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Precise Measurement of Cat
Patellofemoral Joint Surface
Geometry With Multistation
Digital Photogrammetry

Three-dimensional joint models are important rools for investigaring mechanisms
related to normal and patholagical joinrs. Often these models necessitate accurate
three-dimensional joint surface geometric data so that reliable model results can be
obtained; however, in models based on small joints, this is often problematic due 1o
limitations of the present techniques. These limitations include insufficient measure-
ment precision, the requirement of contact for the measurement process, and lack of
entire joint description. This study presents a new non-contact method for precise
determination of entire joint surfaces using multistation digital photogrammetry
{MDPG) and is demonstrated by determining the cartilage and subchondral bone
surfaces of the cat patellofemoral (PF) joint. The digital camera—lens setup was
precisely calibrated using 16 photographs arranged 1o achieve highly convergent
geometry to estimate interior and distortion parameters of the camera-lens setup.
Subsequently, six photographs of each joint surface were then acquired for surface
measurement. The digital images were directly imported 1o a computer and newly
introduced semi-automatic computer algorithms were used to precisely determine the
image coordinates. Finafly, a rigorous mathematical procedure named the bundle
adjustment was used to determine the three-dimensional coordinates of the joint
surfaces and to estimate the precision of the coordinates. These estimations were
validated by comparing the MDPG measurements of a cylinder and plane to an
analytical model. The joint surfaces were successfully measured using the MDPG
method with mean precision estimates in the least favorable coordinate direction
being 10.3 um for subchondral bone and 17.9 um for cartilage. The difference in
measurement precision for bone and cartilage primarily reflects differences in the
translucent properties of the surfuces.

Introduction

Biomechanical factors are speculated to play a key role in the
mechanisms associated with diarthrodial joint disorders, such as
the development of osteoarthritis (OA). Experimental ap-
proaches to investigate relations between biomechanical factors
and degenerative joint diseases have been limited. Experimental
measures may be made on human diarthrodial joints in vitro
(e.g., Blankevoort et al., 1988), and in some cases in vive
(e.g., Ronsky, 1994). However, animals are often used for joint
studies because the experiments can be easily controlled (Bray
et al., 1992; Herzog et al., 1993; Korvick et al., 1994; Boyd
and Ronsky, 1998} and invasive procedures can be used such
as surgical transection to artificially modify structural integrity
of the joint (e.g., Pond and Nuki, 1973; Ronsky et al., 1995).

Analytical joint models implemented with these experimental
measures provide a powerful approach to analysis of joint con-
tact mechanics. An analytical model of the joint can be con-
structed for further mechanical analysis, and to allow systematic
investigation of the effect of individual model parameters. An
analytical model of a joint requires accurate geometric measures
of the joint surface, including cartilage and subchondral bone,
s0 mechanical properties that are related to joint disorders can
be studied such as cartilage—cartilage contact, cartilage thick-
ness, and joint surface curvatures. Surface geometry accuracy
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is problematic in small animal joints because the cartilage thick-
ness may be within the error bounds of the surface measurement
technique. For example, the cartilage thickness in the cat in the
patellofemoral (PF) joint is as thin as 100 pm, which requires
very precise measurements.

Several methods have been presented in the biomechanics
literature for obtaining joint surface geometry. These include
mechanical methods that require contact with the joint surface
such as plastic moldings ( Seedhom et al., 1972), plaster mold-
ings measured by a coordinale measuring machine {Scherrer
and Hillberry, 1979), a measuring pin attached to a dial gage
(Wismans et ab,, 1980), and specimen slicing (Shiba et al,
1988). Non-contact optical methods that have been applied
include Moiré contourography (e.g., Wijk, 1980), close-range
photogrammetry (Ghosh, 1983}, analytical stereophotogram-
metry (SPG) (e.g., Huiskes et al., 1985; Ateshian et al., 1994),
and magpetic resonance imaging (MRI) (e.g., Ronsky, 1994).

None of these techniques are satisfactory for three-dimen-
sional reconstruction of small joints. Specimen slicing is diffi-
cult to perform on small joints and necessitates destroying the
joint. This precludes the possibility of performing histological
studies on the same joint at a later time. Contact techniques are
problematic for measuring surfaces of tissues such as cartilage
because associated tissue deformation may compromise the ac-
curacy. Furthermore, maintaining constant hydration (Ronsky
et al., 1997) is difficult during these time-consuming processes
and may result in inaccuracy due 1o changes in tissue volume
and subsequent tissue surface. MRI has limited resolution for
small joints due to the sparsity of data between slices and limita-
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tion of total number of data points available from the image.
SPG is the most promising technigue because it is non-contact,
data acquisition time is short thus reducing hydration error ef-
fects, and a sufficient number of surface measurements can be
acquired so that a reliable three-dimensional reconstruction of
the joint is achievable.

The SPG measurement procedure has been well described by
Huiskes et al. { 1985) and Ateshian et al. ( 1991 ). Summarizing,
it can be divided into three steps. First, two spatially separated
photographs are taken of the joint surface mounted in a calibra-
tion frame while a grid is projected onto the surface. Second,
the photographs are developed and the grid points and calibra-
tion frame targets are digitized from the photographic negatves.
Third, these digitized points are reconstructed using a re-section
and intersection mathematical procedure to obtain three-dimen-
sional surface coordinates.

