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(57) ABSTRACT

Methods and apparatus for enhancing surgical planning pro-
vide enhanced planning of entry port placement and/or robot
position for laparoscopic, robotic, and other minimally inva-
sive surgery. Various embodiments may be used in robotic
surgery systems to identify advantageous entry ports for mul-
tiple robotic surgical tools into a patient to access a surgical
site. Generally, data such as imaging data is processed and
used to create a model of a surgical site, which can then be
used to select advantageous entry port sites for two or more
surgical tools based on multiple criteria. Advantageous robot
positioning may also be determined, based on the entry port
locations and other factors. Validation and simulation may
then be provided to ensure feasibility of the selected port
placements and/or robot positions. Such methods, apparatus,
and systems may also be used in non-surgical contexts, such
as for robotic port placement in munitions diffusion or haz-
ardous waste handling.
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METHODS AND APPARATUS FOR
SURGICAL PLANNING

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This applicationis a continuation of prior U.S. Non-
Provisional patent application Ser. No. 11/677,747 filed Feb.
22,2007, now U.S. Pat. No. 8,170,716, which is a divisional
of prior application Ser. No. 10/165,413 filed Jun. 6, 2002,
now U.S. Pat. No. 7,607,440, which claims benefit of Provi-
sional Application No. 60/296,808 filed Jun. 7, 2001, the full
disclosures of which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] The present invention generally relates to methods
and apparatus for enhancing surgical planning. More specifi-
cally, the invention relates to methods and apparatus for plan-
ning, validating and simulating port placement for minimally
invasive surgery, such as laparoscopic and/or robotic surgery.
[0003] Minimally invasive surgical techniques generally
reduce the amount of extraneous tissue damage during surgi-
cal procedures, thereby reducing patient recovery time, dis-
comfort, and deleterious side effects. One effect of minimally
invasive surgery, for example, is reduced post-operative hos-
pital recovery times. Because the average hospital stay for a
standard surgery is typically significantly longer than the
average stay for an analogous minimally invasive surgery,
increased use of minimally invasive techniques could save
millions of dollars in hospital costs each year. Patient recov-
ery times, patient discomfort, surgical side effects, and time
away from work can also be reduced through the use of
minimally invasive surgery.

[0004] In theory, a significant number of surgical proce-
dures could be performed by minimally invasive techniques
to achieve the advantages just described. Only a small per-
centage of procedures currently use minimally invasive tech-
niques, however, because certain methods, apparatus and sys-
tems are not currently available in a form for providing
minimally invasive surgery.

[0005] Traditional forms of minimally invasive surgery
typically include endoscopy, which is visual examination ofa
hollow space with a viewing instrument called an endoscope.
Minimally invasive surgery with endoscopy may be used in
many different areas in the human body for many different
procedures, such as in laparoscopy, which is visual examina-
tion and/or treatment of the abdominal cavity, or in minimally
invasive heart surgery, such as coronary artery bypass graft-
ing. In traditional laparoscopic surgery, for example, a
patient’s abdominal cavity is insufflated with gas and cannula
sleeves (or “entry ports”™) are passed through small incisions
in the musculature of the patient’s abdomen to provide entry
ports through which laparoscopic surgical instruments can be
passed in a sealed fashion. Such incisions are typically about
4 inch (about 12 mm) in length.

[0006] Minimally invasive surgical instruments generally
include an endoscope for viewing the surgical field and work-
ing tools defining end effectors. Typical surgical end effectors
include clamps, graspers, scissors, staplers, and needle hold-
ers, for example. The working tools are similar to those used
in conventional (open) surgery, except that the working end or
end effector of each tool is separated from its handle by a long
extension tube, typically of about 12 inches (about 300 mm)
in length, for example, so as to permit the surgeon to introduce
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the end effector to the surgical site and to control movement
of the end effector relative to the surgical site from outside a
patient’s body.

[0007] To performaminimally invasive surgical procedure,
a surgeon typically passes the working tools or instruments
through the entry ports to the internal surgical site and
manipulates the instruments from outside the abdomen by
sliding them in and out through the entry ports, rotating them
in the entry ports, levering (i.e., pivoting) the instruments
against external structures of the patient and actuating the end
effectors on distal ends of the instruments from outside the
patient. The instruments normally pivot around centers
defined by the incisions which extend through the skin,
muscles, etc. of the patient. The surgeon typically monitors
the procedure by means of a television monitor which dis-
plays animage of the surgical site captured by the endoscopic
camera. Generally, this type of endoscopic technique is
employed in, for example, arthroscopy, retroperitoneoscopy,
pelviscopy, nephroscopy, cystoscopy, cisternoscopy, sinos-
copy, hysteroscopy, urethroscopy, and the like.

[0008] While traditional minimally invasive surgical
instruments and techniques like those just described have
proven highly effective, newer systems may provide even
further advantages. For example, minimally invasive robotic
(or “telesurgical”) surgical systems have been developed to
increase surgical dexterity and allow a surgeon to operate on
a patient in an intuitive manner. Telesurgery is a general term
for surgical operations using systems where the surgeon uses
some form of remote control, such as a servomechanism or
the like, to manipulate surgical instrument movements, rather
than directly holding and moving the tools by hand. In such a
telesurgery system, the surgeon is typically provided with an
image of the surgical site on a visual display at a location
remote from the patient. The surgeon can typically perform
the surgical procedure at the location remote from the patient
while viewing the end effector movement on the visual dis-
play during the surgical procedure. While viewing typically a
three-dimensional image of the surgical site on the visual
display, the surgeon performs the surgical procedures on the
patient by manipulating master control devices at the remote
location, which master control devices control motion of the
remotely controlled instruments.

[0009] Typically, atelesurgery system can be provided with
at least two master control devices (one for each of the sur-
geon’s hands), which are normally operatively associated
with two robotic arms on each of which a surgical instrument
is mounted. Operative communication between master con-
trol devices and associated robotic arm and instrument assem-
blies is typically achieved through a control system. The
control system typically includes at least one processor which
relays input commands from the master control devices to the
associated robotic arm and instrument assemblies and from
the arm and instrument assemblies to the associated master
control devices in the case of, e.g., force feedback, or the like.
One example of a robotic surgical system is the DAVINCI™
system available from Intuitive Surgical, Inc. of Mountain
View, Calif.

[0010] Improvements are still being made in laparoscopic,
telesurgery, and other minimally invasive surgical systems
and techniques. For example, choosing advantageous loca-
tions on a patient for placement of the entry ports continues to
be a concern. Many factors may contribute to a determination
of advantageous or optimal entry port locations. Factors such
as patient anatomy, surgeon preferences, robot configura-
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tions, the surgical procedure to be performed and/or the like
may all contribute to a determination of ideal entry ports for
an endoscope and surgical tools. For example, ports should
generally be placed in locations that allow a surgical instru-
ment to reach the target treatment site from the entry port.
They should also be placed to avoid collision of two or more
robotic arms during a robotic procedure, or that allow free
movement of human arms during a laparoscopic procedure.
Other factors such as angles of approach to the treatment site,
surgeon preferences for accessing the treatment site, and the
like may also be considered when determining entry port
placement.

[0011] Ifa robotic system is being used, robot positioning
must also be determined, usually based at least in part on the
port placement. Robotic placement will also typically depend
on multiple factors, such as robotic-arm collision avoidance,
angles of entry for surgical tools, patient anatomy, and/or the
like.

[0012] Currently available systems generally do not pro-
vide methods or apparatus for determining advantageous
entry port placements for laparoscopic, robotic, or other mini-
mally invasive surgery. Although some systems may desig-
nate locations for entry ports, they typically do not base those
locations on a set of factors such as those just mentioned.
Furthermore, currently available systems also do not provide
methods or apparatus for validating whether given entry ports
will be feasible or for simulating a surgical procedure using
the chosen entry ports.

