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(57) Abstract

A patient is automatically accurately posi-
tioned relative to a fixed reference of a treat-
ment/diagnostic device by an optical system which
operates a patient positioning assembly to bring
fiducials or skin markers on the patient into co-
incidence with impigement points of laser beams
projected in a fixed pattern relative to the device.
Cameras record images of the fiducials and laser
impingement points from which alignment error
and velocity error in pixel space are determined.
The velocity error in pixel space is converted to a
velocity error in room space by the inverse of an
Image Jacobian. The Image Jacobian is initially
derived using rough values for system parameters
and is continuously updated and refined using the
calculated errors in pixel space derived from the
camera images and errors in room space derived
from position encoders on the treatment/diagnostic
device.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG
BJ
BR
BY
CA
CF
CG
CH
CI
CM
CN
cu
Ccz
DE
DK
EE

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus
Canada

Central African Republic
Congo
Switzerland
Cote d'Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
FI

=REE

LK
LR

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Israel

Iceland

Tealy

Japan

Kenya
Kyrgyzstan
Democratic People’s
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LY

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI

SK
SN
Sz
™

$37223

UG
Us
UZ

YU
w

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




10

15

20

WO 98/04194 PCT/US97/13366

-1 -

APPARATUS FOR AUTOMATICALLY POSITIONING
A PATIENT FOR TREATMENT/DIAGNOSES

BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to an apparatus for automatically positioning a
patient reclining on a movable couch assembly‘ relative to treatment/diagnoses
equipment, such as radiation therapy equipment
Background Information

In conformal radiation therapy, a beam of high energy radiation is
directed at a tumor from different angles to maximize irradiation of the tumor while
minimizing the exposure of surrounding healthy tissue. Both the couch on which the
patient reclines and the linear accelerator which delivers the beam of radiation are
moved to generate the multiple treatment beams.

Prior to treatment with the high energy beam, a simulation is performed
on a similar machine using low level radiation in order to establish a repeatable
relationship between the location of the tumor and a reference frame of the machine.
In order to assure that the same relationship is repeated on the treatment machine, an
optical system is used to establish the orientation of the patient relative to the machine
frame of reference. This has been accomplished by the use of three laser beams
projected in a common reference plane and intersecting at the machine isocenter. The
machine isocenter is the point through which the radiation beam passes for all positions
of the linear accelerator. Typically, two of the beams are directed horizontally in

opposite directions and the third beam is directed vertically downward from the ceiling.
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For establishing patient position, the couch assembly is positioned so that
this treatment plane passes thorough the treatment site. For example, for a tumor in
the chest, the couch is positioned so that with the patient supine, the treatment plane
passes transversely through the chest and the three laser beams will impinge upon the
anterior and each side of the patient’s chest. Skin markers or fiducials are applied to
the patient at the points where the three laser beams impinge. When the patient is then
transferred to the treatment machine and is placed in roughly the same position relative
to the treatment plane, errors in placement will be indicated by the distance between
the skin markers or fiducials and the laser markers or points where the laser beams
impinge upon the patient. Currently, a technician manually jogs the couch assembly,
and perhaps adjusts patient position on the couch, until the fiducials are coincident with
the points of impingement of the laser beams. This requires coordination of
movements in the 4 degrees of freedom of the couch assembly which requires dexterity
and is time consuming. It also limits the ability to treat multiple tumors or diffuse
pathologies which required multiple patient alignments,

In complex conformal radiation therapy, the treatment site is positioned
at a virtual isocenter displaced along the radiation beam from the true isocenter. This
further complicates moving the couch assembly in its four degrees of freedom in order
to bring the three fiducials into coincidence with the impingement points of the laser

~beams. This alignment of the patient must be repeated precisely when multiple
treatments are performed.

There are known robot positioning systems being developed in
laboratories which are controlled by video cameras. Typically, these systems require
a precise knowledge of a large number of system parameters. Such systems are not
only difficult to set up, but any change in the components, even the exchange of a
camera for an identical model, requires recalibration. F urthermore, disturbance of the
system such as an inadvertent bumping of a component can require recalibration.

There is a need therefore for apparatus for automatically positioning a
patient relative to treatment/diagnoses devices.