Although SPG is a valuable tool for joint surface measure-
ment, there are some limitations of the technique. First, the
measurement precision is not sufficient for small joints where
the cartilage thickness may be as low as 100 pm as in the
cat patellofemoral (PF) joint. The reported SPG measurement
precision was 90 ym ( Ateshian et al., 1991) and 25 pm (Ate-
shian et al., 1992) based on calibration measurements in ideal
photogrammetric conditions, which likely do not represent ac-
tual experimental measurement conditions. Second, the use of
two photographs for the three-dimensional recanstruction limits
the ability to measure surfaces of joints that wrap (i.e., distal
femur) because the surface region measured must be visible in
both photographs. This problem can be overcome by performing
multiple SPG reconstructions of different regions of the joint
and then orienting the multiple surface measurements into the
same coordinate system; however, this process is cumbersome.
Third, an averaged three-dimensional surface point reconstruc-
tion error has been determined in one study ( Ateshian et al.,
1991), and the same measurement accuracy is assumed to be
equal for other SPG measurements with similar setups (e.g.,
Kwak et al., 1997; Soslowsky et al., 1992). In fact, every recon-
structed point on a surface has a different associated measure-
ment error, and the overall average measuremenl error varies
with different photogrammetric conditions { Fraser, 1982). Reli-
able error estimates are important for developing mathematical
surface models that accurately represent the true jont surface.
Fourth, the SPG method continues to use a recanstruction pro-
cess involving large format cameras, film developing, and hand
digitization of photographic targets (e.g., Kwak et al., 1997),
which, although practical during the development of the proce-
dure, could be replaced by more efficient processes.

Multistation digital photogrammetry (MDPG) is an alterna-
U:VE form of photogrammetry that has been used in other scien-
tific fields, for example, measuring machine deformations { Co-
sandier and Chapman, 1992). 1t differs significantly from SPG
and holds several advantages. MDPG is defined as the measure-
ment of an object where all of the surface regions of interest
are imaged on three or more sparttally separated photographs
(Granshaw, 1980). The sum of the individual targets viewed
from each camera station in a photogrammetric session is de-
fined as the photogrammetric network that is the basis of the
three-dimensional reconstruction. The use of multiple images
allows highly accurate determination of camera-lens parameters
due 1o highly convergent camera angles {90 deg ), which subse-
quently enhances the accuracy and reliability of photogrammet-
I measurements { Granshaw, 1980, Fraser, 1980), and results
In more homogeneous coordinate precision estimates (Fraser,
1984). The increased flexibility in camera positions permits
comnplete coverage of highly curved joints because not all sur-
Iac‘f regions of interest must be viewed from every camera
?gg&tmn. The digital format camera eliminates film processing,

ces errors due to the emulsion technique or film fatness,
40d does not necessitate fiducial marks because these are intrin-

SIC in the charged-couple device (CCD). Additionally, two-
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dimensional point coordinate determination from the grid can
be performed more efficiently and accurately using computer
algorithms. The multiple observations from different camera
positions are optimally reconstructed into their three-dimen-
sional surface coordinates using a mathematical procedure
called a bundle adjustment ( Atkinson, 1996; Lichti et al., 1997).

The bundle adjustment method is a simultaneous solution,
using least-squares optimization, of all the image rays mathe-
matically defined by the collinearity equations in a photograrn-
metric network (Atkinson, 1996):

X, — X, + 6x + &x

(Xf - XCJ)RII,; + (Yz _ Yc;)Rn,} + (ZI - zr.j)RIB,;
(XI - XL-,;)RSI.] + (YI - YCJ)R32.j + (Z: - ZI:,})R:\:!.J
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(X: - XCJ)R3|.1' + (Yr - YrJ)RIbZ.J + (ZI - ZCJ.}R33J

(2)

The bundle adjustment method is a general term that encom-
passes two specific forms of the method. These two forms are
referred to as a self-calibrating bundle adjustment or a bundle
adjustment depending on the number of parameters being solved
in the simultaneous solution. The self-calibrating bundle adjust-
ment refers to the simultaneous solution of parameters defining
the exterior orientation of the camera positions (X.,, Y . 2.,
R,.,), interior orientation of the camera (x,, ¥,.f ) and distortion
parameters in a photogrammetric setup. Alternatively, the bun-
dle adjustment solves fewer parameters because it treats the
interior (x,, ¥, f) and distortion parameters as known, and
solves for only the exterior (X,,, ¥.,, Z.;, R, ,) parameters
simultaneously with the object points (X,, Y,, Z,). Both bundle
adjustment methods use image points measurements (x,,, ¥,,)
as input to the least-squares optimization of Egs. (1) and (2).
A rigorous description of the implementation of the bundle
adjustment is provided by Atkinson (1996).

The purpose of this study is to incorporate significant ad-
vancements in the field of photogrammetry into a photogram-
metric technique utilizing MDPG that is capable of preducing
highly accurate joint surface measurements and is flexible for
different measuring conditions encountered in biomechanics re-
search. The technique is first tested by measuring known die
shapes and comparing the results to an analytical model of those
shapes. Then the technique is used to measure the cartilage and
subchondral bone of the femur and patella of the cat PF joint.

=f

Experimental Methods

The first part of the methods section describes the preparation
of the measurement specimens. The second part desctibes the
standard MDPG protocol used to measure the specimen surfaces
in four stages. In the first stage, a series of photographs of a
calibration frame is taken for camera—lens calibration. Second, a
series of photographs for each type of specimen surface is obtained
for surface measurements. Third, the two-dimensional coordinates
of tmage targets in the digital photographs are determined using
custom edge detection and pattern fiting routines. Fourth, these
two-dimensional points from the calibration and the surface series
of photographs are reconstructed using the bundle adjustment
method to determine camera-lens calibration parameters and three-
dimensional surface coordinates, respectively.