[0013] Therefore, it would be advantageous to have meth-
ods and apparatus for planning advantageous port placement
for laparoscopic, robotic, and other minimally invasive sur-
gery. Such methods and apparatus would ideally also enhance
planning of robot placement in robotic surgery. It would also
be beneficial to have methods and apparatus which allow
verification that a given set of entry ports will be feasible for
a given surgical procedure. Ideally, such methods and appa-
ratus would also allow surgeons to simulate a surgical proce-
dure using a set of entry ports and to reject the entry ports if
they proved unfeasible. Also ideally, the methods and appa-
ratus would be adaptable for non-surgical uses, such as
choosing port placement for robotic entry into non-human
systems for various purposes, such as for bomb defusion or
handling of hazardous materials.

BRIEF SUMMARY OF THE INVENTION

[0014] The present invention generally provides methods,
apparatus and systems for enhancing surgical planning. More
specifically, the invention provides methods, apparatus and
systems which enhance the planning of entry port locations,
for entry of surgical tools into a defined volume, such as a
body of a patient. The invention also generally provides for
enhanced robot positioning in robotic surgery. Such planning
is generally accomplished though a method of processing
image data of a patient, selecting advantageous port place-
ment based on the processed data, selecting a robot position
based on the port placement, and validating port placement
and/or simulating an operation using the selected port and
robot placements. Thus, embodiments of the present inven-
tion provide for more accurate, repeatable robotic operations
which require less manual planning from one operation to the
next.

[0015] In one aspect, a method for identifying advanta-
geous locations for placement of two or more entry ports for
performing an operation within a defined volume having a
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closed surface includes: preparing a model of the defined
volume from a set of acquired data; defining at least one target
area within the defined volume; and determining from the
mode] and the target area the advantageous locations for
placement of the two or more entry ports for performing the
operation, the advantageous locations being disposed on the
closed surface of the defined volume. Optionally, the deter-
mining step may additionally include defining a list of pos-
sible locations for placement of each entry port and selecting
an advantageous location for placement of each entry port
from the list of possible locations for each entry port. In such
embodiments, selecting the advantageous locations may be
based at least in part on a set of criteria, the criteria including
at least one of robot kinematics, robot kinetics, robot work
range, deviation oftool entry angle from normal, organ geom-
etry, surgeon defined constraints, robot force limitations, and
patient force limitations. In other embodiments, selecting the
advantageous location for placement of each entry port is
based at least in part on a cost function, the cost function at
least partially defined by at least one of minimizing deviations
from a desired configuration, arm placement symmetry with
respect to endoscope positioning, and minimization of tool
entry angle with respect to surface normal.

[0016] In some embodiments, the operation comprises a
surgical operation on a body of a patient and the defined
volume comprises a volume of at least a portion of the body.
In other embodiments, the operation comprises an operation
on a munitions material, the operation including at least one
of inspection, maintenance, disabling, and mechanical inter-
action. Typically, the acquired data comprises imaging data
acquired using at least one of computed tomography and
magnetic resonance imaging, though other modalities may be
used.

[0017] As mentioned briefly above, some embodiments
include determining a position for placement of a robot rela-
tive to the defined volume for performing the operation. In
such embodiments, determining the position of the robot may
be based at least in part on a set of criteria, the criteria
including at least one of robot kinematics, robot kinetics,
robot work range, deviation of tool entry angle from normal,
organ geometry, surgeon defined constraints, robot force
limitations, and patient force limitations.

[0018] As also mentioned above, some embodiments
include providing a first simulation for enabling a user to
simulate the operation, the first simulation based upon the
model of the defined volume, the target area, and the advan-
tageous locations of the entry ports. Where a simulation is
provided, some embodiments will also enable the user to
reject one or more of the advantageous locations based on the
first simulation, determine different advantageous locations
based on the user’s rejection, and provide a second simulation
for enabling the user to simulate the operation, the second
simulation being based upon the model of the defined vol-
ume, the target area, and the different advantageous locations
of the entry ports.

[0019] In another aspect, a method for identifying advan-
tageous locations for placement of two or more entry ports for
performing a surgical operation on a body of a patient
includes preparing a model of at least a portion of the patient’s
body from a set of acquired data, using the model to define at
least one target area within the body, defining a list of possible
locations for each of the two or more entry ports, the possible
locations being disposed on a surface of the body, and select-
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ing an advantageous location for placement of each of the two
or more entry ports from each list of possible locations.
[0020] In yet another aspect, a method for identifying
advantageous locations for placement of two or more entry
ports for performing a surgical procedure on a body of a
patient includes defining a list of possible locations for each
of the two or more entry ports, the possible locations being
disposed on a surface of the body, selecting, based on a set of
criteria, an advantageous location for placement of each of
the two or more entry ports from each list of possible loca-
tions, verifying that the selected location for placement of
each entry port is feasible, and providing means for simulat-
ing the surgical procedure. In some embodiments, the set of
criteria includes at least two of robot kinematics, robot Kinet-
ics, robot work range, deviation of tool entry angle from
normal, organ geometry, surgeon defined constraints, robot
force limitations, and patient force limitations. In other
embodiments, the set of criteria includes a cost function, the
cost function at least partially defined by at least one of
minimizing deviations from a desired configuration, arm
placement symmetry with respect to endoscope positioning,
and minimization of tool entry angle with respect to surface
normal.

[0021] In another aspect, an apparatus for identifying
advantageous locations for placement of two or more entry
ports for performing an operation within a defined volume
having a closed surface includes a computer software module
for identifying the advantageous locations, and a computet-
ized simulation device for simulating the operation using the
computer software and the advantageous locations.

[0022] In yet another aspect, a system for performing a
robotic operation within a defined volume having a closed
surface includes a robot having at least two robotic arms, a
computer coupled with the robot for at least partially control-
ling movements of the robotic arms, and computer software
couplable with the computer for planning advantageous loca-
tions foratleast two entry ports into the defined volume by the
at least two robotic arms and for providing a simulation of the
robotic operation. Optionally, the robot may include at least
two robotic arms for attaching surgical tools and at least one
robotic arm for attaching an imaging device. Also optionally,
the computer may include a display device for displaying the
simulation of the robotic operation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 is an overhead view of a robotic surgical
system for use in an embodiment of the present invention.
[0024] FIG. 2 is a perspective view of a master control
workstation and a patient-side cart having three robotic
manipulator arms for use in the system of FIG. 1.

[0025] FIG. 3 is a flow diagram of a method for enhancing
port placement in robotic operations according to an embodi-
ment of the present invention.

[0026] FIG. 4 is a flow diagram of the preliminary data
processing stage of a method as in FIG. 3 according to an
embodiment of the present invention.

[0027] FIG. 5 is a line diagram showing various angles
between an entry port location and a target area according to
an embodiment of the present invention.

[0028] FIG. 6isa diagram of an internal collision detection
logic used in an embodiment of the present invention.
[0029] FIG. 7a is a side view of an experimental validation
of the results of a surgical procedure using methods and
apparatus of an embodiment of the present invention.
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[0030] FIG. 75 is a close-up perspective view of the vali-
dation in FIG. 7a.

[0031] FIG. 7c is a side view of a computer validation of a
surgical procedure as shown in F1G. 7a.

[0032] FIG. 7d is a perspective view of a computer valida-
tion of a surgical procedure as shown in FIG. 75.

[0033] FIG. 8a is a screen shot side view of a computer
interface for simulation of a surgical procedure according to
an embodiment of the present invention.

[0034] FIG. 8b is a screen shot perspective view of a com-
puter interface for simulation of a surgical procedure accord-
ing to an embodiment of the present invention.