There is need for such apparatus which can rapidly and accurately
position the patient, and do so without uncomfortable or erratic movements. There is

an additional need for such apparatus which does not require precise measurement of
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positioning system parameters and which does not require recalibration when any of
the components are changed or accidently disturbed.
S ARY OF THE INVENTION

These needs and others are satisfied by the invention which is directed
to apparatus for automatically, accurately positioning a patient reclining on a moveable
patient positioning assembly to a fixed base position relative to a fixed reference point
of a treatment/diagnostic device. The apparatus includes a plurality of spaced apart
fiducials arranged on the patient. These fiducials or skin markers can be artificially
applied marks or naturally occurring identifiable markings on the patient’s skin. Laser
beam generator means generates a plurality of laser beams projected in different
directions relative to the fixed reference point to impinge on the patient at impingement
points which coincide with the fiducials when the patient is at the fixed base position.
Camera means generate images of the fiducials and the impingement points. Means
for generating control signals from the camera images drive the moveable patient
positioning assembly to bring the fiducials into coincidence with the impingement
points, thereby positioning the patient at the fixed base position. Preferably, the laser
beam generator means comprises means generating three laser beams orthogonally
projected in the treatment plane of the machine to intersect at the machine’s isocenter.
These may be a pair of opposed horizontal beams and a beam projected vertically
downward. In this case, three fiducials are arranged on the patient to be coincident
with the impingement points of the laser beams on the patient when in the base
position.

Where the patient positioning assembly is unable to rotate the supine
patient about a longitudinal axis or tilt the patient about a lateral axis so that the patient
positioning assembly only has four degrees of freedom, two laser beam generators
generating two non-parallel beams, two fiducials and two cameras are adequate to
uniquely position the patient.

Preferably, the means generating the control signals from the images
produced by the cameras comprises means generating signals representing positions of
the fiducials and impingement points in two-dimensional pixel space, and means
generating the control signals in three-dimensional room space from signals in pixel
space, including means applying conversion means converting signals in pixel space to

signals in room space. In addition, means are provided for continuously updating or



10

15

20

25

30

WO 98/04194 PCT/US97/13366

-4 -

refining the conversion means. This includes means establishing a last approximate
conversion means, means setting the patient positioning assembly in motion, means
repetitively determining present position error of the fiducials relative to the laser
impingement points in pixel space at specified sample times, means repetitively
determining a present position error between the fiducials and the laser impingement
points in room space at the sample times, and means updating the conversion means
from the present position error in pixel space and the present position error in room
space. The means generating control signals from the images includes means
repetitively generating a velocity error signal in pixel space from the position signals
in pixel space and the conversion means comprises velocity conversion means
converting the velocity error signal in pixel space to a velocity error signal in room
space for controlling driving the patient positioning assembly to bring the fiducials into
coincidence with the impingement points.

The means continuously refining the conversion means comprises means
establishing a rough initial value of the conversion means, means repetitively
determining a present position error in the fiducials relative to the laser impingement
points in pixel space from the images of the fiducials and the impingement points,
means repetitively determining a present position error between the fiducials and the
laser impingement points in room space from the output of position encoders on the
patient positioning assembly, and means updating the conversion means from the
present position error in pixel space and the present position error in room space.

The conversion means comprises means applying an inverse of an Image
Jacobian to the velocity error signal in pixel space to generate a velocity error signal
in room space for driving the patient positioning assembly. The means continuously
refining the conversion means comprises means repetitively at the sampling intervals
updating the Image Jacobian according to a specified relationship. This arrangement
requires no detailed calibration of the cameras as in the prior art which required perfect
knowledge of the position of the cameras and accurate knowledge of their parameters
such as for instance, focal length.

BRIEF DESCRIPTION OF THE DRAWINGS

A full understanding of the invention can be gained from the following

description of the preferred embodiments when read in conjunction with the

accompanying drawings in which:
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Figure 1 is an isometric view of an arrangement for performing dynamic
conformal radiation therapy utilizing the invention.

Figure 2 is a schematic diagram illustrating the generation of camera
images in accordance with the invention.

Figure 2a is a plan view illustrating the location of markers used to
position a patient in accordance with the invention.

Figure 3 is a schematic diagram of a feedback control loop in accordance
with an illustrated embodiment of the invention.

Figures 4 - 16 are flow charts of software routines which form part of
the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Figure 1 illustrates apparatus 1 for implementing the invention. This
apparatus 1 includes a machine 3 having a gantry 5 pivotally mounted on a machine
base 7 for rotation about a horizontal axis 9. The gantry 5 has a first arm 11 carrying
a collimator 13 which directs a beam of high energy radiation 15 such as a beam of
high energy photons along a path which is perpendicular to and passes through an
extension of the axis of rotation 9. This intersection is referred to as the isocenter 17.
In some machines, a portal imager 19 is mounted on a second arm 21 on the opposite
end of the gantry in alignment with the radiation beam 15. The portal imager 21
records radiation which is not absorbed by the patient.