Specimen Surfaces. Two die shapes were used to validate
the MDPG measurement precision estimates from the bundle
adjustment. Because the shapes of dies were known a priori,

APRIL 1999, Vol. 121 / 197



Fig. 1 The target tield used for calibration of the camera-lens system
consisting of 19 control posts. Base diameter is 50 mm.

these precision estimates could be directly compared to the etror
of the three-dimensional points coordinates fit to an analytical
model of the die shapes. Surface measurements of a cylinder
{6.350 mm radius, S.D. = 10.2 zm) and a plane (finely polished
with a 2 ym grit paper) were obtained using the standard experi-
mental protocol. The radius of the cylinder was chosen so that
its curvature was similar to the maximum curvature in the cat
PF joint.

Three mature cutbred male cats (4.5 + 0.5 kg) were used
for the joint measurements. Approval for this study was ab-
tained from the University Animal Care Committee. The patella
and femur were freshiy harvested and mounted in individual
frames so the cartilage surfaces could be measured. After being
photographed, the joint surfaces in their frames were immersed
in a solution of bleach for three hours to dissolve the cartilage
and expose the underlying subchondral bone for subsequent
measurements. This protocol, adapted from Ateshian et al.
(1991), gently removes the cartilage layer without disturbing
the position of the specimen in its frame.

MDPG Method: Photographic Acquisition for Calibra-
tion. The camera—lens configuration used for the photogram-
metric data collection was calibrated to obtain optimal recon-
struction accuracy. This was achieved using a highly redundant
imaging network of an isotropically distributed target field to
determine intemal geometric and distortion parameters that are
unique for every photogrammetric setup (Fraser et al., 1995).
These parameters are very sensitive to changes in the lens focal
setting, aperture (f/stop}, and interface to the camera body
(i.e., detachment and re-attachment of the lens will effect inte-
rior geometries) and therefore calibration was performed before
every photogrammetric experiment,

A Kodak DCS 420 digital camera { Eastman Kodak Com-
pany, Rochester, NY) with a CCD sensor resolution of 1524
% 1012 pixels (9 pm sensor element spacing in both directions)
was used. The camera was fitted with a Nikkor 35-135 mm f/
3.5-4.5 macro-focusing zoom lens (Nikon, Nippon Kogaku
KK, Japan). A long focal length lens contributes to the target
positioning accuracy ( Fraser, 1984).

Two styles of calibration frames were used for this study.
The first was a prototype and was used with specimens one and
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two. It consisted of a target field of 20 steel posts (dia 5 mm)
rigidly mounted in an 80 mm circular pattern. The second frame,
used for the third specimen, was an improved design because
the target field was more isotropically distributed, rather than
targets being located around the periphery. It consisted of a
target field of 19 steel posts (dia 5 mm) rigidly mounted in
concentric circles on a 50-mm-diam base (Fig. 1). For both
frames the height variation between posts was maximally 14

-.mm. The target tops were painted flat white, and the remainder

was painted black for high contrast. The positions of each rarget
post were measured with a coordinate measuring machine
{CMM) machine { <2 um accuracy ) {Model FI805, Mituloyo
MTI Corporation, Japan).

The target imaging of the calibration frame included two
photos (oriented landscape and portrait) from eight equally
spaced camera positions around the calibration target field (16
photos total, each pair spaced radially by 45 deg) from a dis-
tance of approximatély 300 mm. The camera positions optical
axes formed an angle of approximately 45 deg with the vertical
axis of the calibration ficld, thus a 90 deg convergence angle
was obtained between opposing pairs of photographs. Rather
than move the camera arbund the frame for eight equally spaced
camera positions, it remained stationary on the tripod and the
calibration frame was rotated ecight times. The lens was set at
an aperture stop of f/22 to maximize the depth of ficld. The
high aperture stop setting necessitated the use of a lamp and a
shutter speed of one second 1o expose the images properly. The
lens focal ring was locked in position to prevent accidental
disturbance for the duration of surface geometry data acquisi-
tion. The 16 photos of the targets formed the calibration imaging
network from which precise camera—lens interior geometries
and any distortions in the camera-lens setup could be deter-
mined using the self-calibrating bundle adjustment.

MDPG Method: Photographic Acquisition for Surface
Measurement. The femur and patella of specimens one and
two were mounted in the center of the 80 mm circular arrange-
ment of target posts of the prototype frame that was also used
for the calibration. The femur and patella from specimen three,
and the cylinder and plane specimens, were mounted in special-
tzed rings consisting of eight equally spaced posts (dia 33 mm}
rigidly mounted around the specimen (Fig. 2). Similar to the
calibration target field, the post tops were painted white and the
remainder painted black. The specimen ring provides a refer-
ence for the object space coordinate system during the photo-

Fig. 2 A sample photographic image of the specimen surface (distal
femur with cartllage) and the specimen ring. The eight posts on the
specimen ring provide reference points for three-dimensional object
space.
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Fig. 9 Multistation digital photogrammetric setup. A slide projector
projects a grid pattern onto the specimen surface, The specimen ring is
mounted on the specimen. One camera takes photographs of the object
from six positions. The computer used for two-dimensional digitization
and three-dimensional reconstruction is not shown.

grammetric reconstruction. Tt was designed 1o fit as closely
around the spectmen surface as possible (i.e., Fig. 2) so that
the magnification of the surfaces was maximized n the photo-
graphs.