DETAILED DESCRIPTION

[0035] The present invention generally provides methods
and apparatus for enhancing planning of laparoscopic,
robotic, and other minimally invasive surgery. More specifi-
cally, various embodiments provide methods and apparatus
for planning advantageous locations for placement of two or
more entry ports for accessing a defined volume, such as a
patient, with surgical tools to perform a minimally invasive
operation. In robotic surgery, robot position will typically
also be planned. Additionally, many embodiments provide
validation that selected entry port placements and/or robot
positions will be feasible for a given operation. Many
embodiments also provide simulation of a given operation,
using selected entry port placements and/or robot positions,
to allow a surgeon or other user to practice using the surgical
system.

[0036] Although the following description focuses on plan-
ning port placement and robot position in a robotic surgery
context, specifically in a heart surgery context, many other
applications are contemplated within the scope of the inven-
tion. As mentioned above, for example, various embodiments
may be used in other surgical contexts, such as non-robotic
laparoscopic/abdominal surgery, arthroscopy. retroperito-
neoscopy, pelviscopy, nephroscopy, cystoscopy, cisternos-
copy, sinoscopy, hysteroscopy, urethroscopy, and the like.
Furthermore, non-surgical applications are contemplated,
including but not limited to handling, disabling, maintaining
and/or the like of munitions, hazardous materials, and/or
other suitable materials. Within the surgical context, methods
and apparatus of the present invention may be used with many
different systems for conducting robotic or minimally inva-
sive surgery. One example of a robotic surgical system which
may incorporate methods and apparatus of the present inven-
tion is the DAVINCI™ system available from Intuitive Sur-
gical, Inc. of Mountain View, Calif. Many other surgical
systems and apparatus may be used, however. Therefore, the
following description is provided for exemplary purposes
only and should not limit the scope of the present invention as
set forth in the appended claims.

[0037] Referring now to FIG. 1, one example of a robotic
surgical system 10, with which the methods and apparatus of
the present invention may be used, includes a master control
station 200 and a slave cart 300. Optionally, any of several
other additional components may be included in the surgical
system to enhance the capabilities of the robotic devices to
perform complex surgical procedures. An operator O per-
forms a minimally invasive surgical procedure at an internal
surgical site within patient P using minimally invasive surgi-
cal instruments 100. Operator O works at master control
station 200. Operator O views a display provided by the
workstation and manipulates left and right input devices. The
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telesurgical system moves surgical instruments mounted on
robotic arms of slave cart 300 in response to movement of the
input devices. As described in co-pending U.S. patent appli-
cation Ser. No. 09/436,527, filed on Dec. 14, 2001 (Attorney
Docket No. 17516-002530), the full disclosure of which is
incorporated herein by reference, a selectively designated
“left” instrument is associated with the left input device in the
left hand of operator O and a selectively designated “right”
instrument is associated with the right input device in the right
hand of the operator.

[0038] As described in more detail in co-pending U.S.
patent application Ser. No. 09/373,678 entitled “Camera Ref-
erence Control in a Minimally Invasive Surgical Apparatus,”
filed Aug. 13, 1999 (the full disclosure of which is incorpo-
rated herein by reference) a processor of master controller
200 will preferably coordinate movement of the input devices
with the movement of their associated instruments, so that the
images of the surgical tools, as displayed to the operator O,
appear substantially connected to the input devices in the
hand of the operator.

[0039] Optionally, an auxiliary cart A can support one or
more additional surgical tools 100 for use during the proce-
dure. One tool is shown here for the illustrative purposes only.
A first assistant Al is seated at an assistant control station
200A, the first assistant typically directing movement of one
or more surgical instruments not actively being manipulated
by operator O via master control station 200, such as a tissue
stabilizer. A second assistant A2 may be disposed adjacent
patient P to assist in swapping instruments 100 during the
surgical procedure. Auxiliary cart A may also include one or
more assistant input devices 12 (shown here as a simple
joystick) to allow second assistant A2 to selectively manipu-
late one or more surgical instruments while viewing the inter-
nal surgical site via an assistant display 14. Preferably, the
first assistant A1 seated at console 200A has the same image
as the surgeon seated at console 200.

[0040] Master control station 200, assistant controller
2004, cart 300, auxiliary cart 300A, and assistant display 14
(or subsets of these components) may allow complex surger-
ies to be performed by selectively handing off control of one
or more robotic arms between operator O and one or more
assistants. Alternatively, operator O may actively control two
surgical tools while a third remains at a fixed position. For
example, to stabilize and/or retract tissues, with the operator
selectively operating the retracting or stabilizer only at des-
ignated times. In still further alternatives, a surgeon and an
assistant can cooperate to conduct an operation without either
passing control of instruments or being able to pass control of
instruments with both instead manipulating his or her own
instruments during the surgery.

[0041] Although FIG. 1 depicts two surgeon consoles con-
trolling the two cart structures, a preferred embodiment com-
prises only one console controlling four or more arms on two
carts. The scope may optionally be mounted on the auxiliary
cart, and three tissue manipulator arms may be mounted on
the main cart. In some embodiments, one or more tools,
particularly tissue stabilizers, may not be actively driven,
instead being positioned by manually actuating a drive sys-
tem of the tool and then locking the tool into position.
[0042] Referring now to FIG. 2, master control station 200
includes a viewer 202 wherein an image of a surgical site is
displayed in use. A support 204 is provided on which the
operator, typically a surgeon, can rest his or her forearms
while gripping two master controls, one in each hand. Master
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controls are positioned in a workspace 206 disposed inwardly
beyond support 204. When using workstation 100, the sur-
geon typically sits in a chair in front of the workstation,
positions his or her eyes in front of the viewer 202 and grips
the master controls.

[0043] FIG. 2 shows also the surgical manipulator slave or
cart 300 of the telesurgical system. In use, cart 300 is posi-
tioned close to a patient for surgery, and the base of the cart is
caused to remain stationary until the surgical procedure has
been completed. Cart 300 here includes three robotic manipu-
lator arm assemblies 302, each manipulator supporting an
instrument 100. More specifically, one of the robotic arm
assemblies supports an image capture device, such as an
endoscope 306 (which is coupled to display 102 of the work-
station). Each of the other two manipulator arms supports a
tissue manipulation tool 308 having a surgical end effector for
treating tissue.

[0044] Finally, FIG. 2 shows a processor 400 coupled with
master control station 200 and cart 300 and a tangible medium
410 embodying machine readable code, or software. The
software typically includes instructions which enable various
embodiments of the methods of the present invention. The
tangible medium 410 may be coupled with the processor 400
for use. Generally, the software may be used with any suitable
hardware, such as a personal computer work station with
graphics capabilities, such as but not limited to a PENTIUM
1I® or equivalent processor with a GEFORCE2® graphics
card. Other hardware which may be used with software of the
present invention includes a display monitor, such as a 17"
monitor, a processor with 256 Mbytes of RAM and a 10
Gigabytes hard disk. Input devices will typically include a
mouse and may also include a 3D mouse or a PHANTOM®
arm.

[0045] Although in some embodiments, as just described,
hardware will include a stand-alone PC workstation or simi-
lar stand-along hardware, other embodiments will be inte-
grated with an existing system. For example, hardware may
be embedded in a dedicated apparatus such as a robotic sur-
gical system. In one embodiment, hardware is embedded ina
part of DAVINCI® robotic system (Intuitive Surgical, Inc.,
Sunnyvale, Calif.) such as the master control station 200.