The isocenter 17 serves as the origin of a coordinate system for room
space. As can be seen, the X axis coincides with the axis of rotation 9 of the gantry.
Thus, as the gantry rotates it defines a plane of treatment containing the Y and Z axes.

The machine 3 further includes a patient positioning assembly 23 which
includes a couch 25 mounted on a support 27 for vertical, lateral and longitudinal
movement relative to the support. The support is mounted on a turn table 29 which
has its axis 31 vertically aligned under the isocenter 17 and concentric with the Z axis.
With this arrangement, the patient positioning assembly 23 has four degrees of
freedom: in the X, Y and Z axes of room space and rotation about the z axis. Thus,
the patient is not rotated about the longitudinal axis of the couch or tilted about a
horizontal axis extending transversely through the couch. However, with the addition
of rotation of the gantry in the Y-Z treatment plane, the radiation beam 15 can be

directed through a patient reclining on the couch 25 in any desired direction. A
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computer 33 controls movement of the patient positioning assembly 23, in a manner
to be described, to align the patient at a fixed base position relative to a machine
reference point which is typically the isocenter 17.

In practicing conformal radiation therapy, the patient is placed on the
couch 25 of a similar machine which generates a low energy beam such as an x-ray
beam for establishing the progression of high energy treatment beams to be used. In
order to precisely align the patient on a treatment machine in the same orientation as
on the low level simulation machine, an optical alignment system 35 is used. This

system includes a plurality of laser beam generators, in the illustrative case three laser

beam generators 37,, 37,, and 37, mounted at fixed positions within the treatment
room. In the example, the laser beam generators 37 , 37, and 37, project laser

beams 39,, 39,, and 39, in a common reference plane 41 which is coincident with the
Y - Z treatment plane of the machine 3 and which all intersect at the isocenter 17.

As shown in Figure 2, the laser beams 39, , 39,, and 39, impinge upon

a patient 43 supine upon the couch 25 at three impingement points 45,, 45,, and45,

as shown in Figure 2a. These impingement points or laser markers are in the form of

cross-hairs in the illustrative embodiment of the invention. Skin markers such as
fiducials 47,, 47,, and 47, are placed on the patient at the impingement points, which
in the example, are on the anterior and each side of the chest. These three fiducials
or skin markers remain on the patient throughout the treatment course, and are used
to precisely align the patient on the treatment machine in the same orientation as on the
simulation machine, and for successive treatments. In order to bring the patient into

proper alignment, the patient positioning assembly 23 is moved in its four degrees of
freedom as necessary to drive the fiducials 47,, 47,, and 47,, and the corresponding
impingement points 45,, 45,, and 45, into coincidence.

In accordance with the invention, this alignment of the patient is

performed automatically. To this end, the optical alignment system 35 further includes

three video cameras, 49,, 49,, and 49, mounted adjacent associated laser beam
generators 37,, 37,, and 37, and aligned to generate images 51 » 31,, and 51, of the

respective impingement points 45, 45, , and 45, and the corresponding fiducials 47,47,
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and 47,. These images are generated in pixel space as shown in Figure 2. Pixel space

is the two-dimensional space of the plane of the camera image, so called because of the
pixels which generate the image. The images of the impingement points and fiducials
are used in a proportional control scheme to generate the desired motion of the patient
positioning assembly 23 so as to gradually reduce the position error of all three
fiducials to zero. This control scheme includes the generation and use of an Image
Jacobian which is a matrix relating velocities of feature points in room space to
velocities of the corresponding feature points in pixel space. The control signal
generated for room space is then converted to joint motor input signals using existing
patient positioning assembly control hardware. The corrective action, starting with the
camera images and ending in patient positioning assembly motion, is repeated at a
frame rate which in the example is 30 Hz until all three fiducials have negligible error.
In other words, until the patient is well aligned. Alignments with this system can be

made accurately to within about a millimeter or better.

Each of the cameras 49,, 49,, and 49, generates a two-dimensional
image of one of the fiducials 47, 47,, 47, and the corresponding laser impingement

point 45,, 45,, and 45,. Each of these images 51,, 51,, and 51, is generated in a

different two-dimensional plane. These locations are transformed into a camera pixel

- space frame of reference. For instance, the location of the first laser impingement

point 45, in pixel space is represented by an X coordinate p,;, and a Z coordinatep,,,

as indicated in Figure 2 where a convention has been selected in which the X

coordinate is represented by a 1 in the last subscript and the Z coordinant by a 2.