A standard slide projector (Kodak Moedel 760 H. Eastman
Kodak Company, Rochester, NY ) projected a uniform rectangu-
lar grid onto the specimen surface. The grid spacing was con-
stant across the specimen surface (0.75 mm) and the line thick-
ness was approximately 0.20 mm. The purpose of the gnd was
to provide reference marks on the surfaces, which are otherwise
featureless ( Huiskes et al., 1985). With the camera stabilized
using a tripod, six photos equally spaced m a radial pattern
around the specimen (Fig. 3) were manually raken in sequence
from a distance of 300 mm. A series of six photos took approxi-
mately five minutes to collect for each surface being measured.
After each photo sesston, the images were viewed on a computer
screen to ensure adequate exposure. If necessary, the shutier
speed was adjusted. but never the aperature {depth of field)
becavse it would likely alter the lens distortion. In the case
of the femur of specimen three the femoral epicondyles were
measured in addition to the femoral groove. Because the grid
could not be projected onto the entire joint surface during one
data acquisition, the grid was repositioned and a second data
acquisition was performed. Both sets of measurements were
measured in the same reference coordinate system provided by
the specimen ring.

MDPG Method: Digitizing Images. The accuracy of the
two-dimensional coordinates determined for the image targefs
in the digital photographs directly affects the three-dimensional
reconstruction accuracy. To provide maximal accuracy, edge
detection and pattern fitting technigques were applied to the digi-
tal images of the calibration target field and the specimen sur-
faces. The image coordinates had to be determined for two
!Jasic target types: control post targets {e.g.. Fig. 1) and grid
intersection Largets on specimen surfaces {e.g., Fig. 2).

Control Posts.  The contrast of the white circular top and
the black background makes edge detection possible for de-
termining the two-dimensional mage coordinates of the post
centers. Utilizing the propertly that a flat circular target appears
as an ellipse from all oblique views, an edge detection algorithm
was adapted from an exisung algorithm (Cosandier and Chap-
man, 1992} that found all the edge points to sub-pixel accuracy
(Tabatabai and Mifchell, 1984). The program (Matlab, v4.2,
Mathworks, Inc., Natick, MA } finds the center of gravity (pixels
are weighted according to gray-scale levels). divides the control
Post into four regions. and applies the one-dimensionat edge
detector in each region (Fig. 4). After all the edges have been

Ctermined, they are fit with an analytical model of an ellipse
Using the least-squares method. The center of the ellipse is the
two-dimensional image position of the control post, and the rms
value of the analytical ellipse fit to the edge points gives 4
Measure of the quality of the fit. The program output consists
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of the folowing for each target: an identification number, the
camera position number from which the target was digitized,
the two-dimensional target coordinates on the photograph, and
the rms fit of the target coordinates.

Grid Intersections. A semi-automatic digitizing program
was developed for determining the precise location of the grid
intersection points based on simple pattern fitting (Matlab, v4.2,
Mathworks, Inc., Natick, MA). This program fit polynomials
to the projected horizontal and vertical grid lines and then deter-
mined their intersections to get two-dimensional image coordi-
nates of the grid intersections. Edge detection was not used to
determine grid intersections because the cross-sectional pixel
intensity of a line was defined by too few pixels (<10} to
determine the line edges reliably.

The grid intersection program was also semni-automated. First,
the user chooses points along a horizontal or vertical line with
a mouse, and the algorithm determines the exact line center at
each point (Fig. 5(a)). This is done for all the horizontal and
vertical lines on the digital photograph. The exact determination
of the line center is performed automatically for each individual
sample point as follows: From the sample point, the algorithm
reads the gray-scale pixel intensity LO pixels to the left and
right (20 pixels total) for a vertical line (Fig. 5(&)), or 10
pixels above and below for a horizontal line. The size of the
cross section can be varied and a size of 20 was chosen because
line width was typically between 5 to 10 pixels. A total sample
width of 20 pixels ensured that the middle of the line is included
in the sample if the operator does not put the mouse cursor
exactly on the line center, but that neighboring lines will not
be accidentally included. After the cross section has been deter-
mined, the algorithm finds the darkest grey-scale pixel intensity
(0 = black, 1 = white) that indicates the precise center of the
line (Fig. 5(¢)). The line center points that were calculated by
the algorithm from the user-defined sample points describe the
horizontal and vertical grid lines and were fit with fifth-order
polynomials. The fifth-order polynomial was chosen because it
proved most fiexible at reliably reproducing the shape of the
line with minimal oscillations. After the polynomials had been
determined for each horizontal and vertical line, the grid inter-
sections were calculated automatically by solving for the inter-
section of each horizontal and vertical polynomial (Fig. 6(a)).
On occasions that a grid intersection determined automatically
was not satisfactory upon visual inspection by the user, a new
grid intersection could be manually defined by zooming the
image and defining the intersection manually with a mouse.
Unsatisfactory grid intersection determination was most com-
mon near the edges of the joint surface where the polynomial
was unable to follow the grid line due 1o lack of samples near
the ends. After a satisfactory grid is obtained, the points are
identified by row and column with a mouse so that the same
point can be identified in each camera view (Fig. 6(5)). The
program output consists of the following for each target: an
identification number, the camera position number from which
the target was digitized, and the two-dimensional target position
on the phetograph.