[0046] The robotic manipulator arms will move and articu-
late the surgical tools in response to motions of the input
devices at the workstation, so that the surgeon can direct
surgical procedures at internal surgical sites through mini-
mally invasive surgical apertures. The workstation 200 is
typically used within an operating room with the cart, but can
be positioned remote from the cart, even miles away. An
exemplary master control input device for manipulation by
the surgeon is more fully described in co-pending U.S. patent
application Ser. No. 09/398,507, entitled “Master Having
Redundant Degrees of Freedom,” as filed on Sep. 17, 1999,
the full disclosure of which is incorporated herein by refer-
ence. Exemplary manipulator arms are more fully described
in co-pending U.S. patent application Ser. No. 09/368,309 as
filed on Aug. 3, 1999, for a “Manipulator Positioning Linkage
for Robotic Surgery,” (the full disclosure of which is also
incorporated herein by reference), which also describes
manually positionable linkages supporting the manipulators.
It should be noted that a number of alternative robotic
manipulator arms might be used, including those described in
U.S. Pat. No. 5,855,583, the full disclosure of which is also
incorporated herein by reference.
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[0047] Referring now to FIG. 3, a method for enhancing
port placement 12 suitably includes four general steps or
stages. In various alternative embodiments, certain steps may
be combined, other steps may be added, and/or one or more
steps may be eliminated, without significantly changing the
overall result. That being said, four general stages used to plan
entry port placement may include preliminary data process-
ing 110, planning 120, validation 130 and simulation 140.

[0048] Preliminary data processing 110 generally includes
processing imaging data, such as radiological data from com-
puted tomography (CT) and/or magnetic resonance imaging
(MRI) scans. Such processing may include segmentation, 3D
reconstruction, robot modeling and/or the like. Planning 120
generally includes choosing locations for two or more entry
ports into a defined volumetric space, such as a patient, for
allowing entry of surgical tools, robotic tools or arms, one or
more endoscopes, retractors, and/or the like. Typically, plan-
ning 120 involves combining data in an optimization algo-
rithm where mathematical criteria have been integrated. The
criteria translate features such as collision avoidance between
the manipulator arms and reachability of targeted organs.
Validation 130 refers to a process of testing the feasibility of
the operation by reproducing the expected movements of the
surgeon and looking for collisions or other problems, such as
an out of reach condition Finally, simulation 140 allows a
surgeon or other user to use the chosen entry ports and robot
position to perform a practice operation. In many embodi-
ments, if the surgeon judges the proposed ports and/or robot
position less than optimal, the surgeon may reject the chosen
locations and new ones may be chosen by the system.

[0049] Each of'the steps or processes described above may
involve various components or steps in various embodiments.
For a more detailed discussion of each step, see the master’s
thesis of Louai Adhami, attached as Exhibit C to U.S. Provi-
sional Patent Application Ser. No. 60/296,808, previously
incorporated by reference. For example, with reference to
FIG. 4, some embodiments include multiple stages or steps at
the preliminary data acquisition 110 phase. In one embodi-
ment, for example, steps include data acquisition 112, seg-
mentation 114, reconstruction 116 and robot modeling 118.
Again, in various embodiments these steps may be carried out
in any suitable order and/or steps may be added, eliminated,
and/or carried out simultaneously.

[0050] Data acquisition 112 generally involves acquiring
any data regarding a volume which is to be operated upon,
such as a portion of a patient’s body, as well as, in some
embodiments, data regarding a robot, surgical tools, and the
like, to be used in performing the operation. Data may
include, for example, CT scan data, with or without contrast,
MRI data, coronary artery angiograms, conventional radio-
graphs, digital representations of conventional radiographs,
and/or the like. In a totally endoscopic coronary artery bypass
graft (TECAB) operation, for example, CT scan data is typi-
cally used. This generally involves acquiring helical CT scans
of a patient, with 3 mm spacing, from approximately the neck
region to the hip region of the patient. Slice size is often
decreased to 1 cm in the area of the heart, to acquire more
image information, and often a dye is injected to better visu-
alize the heart and aorta. Additionally, such CT data acquisi-
tion will often be synchronized with electrocardiogram
(ECG) data acquisition. Coronary angiograms may also be
acquired, to enable an accurate diagnosis of the state of heart
vessels. Data from multiple types of imaging studies, such as
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CT scans and angiograms, may be used together in various
embodiments to enhance planning of port placement.

[0051] Segmentation 114 generally first involves separat-
ing out different anatomical entities within the defined vol-
ume of the operation, such as various anatomical organs and
tissues within a patient. For a TECAB procedure, for
example, bones (such as ribs), heart, and left inferior mam-
mary artery (LIMA) are typically segmented. Segmentation
of bones from surrounding soft tissues is automatically per-
formed, based on the significantly higher density of the
bones, by the “extractcontour” computer software. (“Extract-
contour” is software developed by INRIA Sophia Antipolis,
and is in the public domain and available from INRIA.) Heart
and LIMA segmentation are generally performed manually,
such as by a radiologist or other suitable technician. The
LIMA is approximated by a fixed-size circle on each CT slice,
in an area specified manually. The heart is approximated by
splines built around a set of points that are manually drawn.
Typically, this process is invariant from one patient to another,
meaning that it does not require adjustments by a radiologist
or other radiology technician between patients.

[0052] Another part of the segmentation step 114 is to
define admissible points for entry into the defined volume, as
well as admissible directions for entry. In other words a list is
compiled of possible entry points and directions. Admissible
points of entry are sites on a surface of the volume that allow
the introduction of robot arms, an endoscope, and/or any
other tools to be used for the operation. In a TECAB opera-
tion, for example, admissible points may include any points
within the intercostal spaces (spaces between the ribs) of a
patient. Points which would cause atool to pass through bone,
such as a rib, are typically eliminated as not being admissible.
Admissible directions are directions generally pointing out-
ward and perpendicular to the skin, which replicate directions
of orientation that robotic arms, endoscopes and the like will
have during the operation.

[0053] Another component in preliminary data processing
110 is reconstruction 116. Reconstruction 116 generally
refers to formation of acquired, segmented data into a 3-di-
mensional model of the defined volume which will be oper-
ated upon. Generally, such 3D models are constructed using
computer software, such as the nuages software, described in
Bernhard. Geiger, “Three Dimensional Modeling of Human
Organs and its Application to Diagnosis and Surgical Plan-
ning,” Technical Report 2105, INRIA-Sophia, 1993, the
entire contents of which is hereby incorporated by reference.
A public version of nuages software is available at ftp://Hftp-
sop.inria.ft/prisme/NUAGES/Nuages. Again, this software
may be run on conventional, off-the-shelf hardware, such as a
PENTIUM III® processor. The underlying algorithm used
for reconstruction 116 via nuages software is based on pro-
jected Vorono diagrams, where the input is a set of closed
non-intersecting contours, and the output is a mesh of tri-
angles representing the reconstructed surface in 3D. This
algorithm has the advantages of outputting a relatively low,
manageable number of triangles and of not being prone to
distortive effects such as the staircase effect observed in
marching cubes algorithms.

[0054] Another aspect of preliminary data processing 110,
in some embodiments, includes robot modeling 118. Gener-
ally, robot modeling 118 involves combining a geometric
model of a robot with the acquired radiological data from the
patient or other defined volume in an interactive interface. In
the preliminary phase, for example, Denavit-Hartenberg
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(DH) models may be used, along with a generic C++ library,
where OPENGL™ output and collision detection are imple-
mented. In one embodiment two primitives are retained for
the modeling of the robot body, namely rectangular parallel-
epipeds and cylinders. Part of robot modeling 118 typically
includes using inverse kinematics, either analytically or
numerically, to detect possible interferences between links of
the robot. In other words, collision detection is carried out.
For efficiency purposes, a dedicated interference detection
method may include a hierarchical method based on direct
collision tests between the different modeling primitives (cyl-
inders and rectangular parallelepipeds), in addition to
spheres. This method can be extended accordingly if the
model is refined with more complex primitives. An analytic
solution is used when there is the same number of degrees of
freedom (dofs) and constraints, whereas a numerical solution
is used when there are more dofs than constraints. In the latter
case, artificial constraints are added to reflect the proximity
between the arms, which would be of great significance when
dealing with the problem of collision avoidance.

