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Abstract—An image analysis system is used to automate data collection from deformed elliptical markers and
calculate strain using computer programs. In the image analysis. best-fit ellipses are calculated for individual
binarized markers. and their axial ratios and long-axis orientations are used for strain calculations. The precision
of data obtained by our system is within +11% for axial ratios and within +3° for long-axis orientations when a
marker has an area larger than 360 pixels in an image area of 512 X 480 pixels, and is located in the central part of
256 x 240 pixels. An example of strain analysis from 275 ooids in a deformed oolitic limestone shows that the
strain ellipse calculated from the data obtained by image analysis has a ~3% higher axial ratio and a 2.6°
difference in long-axis orientation compared to manual methods. Finite strain anatyses can be done automatically
and precisely in a short time by using image analysis methods.

INTRODUCTION

THE shape and orientation of elliptical markers on plane
sections of deformed rocks have been extensively used
in finite strain analysis, and many techniques for estimat-
ing strains from such data have been proposed (e.g.
Ramsay 1967, Dunnet 1969, Elliott 1970, Matthews et
al. 1974, Shimamoto & Ikeda 1976, Lisle 1977a,b, Robin
1977). However, the analysis usually requires consider-
able time for data collection and strain calculation.
Although several computer programs have been devised
in order to calculate strains automatically (e.g. Dunnet
& Siddans 1971, Matthews et al. 1974, Peach & Lisle
1979), the data needed for the analysis, such as axial
lengths and orientations of markers, still need to be
measured manually, a time-consuming task. Recently,
digitization of graphic images using an image analysis
system or a digitization tablet has been applied to the
collection of such data (Simigian & Starkey 1986,
Whalley 1987). These are useful methods for data collec-
tion, because they can be readily automated to provide a
large quantity of data rapidly. This paper describes the
use of an image analysis system for automating strain
analysis of deformed elliptical markers. The method will
be illustrated by an example of ooids in a deformed
oolitic limestone.

* Present address: Department of Geology and Geography, Univer-
sity of Massachusetts. Amherst. MA 01003, U.S. A.
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DATA COLLECTION WITH AN IMAGE
ANALYSIS SYSTEM

The image analysis system used here is composed of
an image processor with image memories of 512 x 480
pixels (NEXUS 6400 system), a 16-bit host microcom-
puter and a monochrome video camera (Fig. 1). The
image processor is connected to the host computer via a
GP-IB interface. An analogue image of graphic data
obtained through the video camera is digitized by an
A/D converter (Fig. 1) and stored in an image memory.
A digitized image is represented by a 512 X 480 matrix F
whose element f; gives the brightness at pixel (i, j). The
digitized image is then binarized so that F is transformed
into another matrix G whose element g;; is expressed as

follows:

_[1(fz=0
B O(f,.j.>t)’ (1)

where ¢ is a threshold value of brightness. The binary
image is stored in another image memory. The computer
program recognizes individual markers by following the
pixels with g; = 1, and calculates on each marker par-
ameters such as the area, center of gravity, the length of
perimeter, the maximum length and the width at a right
angle to it, and the angle between the direction of
maximum length and the horizontal line. These par-
ameters are recorded in a data file on disk.

Because traced markers show an abrupt drop in
brightness below background, a threshold value is easily
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Fig. 1. Animage analysis system. A/D converter: analogue-to-digital converter. GP-IB interface: interface using a general
purpose interface bus. MC: microcomputer unit.

determined in the binarizing procedure and marker
boundaries will be correctly recognized. Tracings of
elliptical markers, rather than photographs, are there-
fore better as graphical data and were used in this study,
although it is possible to use photographs of specimens
when the marker boundaries are clearly distinguished.

A binarized marker is strictly a polygon composed of
pixels (Fig. 2). In image analysis, its maximum length is
defined as the maximum distance between two periph-
eral pixels, and the width as the distance between two
tangent lines parallel to the direction of maximum length
(Fig. 2a). The direction of maximum length does not
necessarily coincide with the long axis of the marker. For
example, a rectangle gives the maximum length in two
diagonal directions. It therefore gives rise to significant
errors not only in axial ratio but also in long-axis orien-
tation to take the maximum length and the width as the
axial lengths of a binarized marker. In order to avoid
such errors, a best-fit ellipse is calculated on each marker
using the least-squares method (cf. Simigian & Starkey
1986).

An ellipse centered at the origin of an x—y co-ordinate
system can be written as an equation:

)

Let the center of gravity of a binarized marker be located
at the origin, and the position of the ith peripheral pixel
be (x;, y;), where i =1,2,. ... N. The sum of squared
deviations from an ellipse is then:

ax® +2bxy + cy* = 1.