MDPG Method: Bundle Adjustments. The distortion
model that was applied in the bundle adjustments (Fig. 7) in
this MDPG study included parameters to model radial distortion
(ky, k. ky), decentering distortion {(p, pa), differential scaling
between vertical and horizontal pixel spacing on the CCD chip
sensor surface (a,), and shearing distortion on the CCD chip
{(a,) (Fraser et al., 1995; Lichti et al., 1997):

b = (kr? + k' + kr®)X + pi(r + 287
+ 2y + @ X+ a,F (3)
Sy = (kir? + hor® + kar®)7 + 2p Xy + prt + 257 (4)

The self-calibrating bundle adjustment, which achieves the
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Fig.4 A close-up of the white top of one of the control posts (4) cropped by the user from the originat photogram-
metric image. The same Image after edge detection has been applied (B). The algorithm finds the gray-scale
intensity center-of-mass and divides the cylinder into four regions (dashed lines divide four regions for diagramatic
purposas). One-dimensional edge detection is systematically applied to the four ragions to find the control post
edges (+). An sllipge is fit to the edge points to find the two-dimensional image position of the post centre,

preatest possible positioning accuracy in a photogrammetric
reconstruction {Fraser, 1982}, was used to determine interior
and distortion parameters and thus calibrate the camera—lens
system. Resolving these parameters, especially the higher order
distortion terms, requires a well-designed photogrammetric net-
work {Lichti et al., 1997). The network design formed in this
study included features of a well-designed network, which con-
sisted of the digitized two-dimensionat positions of the isotropi-

(A) (B)
© ' ' ' )
07
'%10.65
£
08
0 5 140 15 20 25

Pixsl Number

Fig. 5 (A) Sample of a digital image of a cat patella articular cartilage
surface with a projected grid pattern. The hollow circles indicate user
input sampling regions. (B) Close-up of a partion of the grid pattern. The
dark horizontal linas iHustrate a typlcal sample cross saction of the image
pixels. (C} The pixel intensities of one sample cross section of the grid
line. After fitting & spline to the cross section, the darkest subpixel value
(l.e., minimum pixel intensity) Is taken as the center of the line. {D) The
pracise center of the line is determined at several sample points along
the line and a fifth-order polynomial is fit to describe the line.
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cally distributed posts on the calibration frame from the 16
highly convergent (i.e., 90 deg convergence angle ) photographs
that were nominaily orthogonal (i.e., camera rotated 90 deg for
wo exposures at each camera position ). From this photogram-
metric network, a solution of the self-calibrating bundle adjust-
ment was determined. Because the convergence of the solution
1s sensitive to initial estimates of the exterior and interior camera
parameters, it was convenient to run it without distortion param-
eters for the first time. The estimated interior and exterior cam-
era parameters from this solution were good initial estimates
for further solutions that include distortion parameters. To deter-
mine a final solution including distortion parameters, the self-
calibrating bundle adjustment was repeatedly run with different
vombinations of distortion parameters included. Statistical tests
were performed (Forstner, 1985; Fraser, 1980; Lichti, 1996;
Lichti et al., 1997) to determine which distortion parameters
are significant and should be included in the final self-calibrating
bundle adjustment. Statistical methods were also used to find
gross errors due to observational mistakes (Forstner, 1985).
The calibration target coordinate position and precision was
estimated in x, y, and z for each calibration.

Flg. 8 (A) A close-up of » typical digital image of the joint surface with
the projected grid pattem. The horizontal and vertical lines have been
determined and thelr intersections calculated. (B) The polynomial inter-
section points comresponding to the grid intersections are labeled as
columns and rows so that the same grid point can be Identifled in sach
digital image. Poorly defined polnts are labeled 0, 0 and the grid Intersec-
tion is then defined manually after magnifying the image.
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Fig.7 Schematic shows a representalion of a camera imaging a speci-
men surface onto a sensor {fim or digital). The dark line from the per-
spective center to the specimen surface reprasents the principle of the
collinearity condition. The coordinate systems of interest in a photo-
grammetric system are object space (X., Y., Z,), which 15 equivalent 10
a lab coordinate system, and image space {X., Y. Z.} which defines
the camera-lens interior geometry and has its origm at the perspeclive

center {X., Y. Z.). Sensor space Is the sensor plane defined in image
space. The principal point {x,, ¥,) is the paint in sensor space defined as
the intersection of a line perpendicular to the sensor plane and passing
through the perspective center of the camera. The focal length (f) de-
fines the scale of the reconstructed image and must be determined very
accurately.

After the self-calibrating bundle adjustment was completed,
the estimated interior and distortion paramelers of the camera-
lens system were used for the subsequent surface photogram-
metric measurements Thus, the interior and distortion parame-
ters for the camera-lens system were treated as known constants
because they were previously solved using the self-calibraning
bundle adjustment. The two-dimenstonal (x,,. v,,) positions of
the targets (both posts and grid intersections) from the network
of joint surface photographs are used in rhe more simple bundle
adjustment to find the simultaneous solution of the camera exte-
rior parameters (X, ,. Y. . Z.;. R, ), the precise three-dimen-
sional surface measurements, and their associated estimated co-
ordinate preciston. The output of the bundle adjustment tncludes
the three-dimensional spatial coordinates of each target (post
top or grid intersection}, 1ts identification number, the number
of images in which it was viewed (normally six), and the
estimated rms precision in the x, v, und z directions.

Analysis of Surface Specimen Measurements, The three-
dimensional surface coordinates for the cyhinder and the plane
were fit using a least-squares optimization o an analytical
mode] of a cylinder { five parameters ) und a plane (three param-
eters), respectively. The root-mean square (rms) deviation of
the three-dimensional surface coordinates from the analytical
models is expected 10 be similar to the estimated precision for
the surface coordinates determined using the MDPG method.

The three-dimensional coordinates from the cartilage and
subchondral bone surfuces of the thiee PF joints were mathe-
matically modeled with the interpolating thin-plate spline (TPS)
(Boyd et al., 1997} and 2 grid mesh was created to display the
modeled joint surfaces.