Similarly, the fiducial or skin marker seen by the first camera 47, is located at the
point P, having the coordinates p;, and p,, in the X - Z plane of the camera 49, .
The images 51, generated by the second camera 49, for the second laser impingement
point 45, and the second fiducial 47, are represented by the points p, and p,,
respectively in the X and Y plane. Also, the images 51, of the third impingement
point 45; and fiducial 47, seen by the third camera 49, are identified as the points p,

and p_, having X and Z coordinates.
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A schematic diagram of the alignment control scheme 53 is illustrated
in Figure 3. The three camera 49, - 49, generate images of the three sets of fiducials

and laser impingement points. A feature extraction computer 55 digitizes the signals

from the cameras and extracts the two-dimensional locations of the fiducials and laser

impingement points in pixel space. This computer provides as an output the following
six-dimensional vectors p, and P, representing the locations of the laser impingement

points and skin markers or fiducials respectively in pixel space:

Py =[Py Py, Py Py, Py, Py,| €R® Eq. 1

P, =[Py Py, Py Py, Py, P €R® Eq. 2
Since as mentioned the patient positioning assembly 23 only has 4 degrees of freedom,
the six- dimensional vectors E, and p_ can be reduced to four-dimensional vectorsp,
and p,. In determining which of the terms of equations 1 and 2 can be eliminated, it

will be observed from Figures | and 2 that since the three fiducials 47, - 47, or skin
markers on the patient define a plane, and since the patient positioning assembly 23
cannot rotate about the Y axis, alignment of the two side fiducials 47 , - 47, inthe X

direction necessarily aligns the third fiducial 47, in the X direction. Therefore, the

term p,, can be eliminated from equation 2 and the corresponding term Py can be
eliminated from equation 1. Also, since the patient positioning assembly 23 cannot
rotate the patient about the X axis, the Z dimension of the side fiducials, 47, and47,
change by the same amount when the couch is raised or lowered and therefore
movement of only one in the Z direction needs to be controlled. While either of the

term p,, or p ., could be eliminated, the latter has been eliminated in the illustrative

system along with the corresponding term P,.

Thus, the six-dimensional vectors of equations | and 2 are reduced to

the following four-dimensional vectors by a dimension reduction filter 57.
Py =[Py Py Py Pm]ER4 Eq. 3

Ps = [P:U Ple PSZZ Ps31 ] €R* Eq 4
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These four-dimensional vectors p, and p, representing the positions of
the fiducials and laser impingement points, respectively, in pixel space are subtracted
at 59 to determine the position error € (f) in pixel space. Proportional control

represented by the gain K, is applied to this position error at 61 to generate a
command velocity x *(¢) in pixel space as follows:
() = K@) Eq. 5
where K is a 4x4 matrix of the proportional error gain.
The command velocity X °(¢) in pixel space is converted to a command

velocity ©'(#) in room space through a conversion mechanism 63 which is a 4x4

matrix known as the inverse of the Image Jacobian G. The command velocityé'(t)

in room space is a four dimensional vector which is applied to the motor control 65 of
the patient positioning assembly 23. In the illustrative patient positioning assembly,
the motor control 65 is a velocity control which controls the joint motors of the
positioning assembly to drive the fiducials toward coincidence with the laser
impingement points.

As mentioned, the Image Jacobian G can be generated by explicit
computation which requires accurate calibration of the camera and surrounding
environment, a procedure involving accurate determination of dozens of parameters.
In accordance with the invention, G is obtained by on-line estimation in a G estimator
67 using input-output errors. As will be discussed in more detail below, G is

continuously updated by incrementally adjusting the last value of the matrix . This is

accomplished using the fiducial position error in pixel space e(f) from laser
impingement point position in pixel space p, and fiducial position in pixel space p_,
and position error in room space 6(f) derived from the output of position encoders 69
on the patient positioning assembly 23. The encoder outputs are used to generate the
predicted positions of g, and g, of the laser beam impingement points and the fiducials
in room space. The vector g, and q, are generated by approximating the locations of

the three fiducials relative to the table using average values for the size of the patients

and the normal positioning of the patient on the couch. Knowing the table location
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(X, Y, Z, 8) in room space, the locations of the fiducials 47,,47,and 47, in room

space can be calculated as:

aﬂ: [qslx qsly qslz] Eq 6
6:2': [q.st qﬁy qﬂz] Eq 7
a.s3 = [qs:!x qs3y quz] Eq 8

Some of the components of these vectors do not have to be considered explicitly. For

example, as can be understood from reference to Figures 2 and 2a, the camera 49, can
only determine the X and Z components of the fiducial 47, and does not observe the
Y component. Thus, g, is not controllable. Similarly, the camera 49, can not
observe the Z position of the fiducial 47, and the camera 49, cannot see the Y

position of the fiducial 47, and therefore these terms are also uncontrollable.
Eliminating these terms and combining equations 6 through 8, we get:
a.s= [qslx qslz q.s'Zx quy qs}x qs.?z] Eq 9