[0055] With reference again to FIG. 3, after preliminary
data processing 110 planning 120 is performed. Planning 120
generally consists of identifying advantageous locations for
two or more entry ports for accessing the defined volume to be
operated upon. In many embodiments, planning 120 also
includes planning one or more positions of a robot and/or its
component parts for performing an operation, with the robot
positioning being based on the advantageous locations of the
two or more entry points. Typically, planning 120 is carried
out to identify optimal or advantageous entry port locations
for three tools, such as two robot arms and an endoscope.
Multiple criteria are generally used to help identify such
locations, and the locations are selected from among the
admissible entry points described above. Thus, one embodi-
ment involves choosing a “triplet” of three entry points that
optimizes a set of predefined criteria. The criteria may be any
suitable criteria, such as robot constraints, anatomical con-
straints, surgeon preferences, and/or the like.

[0056] In one embodiment, for example, some criteria are
derived from surgeon preferences. For example, a surgeon
may specify target points within the patient or other defined
volume on which the surgeon wants to operate, such as points
on or in a heart in heart surgery. Target points may then be
used to define a target area, within which the surgeon wishes
to operate. The surgeon also typically defines one or more
preferred “attack directions,” which are generally directions
from which the surgeon prefers to access the target points.
“Attack angles” may be derived from these attack directions.
An attack angle is an angle between the attack direction at the
target point on the one hand, and the straight line connecting
the latter to an admissible point (on a surface of the patient) on
the other. It reflects the ease with which the surgeon can
operate on a given location with respect to the attack direction
chosen by the surgeon. A “dexterity parameter” is another
criteria which may be used. The dexterity parameter is pro-
portional to the angle between the surface normal at the
admissible point and a straight line connecting the latter to the
target point. This measure of dexterity is typically interpreted
in accordance with the robot capabilities.

[0057] Other criteria which may be used in identifying
advantageous locations for entry ports include both qualita-
tive and quantitative criteria. Referring now to FIG. 5, quali-
tative criteria, for example, may relate to the reachability
from an admissible point 210 to a target point 212, with the
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admissible point being eliminated from consideration ifa tool
to be used in the operation is not long enough to reach across
distance 214 to reach target point 212.

[0058] In another criteria, an admissible point may be
eliminated if an angle 222 between a surface of the patient at
the entry point and a line from the entry point to the target
point 212 is too large, such thatuse of a tool through that entry
point may cause damage to a nearby structure. Use of such an
entry point in a heart operation, for example, may cause
damage to a rib. Yet another criteria which might be used to
eliminate an admissible point would be if the combination of
the admissible entry point, surgical tool, attack direction and
target point would result in the tool passing through an ana-
tomic structure. For example, if the tool would pass through a
lung on its way to the heart, that admissible point would be
eliminated. Computer graphics hardware may be used to pet-
form this test in a method similar to that described in “Real-
time Collision Detection for Virtual Surgery,” by J.-C. Lom-
bardo, M. P. Cani and F. Neyret, Computer Animation,
Geneva, May 1999, the entire contents of which is hereby
incorporated by reference.

[0059] Quantitative criteria generally relate to dexterity of
the robot, where each admissible point is graded based on an
angle 212 between the attack direction and the line relating
target point 212 to admissible point 210. This measure trans-
lates the ease with which the surgeon will be able to operate
on target areas from a given port in the case of a robotic tool,
or the quality of viewing those areas via an endoscope.

[0060] Criteria such as those described above may be
applied in various orders and by various means. In one
embodiment, for example, identifying an advantageous trip-
let of entry port locations is accomplished in two basic steps:
First an entry port for an endoscope is chosen based on vari-
ous criteria, then admissible entry port locations for two (or
another number) tools are ranked according to their combined
quantitative grade and their position with respect to the endo-
scope. More precisely, the triplet (of endoscope port and two
tool ports) is ranked to provide a desirable symmetry between
two robot arms and the endoscope, and to favor positions of
the robot arms at maximum distances from the endoscope to
provide the surgeon with a clear field of view.

[0061] Applying criteria in this way may involve several
steps. For example, in one embodiment a first step involves
eliminating admissible entry port location candidates that
will not provide access to the target areas. In a next step,
admissible sites for an endoscope are sorted to minimize the
angle between the target normal and the line connecting the
admissible point to the target point. This step gives prece-
dence to entry ports for the endoscope that provide a direct
view over the target areas and, therefore, ports which would
create angles greater than a desired camera angle are elimi-
nated. In applying such criteria, targets areas may be
weighted according to their relative sizes. For robot arms,
admissible entry points may be sorted in the same way as for
the endoscope, but with the angle limitation relaxed. Admis-
sible candidates that make too obtuse an angle between the
tool and the skin may be eliminated. For example, an maxi-
mum angle of 60.degree. may be chosen in a heart operation
to avoid excessive stress on the ribs. Finally, a triplet combi-
nation of three entry ports (or however many entry ports are to
by used) may be chosen to optimize the criteria discussed
above while also maximizing the distances between the ports.
This distance maximization criteria will prevent collision
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between robot arms and allow the surgeon to operate the
robotic arms with a relatively wide range of movement.
[0062] Once a set of advantageous entry port locations has
been selected, an advantageous position for placement of the
robot to be used, in relation to the patient, is typically deter-
mined. Robot positioning will typically be based on the entry
port placement and the robot configuration, such that the
robot is positioned in a way that avoids collisions between
robot arms and allows the arms to function in performing a
given operation without violating any of a number of selected
constraints. Constraints may include, for example, number of
robot arms and number of degrees of freedom for each arm,
potential collisions between the robot arms, potential colli-
sions between an arm and the patient, other potential colli-
sions (e.g. with anesthesia equipment or operating room
table), and/or miscellaneous constraints (e.g. endoscope ori-
entation for assistant surgeon). Certain constraints may be
more subjective, such as surgeon preferences, operating room
configurations and the like.

[0063] To determine an advantageous robot position, one
method uses a combined probabilistic and gradient descent
approach, where configurations of the passive joints (includ-
ing a translation of the base) are randomly drawn in robot
articular space. To each configuration, a cost function is asso-
ciated that depends on the constraints discussed above. A low
cost function gives its corresponding robot configuration a
high selection probability. This process is repeated until a
configuration arrives at a cost function that is less than a given
threshold. Once the cost function is low enough (i.e., the
passive joints are close enough to the desired port), the active
joints are moved over all the targets (using inverse kinemat-
ics), to verify that there are no collisions.

[0064] Returning to FIG. 3, once a suitable triplet or other
configuration of entry port locations has been identified, vali-
dation 130 is performed to verify that the identified locations
are feasible for carrying out the given operation. In most
embodiments, the robot is placed in the position which has
been selected and movement of the robot as will be done
during the operation is carried out to look for possible colli-
sions between the robot arms. Generally, the trajectory
between two target areas 1s a straight line, and this is the way
asurgeon is expected to navigate. The possibility of collisions
between discrete time steps is handled by an interference
detection algorithm that tests sweeps the volume covered by
the manipulator arms. In addition to interference detection,
out of reach conditions and possible singularities are moni-
tored and signaled. Finally, the endoscope is positioned rela-
tive to the tips of the tool arms at a predefined distance, in a
way to guarantee a good visibility at all times. If no problem
is detected during validation 130, then the triplet or other
configuration is accepted and a surgeon may proceed with
simulation 140. If there is a collision or other problem, the
system may return to the planning stage 120 to select other
entry port locations.

[0065] Simulation 140 generally provides a surgeon or
other operator of a robotic system an environment in which to
practice a given operation to develop facility with the robot
and to re-validate the selected, advantageous entry port loca-
tions. Generally, sinulation 140 is carried out using robotic
control mechanisms, a computer with a monitor, and com-
puter software to enable the simulation. Thus, the validation
130 step just described and the simulation step 140 are typi-
cally carried out using computerized systems. Using simula-
tion 140, a surgeon can essentially perform the operation as it
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would be performed on a live patient, as simulated on a
3-dimensional representation on a computer monitot, to prac-
tice use of the robotic system and to confirm that the selected
combination of robot position and entry port locations is
feasible.