Results

The 16 photograph cahibration networks that were used to
calibrate the camera—lens sewp for each session were able to
reconstruct the three-dimensional calibration post positions 1o
a precision of 2 pm (o, = o, = g. = 2 pm) s estimated
by the output of the self~cahibraung bundle adjustments, This
Ingasurement precision represents the optimum possible preci-
sion for any subsequent surface measurements with the cabi-
bfated camera—lens configurations. The only statistically sig-
nificant distortion parameter, out of the possible seven, that
was determined with the sell-calibration was the a, distortion
Parameter accounting for differential scaling on the CCD chip.
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Table 1 MDPG estimated mean measurement precision for the plane
and cylinder determined from the MDPG method in each of the three
coordinate directions

# mean ¢ (pm)
Pis o, o, a;
Plane 183 2.1 2.1 3.1
Cylinder 169 71 6.0 12.7

Cylinder and Plane Specimens. The mean estimated pre-
cision of the individual surface coordinates for the cylinder
and plane surfaces measured using the MDPG method were
determined in the x, y, and z directions (Table 1). The mean
precision of the MDPG surface coordinate measurements vary
depending on the surface being measured and the coordinate
direction. The surface measurements are more precise for the
plane than the cylinder.

The rms fit of the cylinder and plane measured surface points
to an analytical model of a cylinder and plane were determined
{ Table 2). These results were compared (o the estimated preci-
sion from MDPG { Table 1). For example, the MDPG estimated
measurement precision for the plane surface, which is mainly
attributed to measurements in the height (z coordinate direction)
is 3.1 ym (Table 1) compared to the 1.1 pm plane fit (Table 2).
Similarly, the predicted measurement precision of the cylinder
surface, which is attributed to both measurements in the y and
2 directions is 14.0 um (radial etror is (o2 + o)™ = (6.0°
+ 1279 7% = 14.0 pm) compared to a 17.3 um cylinder fit
error. These independent comparisons for the plane and cylinder
measurement error support the proposal that the mean measure-
ment precision for the MDPG surface points determined by the
bundle adjustment method provide a realistic estimate of the
photogrammetric reconstruction error.

PF Joint Surfaces. The MDPG method was successfully
employed to collect bone and cartilage surface measurements
for the femur (Fig. 8) and patella (Fig. 9) in all three experi-
mental specimens. The technique was refined from its initial
use with specimen one, to the most surface coverage (including
distal femoral epicondyles), the most dense grid projection
(0.75 mm spacing), and best measurement accuracy (as low
as 10.5 pm) with specimen three. The improvement in surface
coverage, grid density, and accuracy can be observed from the
summary of results of the MDPG reconstruction with specimens
one and two (Table 3), and specimen three {Table 4). Six
images were successfully used to reconstruct every joint surface
except for the patella bone surface of specimen one.

Discussion

MDPG was successfully used to obtain precise measurements
of analytical surfaces and the cat PF joint. The MDPG method
provides advantages of non-contact high precision measurcment
of small joints, improved efficiencies through the use of digital
data processing, and a rigorous mathematical reconstruction
procedure that estimates reconstruction error. Furthermore, the
system is easily transportable, which facilitates measurement of
joint surfaces at the actual experimental site and hence reduces

Table 2 The rms fit of observations of a cylinder and plane made by
MDPG 1o their respactive analytical meodels

# #Est | RMS
Pts Para. | (um)

Plane 183 3 1.1
Cylinder 169 5 17.3
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Fig.8 Three-dimensional mesh grid measured on specimen 3 using MDPG data points and TPS modeling of the femur subchon-

dral bone {4) and cartilage surface {8)
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Fig. 9 Three-dimensional mesh grid measurad on specimen 3 with MDPG data points and TPS modeling of
the patella subchondral bone {A) and cartilage surface (8)

the possibility of cartilage deformation due to lengthy exposure
to air or storage treaunent {i.e., freezing).

In this study, a grid pattern was projected onto the surfaces
to provide identifiable marks on an otherwise featureless sur-
face. In other studies it may not be desirable to project a grid.
In this case, alternative designs could be used such as dots or a
checkerboard design, and the density of the projected reference
marks onto the surface could be varied depending on the sever-
ity of the curvature. For example, regions with high curvature
(e.g., medial and lateral femoral condylar ridges) may benefit
from a more dense pattern than regions with low curvature (e.g.,
femoral condylar groove).

The introduction of semi-automatic digitization of the targets
directly from digital images including grid intersections and

Table 3 Specimens one {4.50 kqg) and two (4.95 kg): MDPG measure-
ment precision for the bone and cartilage surfaces of the patella and
femur. Mean standard deviation of the measured points (N = # Pts) is
given for the three coordinate directions. tMDPG reconstruction with
five images.

Specimen | Spectmen 2
" Mean o (um) # Mean g (pm)
Ps | g o, | o P | g, o, | o

Bone | patella || 37 | 103" | 104t | 178t 78 | 8.4 | 104|126

Femur 81 | 156 | 152 [ 274 | 111 | 14.1 1142 | 211
Cartlage | Patella [ 43 | 133 [ 133 | 215 (| 76 | 13.7 | 141|205
Femur 92 | 157 | 148 t 239 || 150 | 16.1 | 157 | 23.2

posts using pattern fitting improves the quality of digitization.
Using these methods, the operator does not need to concentrate
on defining the target centre by hand and hence operator error
is reduced. The operator indicates general regions near the target

Table 4 Specimen three (4.00 kg): MDPG measurement precision for
the bone and cartilage surfaces of the patella and femur, Mean standard
deviation of the measured points {N = # Pis} is given for the three coerdi-
nate directions. Shaded rows indicate measurements that were made
only on specimen three, and not on either spaecimens one or two. Femur
Cond., Femur Epi., Femur Total indicate measuraments on the femoral
condyle, femoral epicondyles, or summation of the Femur Cond. and
Femur Epi. measurements, respectively.