In a similar manner, the positions of the laser markers or impingement points45, 4

are:
a,= lay, dity Qi) Eq. 10
4= 9, 9y 92 Eq. 11
9n= [, 95, 93,) Eq. 12

For the reasons discussed above, the elements é'uy, qp, @nd q,,, and

Equations 10-12 are unobservable. Dropping these elements and combining equations
10-12 yields:

9= 9y, 9, 90 Diy 9i3x Azl Eq. 13

As discussed above, the patient positioning assembly 23 only has 4° of

freedom and hence the six-dimensional vectors of Equation 9 and 13 can be reduced

to four-dimensional vectors by the elimination of the terms 9e2r 9s3p i aNd gy, for

the same reasons discussed in connection with the reduction of the vectors for fiducial

and impingement point positions in pixel space discussed above. Thus, the four-
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dimensional vectors representing the positions of the fiducials and impingement points

in room space become:
Il U R N Eq. 14
9= 9, 91, 9y 9] Eq. 15
It should be noted that since the laser beams 39, and 39, are projected
along the Y axis of room space and the beam 39, is projected along the Z axis, that

all of the elements of g, in Equation 15 will be zeros in the exemplary embodiment of

the invention.
The G estimator 67 also utilizes several constants indicated at 71 as

including a matrix W which is a weighing factor controlling the rate of convergence

of the position of the fiducials to the position of the laser impingement points, a factorp

known as a "forgetting factor" which determines the relative weight of past calculations

of G, rough values of the focal lengths of the cameras f, and the sampling interval At.
The sampling interval as indicated above is 30 Hz in the illustrative system.

While the Image Jacobian G can be derived solely from the relevant
parameters, it 1S appropriate to provide an initial value to reduce the time required to
obtain a refined value and to smooth the initial movements of the patient positioning
assembly 23. However, only a rough estimation of the needed parameters is required.
The quality of this initial approximation affects only the speed of convergence of the
apparatus and only the first time, since afterwards the last best estimate made is reused

and refined. These initial parameters include the following:

(i) Focal lengths of the three cameras (m):
foo for S5

(ii) Pixel sizes of the three cameras (m):
Spes 81 S55 S50 (85,5 Sa)

(iii) Positions of fiducials in camera space (m):

[°X, Y, 2], [°X;°Y, 2,0, [ °X; Y, °Z)]
@iv) Positions of fiducials in room space (m):

[ Txl TYI Tle » [ TXz TYz r22] o [ Txa TYa ng]



WO 98/04194 PCT/US97/13366
- 12 -

Using these parameters, the positions of the skin markers or fiducials in

pixel space are determined as follows:

. CX . CZ
Camera 49;: X;, = —(ﬁ—c——’—) s Zg, = (f'—c—’) Eq. 16
S "Y) O )
¢ ¢
Camera 49,: X, = g_z_c___z)_ o -(fz—c—l)- Eq. 17
(Sy 7 Xy) Sy "2y
. Cy . C7z
5 Camera 49,: X, = @—C-l)- » Ly = 0—3—6—3) Eq. 18
Sy "Xy Sy "Y3)

The elements of the Image Jacobian Matrix G are then calculated as

follows:
G, = (1,18, YD) Eg. 19
Gp= '(XSJ/CYl) Eq. 20
10 G, =0 Eq. 21
X X, £ 7Y
G =% S C‘} Eq. 22
Y, Sy Y
G, =0 Eg. 23
Gy =-(ZglY) Eq. 24
Gy= (/S CYI) Eq. 25
Zgy X,
15 G,= -[ oy Eq. 26
G, =0 Eq. 27
Gy= (RS, z) Eq. 28

Gy= -(Yy Z) Eq. 29
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Ty
G,, =(f2 = Eq. 30
Sy "4y
G, =(f/Ssy V) Eq. 31
G, = (X5 Yy Eq. 32
G,,=0 Eq. 33
XX, f-7Y
G, =- ssc 3+3C3] Eq. 34
Y, Syl
The Image Jacobian matrix G is then constructed as follows:
G, G Gy Gy
Gy Gy Gy Gy
G = Eq. 35
G3l G32 G33 G34
_G41 Gy Gy G44j