[0066] As with the validation step 130, simulation 140 typi-
cally includes collision detection for possible collisions
between the robot arms. Collisions are typically stratified as
internal (between the manipulators) and external (with the
anatomical entities). Internal collisions may be further
divided into static and dynamic (continuous movement) col-
lisions. In most embodiments, an algorithm is used to detect
possible internal collisions, the algorithm detecting interfer-
ences between rectangular parallelepipeds and cylinders.
FIG. 6, for example, shows a diagram of an internal collision
detection logic which may be used. In that logic, testing for an
intersection between two boxes is accomplished by looking
for an overlap between one of the boxes and the sides of the
other. The same can be done for two cylinders or between a
box and a cylinder. For further details regarding this algo-
rithm, see master’s thesis of Louai Adhami, attached as
Exhibit C to U.S. Provisional Patent Application Ser. No.
60/296,808, which has previously been incorporated by ref-
erence. (Also see doctoral thesis of Louai Adhami, available
from INRIA Sophia after Jul. 3,2002.)

[0067] External collisions, on the other hand, are typically
detected using graphics hardware and a method such as that
suggested in “Real-time Collision Detection for Virtual Sur-
gery,”by J.-C. Lombardo, M. P. Cani and F. Neyret, Computer
Animation, Geneva, May 1999, previously incorporated
herein by reference. Sufficient graphics hardware may
include, for example, a personal computer work station with
graphics capabilities, such as a PENTIUM III® or equivalent
processor with a GEFORCE2® graphics card, and any suit-
able monitor.

[0068] Referring now to FIGS. 7a-d, a system for planning,
validating, and simulating port placement may first be cali-
brated, or experimentally adjusted, using a physical, struc-
tural modeling system. For example, FIGS. 7a and 76 show
an experimental validation of port placement and robot posi-
tion for a TECAB procedure using a skeleton rib cage. FIGS.
7c and 7d show a computerized representation of the same
experimental validation. Such physical validation on a skel-
eton, cadaver, or other structural model will not be necessary
in typical use of the methods and apparatus of the present
invention. Generally, validation 130 and simulation 140 steps
will be carried out using the robotic system and a computer-
ized system, and will not involve physical, structural models.
If use of such models were found to be advantageous for
general use of various embodiments, however, such models
are within the scope of the present invention.

[0069] FIGS. 8a and 85 show screen shots representing an
embodiment of an apparatus for simulation 140 of a surgical
procedure. FIG. 8a is a screen shot side view of a computer
interface for simulation of a TECAB procedure. The interface
may allow a surgeon to manipulate the computerized view of
the simulation, to view the simulation from other angles, for
example. FIG. 85 is a similar screen shot perspective view of
a computer interface for simulation of a TECAB procedure.
[0070] Againreferring to FIG. 3, once entry port placement
and robot positioning have been validated 130 and simulated
140, they may be registered 150. Registration 150 generally
refers to a process of transferring the entry port and robot
placement from a simulator to an actual defined volume, such
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as apatient in an operating room (“OR”). In one embodiment,
it is assumed that the robot base will be parallel to the OR
table, and that the relative tilt between the skeleton used for
simulation (or other simulation device) and the OR table is the
same as the one in the CT scan. The translational pose is
registered by identifying an particular point (such as the tip of
the sternum) in the simulator using the endoscope, and read-
ing the corresponding articular values. Then the robot base
and its first translational joint (up/down) are moved so that the
articular values read through an applications program intet-
face (API) match the computed ones. Generally, an APl is an
interface including data from robot arm sensors, various other
robot sensors, and the like, for registering robot positioning.
[0071] Once the robot is registered to the simulation skel-
eton, positioning the ports may simply be achieved by moving
the robot arms according to the precomputed articular values
that correspond to having the remote center on the port. On
the other hand, the results of the planning can also be
expressed as a quantitative description of the positions of the
port, for example endoscope arm at third intercostal space at
the limit of the cartilage. This is a relatively accurate descrip-
tion since the ports are planned to be located in the intercostal
spacing. When entry port locations are identified and the
robot is positioned, a surgeon or other operator may begin the
procedure.

[0072] As described above, one embodiment of the present
invention may be described as a method for surgical planning.
The following is a more detailed description, set forth in a
series of steps, of such an embodiment. Again, this descrip-
tion is provided for exemplary purposes only. In other
embodiments, multiple steps may be added, eliminated, com-
bined, performed in different orders, performed simulta-
neously, and/or the like, without departing from the scope of
the invention. Therefore, the following description should not
be interpreted to limit the scope of the invention as defined by
the appended claims.

Example Method

[0073] Step 1: Robotic system modeling. Step 1 typically
includes defining a model of the insertable surgical tool por-
tion, including structure, range of motion (ROM) limits, and
optionally tool-type specific properties. Step 1 also includes
defining a model of the external portion or robotic tool and
manipulator arm structure and ROM limits. Finally, step 1
includes defining a multiple-arm robotic system model.
Optionally, the model may include adjacent OR equipment
such as operating table and accessories.

[0074] Step 2: Defining port feasibility criteria. Port feasi-
bility may be defined, for example, relative to “reachability”
criteria based on patient and tool models. Such criteria may
include, for example: maximum acceptable port-to-target dis-
tance (i.e., tool shaft length, for endoscope, may include an
objective lens offset); maximum acceptable entry angle, the
angle between port-to-target path and the port direction—
may depend on body wall properties, intercostal spacing,
thickness, elasticity, etc., and may have different values in
different body regions; determination that port-to-target path
is clear of obstructions; and/or additional feasibility criteria
(e.g., surgeon preference, procedure specific or tool-type spe-
cific criteria).

[0075] Step 3: Defining port optimization criteria.
Examples of criteria include: tool-to-target attack angle for
each port; dexterity parameter; tool 1 to endoscope angle; tool
2 to endoscope angle; symmetry and alignment of Tool 1 and
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Tool 2 about Endoscope; port-to-port separation distance;
and/or additional optimization criteria (e.g., surgeon prefer-
ence, procedure specific or tool-type specific criteria).
[0076] Step 4: Defining port optimization algorithm. For
example, acost function may be defined, wherein the function
value is determined by weighted criteria values.

[0077] Step 5: Defining collision/interference prediction
algorithms. Step 5 involves, for example, defining collision
and interference prediction/detection algorithms relative to
robotic system and/or patient models. Examples of such algo-
rithms may include: internal tool-tool and/or tool-organ col-
lisions; external arm-arm, arm-equipment and/or arm-patient
collisions.

[0078] Step 6: Defining operative motion prediction algo-
rithms. This step involves defining a predictive model of
expected range of surgeon-commanded operational tool
movements during surgical task (generic task, specific proce-
dural and/or tool-types).

[0079] Step 7: Modeling the patient. Various exemplary
embodiments include the use of patient-specific data to char-
acterize the body portion being treated. In some embodiments
and surgical procedures, port optimization planning on a rep-
resentative sample of patients will have sufficient generality
to be useful as a generic port placement plan. Modeling a
patient may involve several sub-steps, such as:

[0080] 1. acquiring patient-specific data for at least a por-
tion of patent’s body via such modalities as CT, MRI, and or
arterial angiograms;

[0081] 2. segmenting acquired data to distinguish organ,
bone, vessel and other tissue structures (may be automated,
manual or a combination of these);

[0082] 3. reconstructing segmented, acquired data to con-
struct a 3D model for at least a portion of patent’s body.
Optionally, such a model may include additional overlaid
patient data, a body cavity insufflation space model, and/or
the like.