4 Mean o (pm)

Pts

o, | ©

y | 9

Patella 75 | 75| 68 | 10.6
FemucCond | 174 | 79 | 77 | 104

Bone - — - ————1—
et EE 1,137 BT PRE
. FemupTowl. | 3t1 |80 A%

E]

Patella 68 |11 1] 100

FemurCond | 99 | 107 {t20] 157
Cartilage pre————s—u= =T

FermueEpi. 113 | 163 484 bt
el gt 217 [12F

"
PR WALV 15 W

o
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and the computer algorithms can ‘‘home in'’ on the precise
target coordinates. However, although the algerithm is more
objective at determining grid intersections than the traditional
method of hand digitizing photographic prints, there is still an
inherent element of subjectivity due to the user selecting where
the horizontal or vertical lines are sampled to define the potyno-
mials. Genetally, the number of sampling points depends on
the severity of the grid line curvature being sampled. Some
element of subjectivity will always be present unul a fully auto-
matic algorithm can be devised. The use of digital imagery in
photogrammetry may eventually lead to fully automatic recon-
struction { Mitchell, 1995)

The self-calibrating bundle adjustment resutted in the precise
determination of the nterior camera parameters such as the
focal length and principal points, and ene of the possible seven
distortion parameters, @, which models error in the CCD umage
plane. While the statisuical significance of the distortion pa-
rameter was confirmed using statistical tests (Forstner, 1985)
from the self-calibrating bundle adjustments, there is a strong
possibility that 1t is actually modeling distortion other than
for which it was intended. Fraser et al. ( [995) showed that the
a, parameter somehimes models an error signal in the camera
lens (i.e., radial distortion or decentering distortion) rather than
in the CCD image plane. We compared the a, value we deter-
mined to previous studies where, nsing the same camera, the
a, value was determined with a high degree of consistency
(Cosandier and Chapman, 1992; Lichri and Chapman. 1997)
Because the comparison showed a different a; for this study
than the previous studies, we concluded that it must be modeling
some component of radial or decentering distortion, rather than
its intended image plane distortion.

Typically not all the distoruon parameters can be resolved
with statistical significance in a photogrammetric reconstruc-
tion. The number of parameters resolved depends on the quality
of the lens used. and the design of the cahibration network.
There are at least three possibilities why more than one distor-
tion parameter could not be resolved wn this setup. First, the
distortions may not be present in the camera—lens setup (1.€.,
distortionless ). Second, the measurement precision of the two-
dimensional post locations im the photographs may not be suffi-
cient to resolve distortion parameters. Third, the variation of
height of the calibration frame posts may be insufficient for
resolving the distortion parameters The first possibility 1s un-
likely, although it has been reported that the lens distortion can
vary significantly with zoom lenses such as used in this study
and that there exists a ‘‘sweel spot’’ in the lens where very
litdle distortion occurs (Ray, 1994 ). If the zoom was coinciden-
tally set at the sweet spot there may indeed have been very
little distortion in the lens, however the hkehihood of this seems
low. The second possibility, that the two-dimensional post mea-
surements in the photographs were insufficiently accurate to
resolve the distortion parameters, is not likely because the edge
detection algorithm for the posts has been tested thoroughly in
other applicanons of photogrammetry where more distortion
Parameters were successfully resolved (Cosandier and Chap-
man, 1992; Lichti and Chapmun, 1997). The third possibihty,
that the variation in height of the calibrauon frame posts was
not sufficlent (i.c., suboptimal calibration network design), 1s
the most likely causc for the lack of resolution of distortion
parameters. A characteristic of long focal length lenses is the
mhcx_’ent shallow depth of field, which effectively constrains the
possibility for height variation of the posts in the cahbration
frame. An aperture setting of (/22 was used to maximize the
depth of field in this study. An increased height variation of
th_e calibration posts would improve the ability to determine
distortion parametcrs, however, this would necessitate using a
shorter focal length lens. A balance between having precise
Surface measurements due 10 the long focal length lens and
the maximizing of the depth of field for determiming distortion
Parameters must be made The photogrammetric setup used for
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Table 5 Measurement uncertainty {2 x o} in the least favorable coordi-
nate direction (height, Z) is presented for MDPG and SPG {Ateshian et
al., 1991, 1892). MDPG represents an improvement of the measurement
uncertainty compared to SPG.

Measurement Uncertainty (2 x ;) in pm.

MDPG SPG
Plane 6.2 250
Cylinder 25.4 90.0

this study resulted in an estimated measurement precision of
the posts of 2 um (from the self-calibrating bundle adjustment)
which is sufficient for measuring small joint surfaces.

The MDPG method represents an improvement over SPG for
joint surface measurement. The measurement uncertainty with
MDPG (2 x a,) for the cylinder and plane is presented for
comparison with resulis from other studies (Ateshian ct al,
1991, 1992) (Table 5). The improvement in accuracy of MDPG
15 mainly due to the multistation image acquisition, which in-
creases the redundancy of the imaging network and the 90 deg
convergence angle of the images, and the self-calibrating bundle
adjustment, which makes optimal use of this imaging network
by incorporating the nonlinear distortion model into the simulta-
neous solution. Although not all photogrammetric setups may
necessitate modeling distortion parameters and utilizing multi-
ple images (for example, when measurement precision is not
paramount), the possibility for their addition to the adjustment
make this calibration procedure more versatile than the SPG
calibration. Fraser ( 1984) showed that the precision improve-
ment of surface measurements using more than two images can
be approximated by the following:

g« m? (3)
for large m where:

7 is the object point precision with m images, and
m is the number of spatially separated photographs.