The alignment control scheme 53 is implemented by the computer 33
using the software which is illustrated in flow chart form in Figures 4 - 16. Figure 4

illustrates the main routine 9. This main routine includes determining the patient

alignment error as indicated at 100. If the error in the position of all of the fiducials47,

- 47, relative to the corresponding laser beam impingement points 45, - 45, is less

than a threshold value as determined at 200, then an output is generated at 400
informing the medical staff that the patient is aligned. Otherwise, the automatic optical
alignment routine 1s utilized at 300. The details of the routine 100 for determining the
patient alignment error are shown in Figure 5. An initialization routine which is
detailed in Figure 8 is performed at 110. The positions of the laser markers and
corresponding skin markers or fiducials are then calculated at 120 using the procedure
500 detailed in Figure 12. These marker positions are then used in block 130 to

calculate the error between the laser markers and skin markers in pixel space. The

alignment error in room space & is then calculated in 140 using the error € in pixel

space and the inverse of the Image Jacobian G !,
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Figure 6 illustrates the details of the block 200 in Figure 4 which

determines whether the alignment error in the room space has been reduced to the point

at which the patient is considered to be aligned. The amount of alignment error

8 sreshors that can be tolerated is specified at 210. The vector norms of & chreshots AN S

(calculated in block 140) are determined in block 220 and compared in block 230. A
exemplary value for the norm of &, ., .. is about | millimeter. If the calculated
position error is less than the threshold value then the alignment is completed at block
400 in Figure 1. Otherwise, automatic alignment is initiated at 300 in Figure 1.
Figure 7 illustrates the details of the block 300 of Figure 1. The
command velocity of the patient positioning assembly 23 in room space at each instant
t is repetitively determined at 310. The details of this calculation will be explained in
connection with Figure 9. The command velocity is then applied to the motor control
65 of the patient positioning assembly 23 at 320. The new position error §(¢) is then
determined at 330. The details of this determination are set forth in Figure 10. If the
vector norm of this new alignment error is small enough as determined at 340 in the
manner described in detail in connection with Figure 11, then the alignment is
completed and the routine returns to block 400 in Figure 1. Otherwise, the routine
returns to block 310 and the calculation of the command velocity is repeated at the next
time instant. This routine is repeated until the error is less than the threshold value.
The details of the initialization routine 110 of Figure 5 are shown in
Figure 8. As mentioned previously, the Image Jacobian G is continuously refined in
accordance with the invention. Rough values of the input parameters are used initially.
The patient positioning assembly 23 is then moved simultaneously in all four degrees
of freedom and the Image Jacobian G(f) is calculated repetitively, with each new
calculation compared with the previous calculation to determine an error. As the
calculation of G is refined the error is reduced until the error is less than a specified

value. Thereafter the Image Jacobian will be updated whenever the current value of G
differs from the previous value G(¢-1) by a specified amount.

In the routine 110 shown in Figure 8, « which is the desired threshold
value for the error G is specified at 111. The patient positioning assembly 23 is then

moved along all its degrees of freedom as indicated at 112 while the Image Jacobian G(#)
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is calculated at each instant t. The details of this routine 600 are explained in

connection with Figures 13 and 14. The Image Jacobian error E, is then determined

at 114 as the difference between the latest Image Jacobian and the most recent value.
The norm of this error in the Jacobian is then compared to the threshold at 115. If the
error is less than the threshold then the Image Jacobian is set to the latest value at 116.
Otherwise, the Image Jacobian is further refined by looping back to 113.

Figure 9 provides the details of block 310 in Figure 7 which generates

the command velocity for the patient positioning assembly 23 in room space. On initial
entry from block 200 from Figure 4 the inverted Image Jacobian matrix G ~'(¢) and the

position error in pixel space €(?) are obtained at 311. The maximum velocity for the
patient positioning assembly is then specified at 312 as a four-dimensional vector

representing the four degrees of freedom of the patient positioning assembly. The 4x4
positional gain matrix K, is also specified. Where the error between the latest Image

Jacobian and the previous Image Jacobian is not within limits (block 340) then the new
Image Jacobian is estimated at block 313 using the procedure 600 detailed in Figures
13 and 14 and inverted. In either case, the command velocity for the patient
positioning assembly in pixel space is calculated at 314 using the Equation 5 above.
This 1s converted to a command velocity in room space at 315 using the inverse of the
Image Jacobian. A check is made at 316 to assure that the command velocity does not
exceed the specified maximum velocity.