[0083] Step 8: Defining target criteria. Step 8 includes
defining one or more surgical target points (e.g., location in
the body of a particular intended tissue manipulation) and
target direction(s) in relation to patient model, (the direction
(s) most convenient for performing the surgical task, e.g.,
normal to an organ surface or a preferred direction relative to
an organ structure). Target directions may be different for
endoscope and each tool. A process model of the interven-
tional surgical procedure may be defined, specifying one or
more relevant surgical targets.

[0084] Step 9: Defining admissible port set. This step
involves defining a set of admissible ports for target and/or
surgical procedure in relation to patient model, includes the
entry point location and normal direction for each port. The
choice of the admissible locations set stems from the charac-
teristics of the intervention and/or anatomy of the patient, and
is meant to cover all possible entry points from which optimal
ports are to be chosen. Determining this set can either be done
empirically or automatically using specialized segmentation
algorithms.

[0085] Step 10: Determining feasible port set. This step
includes calculating port feasibility criteria for each admis-
sible port, testing port feasibility, and eliminating failed ports.
[0086] Step 11: Determining optimized multiple-port com-
bination. Step 11 may include applying an optimization algo-
rithm to calculated optimization criteria for all feasible port
combinations of the total arm number (e.g., all feasible 3-port
combinations or triplets). Step 11 may also include adding
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more ports than arms for surgeon assistance (e.g. cardiac
stabilizer). The total number of ports is often referred to as
n-tuplet. Several ports may be chosen for the same arm (e.g.
two different non-simultaneous positions of the endoscope).
Alternatively, step 11 may include pre-selecting an endo-
scope port, and then optimizing other ports by considering all
combinations of remaining feasible ports (in example below,
remaining feasible port pairs), as in the following sub-steps:
[0087] 1. optimizing endoscope port., e.g., selecting port
for port-to-target path close to target direction;

[0088] 2. optional port pair feasibility criteria, e.g., elimi-
nating port pairs with less than a minimum port surface sepa-
ration, to simplify optimization by avoiding highly probable
internal and external collisions, and/or aberrant ports with
regard to dexterity and/or visibility; and

[0089] 3. optimizing tool(s) and/or endoscope(s) combina-
tions. For 1 endoscope+2 tools, each combination is com-
monly referred to as a triplet. More generally, for 1 endo-
scope+n-1 tools, each combination is referred to as an
n-tuplet. Note that the combination may include more than
one endoscope, or an integrated multifunctional endoscope/
tool. This step may include, for example., calculating the
optimization criteria for each port combination; calculating
cost function value; ranking the n-tuplet by cost function
value; and selecting the n-tuplet which has the best cost
function value.

[0090] Step 12: Determining an advantageous robotic sys-
tem pre-surgical set-up configuration. Although the robotic
system pre-surgical set-up position(s) may be determined
empirically, preferably optimization methods are employed
according to the principals of the invention. This may include
determining positions for a portion or all of the “passive”
flexibility degrees of freedom (dofs) of the system (i.e., “pas-
sive” in the sense of fixed during surgical treatment manipu-
lation), including the base support position(s), base support
orientation(s), set-up joint position(s), and the like. Note that
different robotic surgical systems vary considerably in the
number of passive pre-surgical set-up dofs. An exemplary
process (e.g., probabilistic and gradient descent) may
include:

[0091] 1. defining a set of constraints on the system based
on port location and/or trajectory modeling the intervention;
[0092] 2. defining a cost function based on a measure of
goodness including, e.g., separation between the arms; sepa-
ration from obstacles; maximizing dexterity and/or maneu-
verability at the end effector(s);

[0093] 3. running probabilistic optimization to get a set of
admissible (constraints realized) solutions (position/orienta-
tion of the base and/or values for set-up joints); and/or
[0094] 4. running gradient descent optimization from the
above initial solutions to optimize measure of goodness.

[0095] Step 13: Performing validation. The validation step
involves applying the predictive model of expected surgeon-
commanded operational instrument movements for a surgical
procedure during manipulations at a surgical target site within
the body. (e.g., the range of motions of instrument end effec-
tor, wrist and shaft within the body cavity relative to the body
model; the range of motions of robotic arms outside the body
relative to system model and/or body model). Collision pre-
diction algorithms are also applied to determine if collisions
will occur.

[0096] Step 14: Re-selecting ports based on validation. If
port placements and/or robot positioning fail the validation
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step, the port/positioning combination is rejected and steps 11
through 13 are repeated to choose new port placement loca-
tions and/or robot positions.

[0097] Step 15: Simulating surgical procedure. Step 15
involves performing interactive surgery rehearsal by the sur-
geon, including surgeon inputs for simulated robotic manipu-
lations, applying collision prediction algorithms, and/or
inputting surgeon subjective assessment of effectiveness.
[0098] Step 16: Re-selecting ports based on simulation. If
simulation is unsatisfactory, port placements and/or robot
positioning may be rejected and steps 11 through 15 may be
repeated to select and validate new placements and/or posi-
tions. Optionally, if simulation is unsatisfactory, the surgeon
may fix one or more of current ports, and/or pre-select one or
more ports, based on simulation/rehearsal experience (e.g., A
desirable tool or endoscope port), and repeat steps 11-15 to
re-optimize with reduced feasible port set.

[0099] Step 17: Recording and analyzing simulation data.
Recorded simulation history and computer data, including
surgeon inputs, tool motions and robotic arm movements,
may be used to refine models, optimization criteria, feasibil-
ity criteria and/or cost function terms.

[0100] Step 18: Repeating steps 8-17 for additional targets.
For complex or multi-site procedures, planning steps may be
repeated for all necessary surgical targets.

[0101] Step 19: Determining multi-target optimized
robotic system base support position.

[0102] Optionally, method steps may be employed to opti-
mize the base position of a robotic system to permit advanta-
geous access to all targets. Preferably, the robotic system base
support(s) are pre-positioned so that the multi-target proce-
dure may be performed with no re-positioning of base support
OF

[0103] Step 20: Multi-target port optimization. Optionally,
method steps may be used to re-optimize port triplets to use
particular ports for more than one target (minimize total num-
ber of ports and reduce set up time when accessing multiple
targets).

[0104] Step 21: Transferring and registering planning
results to patient body and surgical system. For both robotic
and non-robotic surgical procedures, the results of planning
are transferred to the patient. The model of the planned pro-
cedure may be registered to the patient’s body in the operating
room. Transfer and registration may include the marking of
port locations, and reproducing the planned initial positions
and alignment of the instruments and/or robotic arms. For
example, the following sub-steps may be used:

[0105] 1. selecting common reference point(s) and/or
directional bearing for patient on operating table and for
models (robotic and patient models);

[0106] 2. superimposing alignment of models to patient
coordinates;
[0107] 3. aligning the robotic system to the reference point

(s) and bearings;

[0108] 4. determining actual port locations based on model
relative to patient coordinates; and

[0109] 5.making incisions at determined port locations for
instrument insertion.

[0110] Optionally, a robotic control system, joint position
sensors and encoders may be employed to effect a transfor-
mation from patient reference coordinates to joint-space
coordinates for the robotic system. In one embodiment, for
example, a robotic arm may be positioned to touch one or
more reference point(s) on the body surface. Robotic system
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coordinates may then be defined relative to the body reference
point(s). Finally, joint position sensors may monitor the arm
motions relative to the body reference point(s), to direct and/
or confirm setup arm positioning according to the optimized
procedure plan, and to direct and/or confirm instrument ori-
entation and tip location to touch the body surface at a mod-
eled port location and orientation.

[0111] Step 22: Collision detection during surgical proce-
dure. Optionally, the collision prediction/detection algo-
rithms may be applied to real-time robotic arm and instru-
ment positions and orientations to predict, warn of, and/or
avoid collisions during the procedure.