Further improvements in measurement precision could possi-
bly be attained by adding a thin layer of white paint to the
cartilage and bone surfaces to improve grid contrast; however,
it is not known how much the thickness of the paint would
effect the overall surface measurement, and any treatment of
the cartilage prior to measurement was avoided in general.

The multiple image information is used to determine the
estimated reliability of each point on the surface individually
so that poorly defined points (such as near the surface edge
where the grid projection becomes increasingly tangential) can
be discarded. This information can be used to estimate the over-
all photogrammetric reliability for every unique photogrammet-
ric setup. Although individual point precision is possible with
the SPG experimental setup (Atkinson, 1996), these estima-
tions have not been reported. Rather, measurement accuracy
with SPG is determined for each photogrammetric setup by
performing a system accuracy test on a known solid cylmder.
The determined system accuracy in one SPG setup {Ateshian
et al., 1991) has been assumed to apply to surface measurements
in subsequent similar SPG setups (e.g., Soslowsky et al., 1992).
In this study, it was demonstrated that photogrammetric mea-
surement precision varies for each point on the joint surface,
for each type of surface measured (steel, cartilage, or bone},
and for every photogrammetric reconstruction. The variation of
measurement precision can be observed in Tables 1, 3, and 4.
For example, the poorest precision was obtained with the carti-
lage surfaces where the translucency of the cartilage combined
with the curvature of the joints causes the grid lines to be
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diffuse. The precision was improved for the opague subchondral
bone surfaces; however, the curvature of the joints still resulted
in distorted grid lines as they became tangent (o the joint surface.
The optimal precision estimates were obtained for the cylinder
and plane surfaces because of the excellent contrast of the grid
Lnes on the opaque surface and, in the case of the plane, com-
plete lack of curvature.

The cartilage and subchondral bone surface measurement pre-
cision improved with each experiment as the MDPG technique
was refined. The improvements were mainly due to building a
new calibration frame and specimen ring, which improved the
photogrammetric network. The specimen ring was designed to
closely fit the specimen surface and thus maximized the size of
the specimen in the photographs, which improved the photo-
grammetric reconstruction because the resolution of the images
was increased. The calibration frame design was improved from
its original design used with specimens one and two where
the target posts were positioned around the perimeter of the
photographs, to an improved design with its target posts isotrop-
ically distributed within the photographic field of view.

The question arises whether the excellent measurement preci-
sion of the photogrammetric reconstruction of the cat PF joint
surfaces is a scaling effect solely due to the small size of the
surfaces. Scaling likely has very minimal effects on the results.
Lichti and Chapman {1997) showed that MDPG measurement
precisions could be aftained between 20 um and 40 pm when
measuring targets on a frame encompassing a volume of approxi-
mately 2 m*. The precision of the photogrammetric reconstruction
is more likely to be affected by the precision at which the target
coordinales are measured in a photograph, which is indirectly
related to the resolution of the digital camera and the ability to
digitize photographs accurately. Digital images facilitate more pre-
cise measures of the control post and grid targets using edge
detection and pattern fitting algorithms than the previous method,
which involved manual digitization of photographic prints. The
continual improvement of digital camera CCD resolution will help
improve future reconstruction accuracies.

The MDPG method is flexible for different joint sizes and
for highly curved joints. The high number of images provides
more flexibility for surfaces that “*wrap™ (i.e., the distal end of
the fernur) because camera positions can be located in optimal
positions to view regions of the projected grid that become
tangent to the joint surface. Also, the use of a zoom lens fitted
with the digital camera is very flexible for measuring different
sized surfaces. The use of a single camera to collect all the
surface images reduces the numerical complexity of the self-
calibrating bundle adjustment and increases the reliability of
the measurements because only one set of interior and distortion
parameters need to be determined. The cost of the MDPG sys-
tem can be minimized because only one camera is necessary.

An added advantage to using the bundle adjustrent method
for surface reconstruction is that the results are not highly sensi-
tive to calibration frame inaccuracies as is the case with the
SPG method of re-section and intersection ( Atkinson, 1996)
reconstruction. The bundle adjustment incorporates so-called
minimum constrainis (Atkinson, 1996) where only seven pa-
rameters are constrained to define the object space (surface
reconstruction). The calibration frame inaccuracies with the
bundle adjustment method will result in an evenly distributed
scaling error; however, these errors are expected to be smail
relative to the size of the reconstructed surface. Therefore, cost
savings can be achieved over the SPG systems by constructing
very simple and inexpensive control frames. This makes the
system practicat for laboratory use because a wide variety of
frame sizes can be built to suit every photogrammetric setup.

The technique of MDPG is well established in the field of
geomatics engineering for precise measurement of industrial
machinery (Lichti, 1996). The present study was done in col-
laboration with geomatics engineers to adapt the technique of
MDPG successfully to make precise measurements of joint sur-
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faces such as bone and cartilage, which could then be used tq
measure cartilage thickness and joint contact (e.g.. Boyd,
1997). The field of digital photogrammetry is evolving rapidly
and may eventually lead to fully automated methods for precise
surface measurement. The successful implementation of MDPG
is attributed mainly to the precise calibration procedure, the use
of a redundant number of convergent digital photographs, edge
detection, and pattern fitting algorithms, and a rigorous three-
dimensional reconstruction procedure, namely the bundle ad-
Jjustment method. The successful application of this technique
exceeded expectations for surface measurements of the small
cat PF joint, and the technique offers an excelflent non-contact
method of acquiring precise surface geometry quickly, which
can be useful for a variety of biomechanical applications,
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