´, Proceedings of the

Workshop on Middlewarefor Real - Time

Systems and Services , S an Fra n cisco, Cal i-

fornia 1997.

[Schmidt - 98] Schmidt, D.C., `An Archite c-

t u ral Overview of theACE Framework: A

Case - study of Successful Cross - platform

Systems SoftwareReuse´, USENIX login

magazine, Tools special issue , 1998.