The details of the block 330 in Figure 7 for determining the new

alignment error is shown in Figure 10. New camera images are obtained at 331 and

used at 332 to determine the new position of the laser impingement points p, and
fiducials p; in pixel space. The current positions of laser impingement points g, and
fiducials ¢, in room space are also determined at 332 using machine encoder

information. The alignment error in room space &(f) is then calculated at 333.
Figure 11 shows the details of block 340 in Figure 7. The norm of the
alignment error in room space is calculated at 341 and compared to the threshold value
for alignment error in 342. If the error is less than or equal to the threshold value,
then the alignment is acceptable and the completion indication is output at block 400.

If not, another iteration is initiated by a return to block 310 in Figure 7.
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The procedure 500 for determining the position of the laser impingement
points and fiducials in pixel space is shown in Figure 12. For each camera, a template
is specified for the laser impingement point and the fiducial at 501. The digitized
image contained in the two markers is then obtained at 502 and used to determine the
coordinates in pixel space of the laser impingement point and the fiducial in 503. Each

of these points is defined by a two-dimensional vector. After these coordinates have
been determined for each of the cameras, the six-dimensional vectors p, and p_,
respectively, are determined in S04. The six-dimensional vectors are then converted
to four-dimensional vectors in block 505 in a manner discussed above.

Figures 13 and 14 illustrate the procedure 600 used to update the Image
Jacobian G. First, as shown at 601 the sample period At and W 4x4 weight matrix
are specified. For the exemplary 30 Hz repetition rate, Az is 33 msec. If as
determined at 602 a previous sample or pre-stored value of the Image Jacobian,
G(t-Ar) does not exist then a rough matrix is calculated at 603 using the procedure
700, the details of which are shown in Figure 15. Whichever way G(t-A?) is
established, the locations of the laser impingement points and fiducials in pixel space
at sample times t occurring at the intervals At are calculated at 604 using the
procedure 500 just described. The locations of the laser impingement points and the

fiducials in room space are then determined at 605 using the position of the patient

positioning assembly 23 in its 4 degrees of freedom from the position encoders and the

procedure 800 illustrated in Figure 16. The position error &(¢) in pixel space and the

error &(¢) in room space are then calculated in block 606 from the respective sets of
coordinates. Current velocity errors in pixel space and in room space are then

determined at block 607 from the differences between the current positions and the last
positions divided by the sample time At. Acceleration errors &(f) and §(¢) are also
calculated in block 607. The new Image Jacobian matrix G(¢) is calculated in block
609 as being equal to the last image Jacobian, G(t-Af) plus an incremental matrix.

This incremental matrix is determined as an acceleration error in pixel space&(r)

minus the prior Image Jacobian multiplied by a current acceleration error in room

space 8(t). The result which is a column vector is converted to a matrix by the
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transpose () multiplied by the weight matrix W. This is all then divided by a
quantity which includes the factor p plus the velocity error in room space§(f)

multiplied by the weighing matrix W and the transform ST(t). The p is a scalar

which is known as a forgetting factor. When p is set to 0 all previous calculations of G

except the last are forgotten. When p is set to [, all past calculations are retained.

The procedure 700 for constructing the initial Image Jacobian is shown

in Figure 15. The input data indicated above as items i - iv are specified at 701.
The positions of the fiducials in pixel space are then determined at 702 using the
equations 16-18 above. The elements of the Image Jacobian matrix are then calculated
using the equations 19-34 at 703. Equation 35 is then used at 704 to construct the
Image Jacobian matrix G.

Figure 16 illustrates the procedure 800 for determining the positions for
the fiducials or skin markers and the laser markers or impingement points in room
space. As indicated at 801 the readings of the joint encoders of the patient positioning
assembly are taken. These readings are used to calculate the coordinates of the
fiducials and laser impingement points at 802. The routine shown is generalized. In
the exemplary embodiment of the invention, as discussed above, the coordinates of the
laser impingement points are always all zeros, and therefore, need not be calculated.
The six-dimensional vectors calculated in 802 are reduced to four-dimensional vectors

in 803 in accordance with the procedure described above. These reduced dimensional

vectors are then stacked at 804 to generate the position of the fiducials g, and in the

general case laser markers q,, in room space.