[0112] Step 23: Recording and analyzing operational data.
Recorded procedure history and computer data, including
surgeon inputs, tool motions and robotic arm movements,
may be used to refine models, optimization criteria, feasibil-
ity criteria and/or cost function terms. The robotic surgical
system may be provided with an Application Program Inter-
face (API), or the equivalent, in communication with the
robotic control system and/or endoscope imaging system, to
permit recordation during the course of a surgical procedure
(and/or real-time analysis) of sensor signals, encoder signals,
motions, torques, power levels, rates, input commands, endo-
scope display images, and the like.

[0113] While the above is a complete description of exem-
plary embodiments of the invention, various alternatives,
modifications and equivalents may be used. For example,
various steps or stages in any of the above methods may be
combined. For example, in one embodiment the planning and
validation steps may be combined. In other embodiments,
steps may be added or eliminated.

[0114] As described variously above, methods and appara-
tus of the present invention are not limited to robotic surgery,
but may be applied to laparoscopic, minimally invasive, or
other types of surgery. Furthermore, the present invention is
not limited to any particular type or category of surgical
procedure. Examples of surgical procedures (including vet-
erinary surgical procedures) in which embodiments of the
invention may be used include, but are not limited to robotic
and non-robotic thoracic, abdominal, neurological, orthope-
dic, gynecological, urological surgical procedures, and/or the
like. The surgical instruments and instrument combinations
employed may include more than one endoscope, or may
include an integrated multifunctional endoscope/tool. Like-
wise the instrument combinations may include interventional
instruments used with or monitored by other modalities of
medical imagery instead of, or in addition to, visual endos-
copy, e.g., ultrasound, real-time MR, CT, fluoroscopy, and
the like

[0115] When applied to robotic surgery, embodiments hav-
ing aspects of the invention are not limited to any particular
make or type of robotic surgical system. Thus, methods and
apparatus according to the principles of the invention may
include robotic systems having more or fewer than three
robotic arms, surgical procedures employing two or more
cooperative robotic systems, robotic surgical systems co-op-
erated by two or more surgeons simultaneously, or the like.
Embodiments having aspects of the invention may include
surgical systems having passive center-of-motion robotic
manipulators, computed center-of-motion robotic manipula-
tors, and/or mechanically constrained remote center-of-mo-
tion robotic manipulators, and the like. Models of robotic
systems employed in simulation and planning steps may
include modeling of active manipulator links and joints
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(servo-operated and passively responding joints which move
during tissue treatment operation). Robotic arm models may
also include base support links and joints (set up or pre-
positioning arms fixed during tissue treatment operation).
Multiple-arm robotic systems employed in embodiments
having aspects of the invention may include a plurality of
robotic arms may have a single integrated support base (e.g.,
amulti-arm cart-type support base), or each arm may have an
individual base (e.g., wherein each robotic arm is individually
clamped to an operating table structure or rail), or combina-
tions of these.

[0116] Additionally, the present invention is not limited to
surgical procedures on a human patient or animal patient, but
may be employed in a variety of non-surgical or quasi-surgi-
cal procedures and operations. The principles of the invention
are particularly suitable to operations usefully performed by
remotely operated or robotic tools, where substantially simi-
lar modeling, planning and simulation methods are useful.
Examples include operations on a defined target volume, such
as deactivation of a suspected explosive device; remote
inspection and operations within a container, vehicle, or the
like; underwater operations; and rescue operations in a col-
lapsed structures, mine and the like. In non-surgical and
quasi-surgical target volumes, the modeling of the target vol-
ume may optionally be based, at least in part, on archival data,
such as engineering data, architectural data, CAD file inputs,
and the like, as well as a variety of different actively acquired
data modalities.

[0117] Therefore, the above description should notbe taken
as limiting the scope of the invention which is defined by the
appended claims.

1. (canceled)
2. An apparatus comprising:
a processor configured to execute instructions for:
identifying a plurality of candidate arrangements for a
plurality of robotic arms, each candidate arrangement
defining the positions of a plurality of entry points for
inserting the plurality of robotic arms into a patient;

for each of the plurality of candidate arrangements, com-
puting at least one attack angle between a preferred
attack direction to a target point and a line from an entry
point for the robotic arm defined by the candidate
arrangement to the target point; and

selecting a preferred candidate arrangement from the plu-

rality of candidate arrangements based on the preferred
candidate arrangement having a lower attack angle.

3. The apparatus of claim 2, the processor further config-
ured to execute instructions for:

determining whether any one of the plurality of robotic

arms may collide with another one of the plurality of
robotic arms during a surgical procedure; and

selecting the preferred candidate arrangement further

based on the result of the determining.

4. The apparatus of claim 3, the processor configured to
execute the instructions for selecting the preferred candidate
arrangement further based on the result of the determining by,
if one of the plurality of candidate arrangements is deter-
mined to result in a collision during the surgical procedure,
excluding such candidate arrangement from consideration as
the preferred candidate arrangement.

5. The apparatus of claim 3, the processor configured to
execute the instructions for the determining by allowing the
surgeon to manipulate the plurality of robotic arms to perform
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the surgical procedure while viewing a virtual image of a
target area of the surgical procedure.
6. The apparatus of claim 2, the processor configured to
execute the instructions for the selecting by assigning a
weight to the at least one attack angle of each candidate
arrangement and optimizing a function comprising the
weighted attack angle.
7. The apparatus of claim 2, each of the plurality of candi-
date arrangements defining set-up positions for the plurality
of robotic arms.
8. The apparatus of claim 7, wherein the set-up positions
for each of the plurality of candidate arrangements is ran-
domly drawn from corresponding articular spaces of the plu-
rality of robotic arms.
9. The apparatus of claim 3, the processor configured to
execute the instructions for the determining by executing an
interference detection algorithm configured to test sweep a
volume covered by the plurality of robotic arms to detect a
possibility of collision between any two or more of the plu-
rality of robotic arms during the surgical procedure.
10. An apparatus comprising:
a processor configured to execute instructions for:
identifying a plurality of candidate arrangements for a
plurality of robotic arms, each candidate arrangement
defining the positions of a plurality of entry points for
inserting the plurality of robotic arms into a patient;

for each of the plurality of candidate arrangements, deter-
mining whether or not one or more of the plurality of
robotic arms is unable to be manipulated as required to
perform a surgical procedure; and

selecting a preferred candidate arrangement from the plu-

rality of candidate arrangements based on the result of
the determining.

11. The apparatus of claim 10, wherein one of the plurality
of robotic arms is determined to be unable to be manipulated
as required to perform the surgical procedure if the robotic
arm is commanded to exceed its mechanical range of motion
during the surgical procedure.
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12. The apparatus of claim 10, the processor further con-
figured to execute instructions for simulating the surgical
procedure using information of a target area in which the
surgical procedure is to be performed within a patient, and
information mechanically characterizing the plurality of
robotic arms to determine whether or not one or more of the
plurality of robotic arms is unable to be manipulated as
required to perform the surgical procedure.
13. An apparatus comprising:
a processor configured to execute instructions for:
identifying a plurality of candidate arrangements for a
plurality of robotic arms, each candidate arrangement
defining the positions of a plurality of entry points for
inserting the plurality of robotic arms into a patient;

for each of the plurality of candidate arrangements, com-
puting at least one parameter selected from the group
consisting of: a tool-to-target attack angle, a dexterity
parameter, a tool-to-endoscope angle, port-to-port sepa-
ration distance; and

selecting a preferred candidate arrangement from the plu-

rality of candidate arrangements based on the preferred
candidate arrangement corresponding to the at least one
parameter being optimized.
14. An apparatus comprising;
a processor configured to execute instructions for:
identifying a plurality of candidate arrangements for at
least three robotic arms, each candidate arrangement
defining the positions of a plurality of entry points for
inserting the at least three robotic arms into a patient;

for each of the plurality of candidate arrangements, com-
puting a symmetry of two of said at least three robotic
arms about a third of said at least three robotic arms; and

selecting a preferred candidate arrangement from the plu-
rality of candidate arrangements based on the preferred
candidate arrangement corresponding to said symmetry
being optimized.
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