While specific embodiments of the invention have been described in
detail, it will be appreciated by those skilled in the art that various modifications and
alternatives to those details could be developed in light of the overall teachings of the
disclosure. Accordingly, the particular arrangements disclosed are meant to be
illustrative only and not limiting as to the scope of invention which is to be given the

full breadth of the claims appended and any and all equivalents thereof.
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What is Claimed is:

1. Apparatus for automatically, accurately positioning a patient
reclining on a moveable patient positioning assembly to a fixed base position relative
to a fixed reference of a treatment/diagnostic device, said apparatus comprising:

a plurality of spaced apart fiducials arranged on said patient;

laser beam generator means for generating a plurality of laser
beams projected in different directions relative to said fixed reference to impinge on
the patient at impingement points which coincide with said fiducials when said patient
is at said fixed base position;

camera means for generating images of said fiducials and said
impingement points; and

means generating control signals from said images for driving
said moveable patient positioning assembly to bring said fiducials into coincidence with
said impingement points, thereby positioning said patient at said fixed base position.

2. The apparatus of Claim 1 wherein said plurality of fiducials
comprise three fiducials arranged on said patient in a common first plane and wherein
said laser beam generator means comprises means generating three laser beams
projected in different directions in a common reference plane.

3. The apparatus of Claim 2 wherein said treatment/diagnosis
device has a treatment plane and wherein said common reference plane is coincident
with said treatment plane.

4. The apparatus of Claim | wherein said means generating control
signals from said images control signals comprises means generating signals in pixel
space of said camera means including position signals representative of positions of

said fiducials and said laser impingement points in pixel space and means generating
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control signals in room space from said signals in pixel space including means applying

conversion means converting signals in pixel space to signals in room space.

5. The apparatus of Claim 4 wherein said means applying
conversion means comprises means continuously refining said conversion means.

6. The apparatus of Claim 5 wherein said means continuously
refining said conversion means comprises means establishing a last conversion means,
means setting said patient positioning assembly in motion, means repetitively
determining present position error of said fiducials relative to said laser impingement
points in pixel space at specified sample times, means repetitively determining a
present position error between said fiducials and said laser impingement points in room
space at said sample times, and means updating said conversion means from said
present position error in pixel space and said present position error in room space.

7. The apparatus of Claim 5 wherein said means generating control
signals from said images includes means repetitively generating a velocity error signal
in pixel space from said position signals in pixel space, and wherein said conversion
means comprises velocity conversion means converting said velocity error signal in
pixel space to a velocity error signal in room space for controlling driving said patient
positioning assembly to bring said fiducials into coincidence with said impingement
points.

8. The apparatus of Claim 5 adapted for use with a
treatment/diagnostic device having a patient positioning assembly with multiple degrees
of freedom and position encoder means generating outputs indicating position of said
patient positioning assembly in said multiple degrees of freedom in room space,
wherein said means continuously refining said conversion means comprises means
establishing a rough initial value for said conversion means and means for repetitively
determining a present position error of said fiducials relative to said laser impingement
points in pixel space from said images of said fiducials and said impingement points,
'means repetitively determining a present position error between said fiducials and said
laser impingement points in room space from said outputs of said position encoders,
and means updating said conversion means from said present position error in pixel
space and said present position error in room space.

9. The apparatus of Claim 4 wherein said means generating signals

in pixel space comprises means generating a position error signal representing error
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between positioné of said fiducials and said laser impingement points in pixel space,

means generating a velocity error signal in pixel space from said position error signal

in pixel space, and wherein said conversion means comprises velocity conversion

means converting said velocity error signal in pixel space to a velocity error signal in

room space.

10.  The apparatus of Claim 5 wherein said means generating signals
in pixels space comprises means generating said position signals repetitively at
sampling intervals, said means generating control signals in room space comprises
means generating a velocity error signal in pixel space from said position signals,
repetitively at said sampling intervals, said means applying said conversion means
comprises means applying an inverse of an Image Jacobian G to said velocity error
signal in pixel space to generate a velocity error signal in room space for driving said
movable patient positioning assembly, and said means continuously refining said
conversion means comprises means repetitively at said sampling intervals updating said

Image Jacobian according to the relationship:

Gt) = G-t « |20 = (GC - Ap - S(z)). -8’ - w
p+8) - W - (1)

wherein G(t) is an updated Image Jacobian at a present sampling interval, G(t - Af)

is the Image Jacobian from a most recent sampling period, &(f) is a present

acceleration error in pixel space determined from said position error signals in pixel

space, 8(¢) is a present velocity error in room space, §(f) is a present acceleration

error in room space, 9 is a transform, W is a weighing matrix and p is a forgetting

factor.

11.  Theapparatus of Claim 4 wherein said means applying conversion means
comprises means requiring no detailed calibration of said cameras.

12.  The apparatus of claim 11 wherein said means requiring no detailed
calibration of said cameras comprises means establishing a rough initial value for said

conversion means, and means for continuously refining said conversion means.
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