S =3 (axi + 2bxy; + cy; — 1), 3)

where the summation sign implies summing from 1 to V.
Because S has to be minimized in order to obtain the
best-fit ellipse, the partial differentials should equal
zero:

4

which gives:
aSx}+2b3 i}y, + eIy =3x}

aSxly + 263 x7y; + cSxy =S xy

(5)
aSxAyi+2b3xyi +cZyi=3yd
Using the solutions (a, b, c) of equations (5), the axial

lengths and long-axis orientation of the best-fit ellipse
are obtained by the following equations:

_a+ci\/(a+c)2—4(ac—b2)
= : (6)

L

2b

a—c

tan 2¢) =

M

These axial lengths of the best-fit ellipse. and the angle
between the long axis and the horizontal line (Fig. 2b)
are recorded and used for strain calculations.

PRECISION OF DATA OBTAINED BY IMAGE
ANALYSIS

Errors in image analysis are introduced by the follow-
ing factors: (1) approximation of image by pixels (digi-
tizing); (2) distortion of image caused by lens aberration
of the video camera; and (3) uneven brightness of image
caused by lighting and shading which is a phenomenon
of decrease in brightness toward the periphery of image.
Uneven brightness significantly affects marker bound-
ary positions during the binarizing procedure. The effect
of digitizing varies depending on area and axial ratio of a
marker, whereas the effects of lens aberration, lighting
and shading vary depending on marker locations. The
errors introduced by these factors do not vanish,
although they can be reduced by using an image pro-
cessor with higher resolution, by using a lens with less

Fig. 2. Definition of the long and short axes of a binarized elliptical marker. (a) The maximum length (L), the width (W)
and the direction of maximum length (¢). (b) The long and short axes (L and L,), and the long-axis orientation (¢ ) of the
best-fit ellipse.
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Fig. 3. Errors in axial ratio (a) and in long-axis orientation (b) of binarized ellipses with four different areas (S) and variable
axial ratios (R). Every ellipse has the same orientation with ¢ = 0°. Closcd circle and bar represent the average and range of
errors, respectively, for ellipses with each axial ratio.

aberration, and by lighting more uniformly and correct-
ing for shading.

The precision of data obtained under our present
system is investigated here by using computer-drawn
ellipses with different areas and axial ratios. The areas of
these ellipses in an image area of 512 X 480 pixels are
1843.2:x, 460.8, 115.2:7 and 28.8x pixels, and the num-
bers of ellipses in the image are 4, 16, 64 and 256.
respectively. Axial ratios of these ellipses range from 1.0
to 5.0. Let R and ¢ be the axial ratio and long-axis
orientation of a computer-drawn marker ellipse (¢ = 0°
here), and let R’ and ¢’ be the axial ratio and long-axis
orientation of the best-fit ellipse of the binarized
marker. Percentage error in axial ratio is calculated from
the following equation.

error (%) = (R’ = R|/R) x 100. (8)

The error in long-axis orientations is represented by the
difference between ¢ and ¢'; |¢’ — ¢|. The results are
shown in Fig. 3 and summarized in Table 1. The errorin
axial ratio clearly increases with decreasing marker
areas, whereas it slightly increases with increasing axial
ratios for ellipses having the same area (Fig. 3a). The
error in long-axis orientation slightly increases with
decreasing marker area, whereas it exponentially de-
creases with increasing axial ratio (Fig. 3b).

The variation in errors depending on marker location
in an image has been investigated for ellipses having an
area of 115.2:7. An image is divided into four equivalent
domains each of which contains 16 ellipses: (1) central
part; (2) top and bottom sides; (3) right and left sides:
and (4) corners. Errors in axial ratio and long-axis
orientation in each domain are separately determined
(Fig. 4 and Table 1). The data obtained are most precise
in domain (1) and least precise in domain (4).

These results indicate that, under the present system.

markers larger than 115.2:7 (about 360) pixels in the
central 256 X 240 pixels of an image give errors less than
11% in axial ratio and less than 3° in long-axis orien-
tation (Table 1).

STRAIN CALCULATIONS

Once axial lengths and orientations of a suite of
markers have been obtained by image analysis, strains
can be automatically calculated using computer pro-
grams. The programs used in this study incorporate five
different strain calculation methods: (1) the slope
method (Ramsay 1967); (2) the method of means (Lisle
1977a); (3) the method of Shimamoto & Ikeda (1976);
(4) the R;/¢ method (Dunnet 1969); and (5) the 6-curve
method (Lisle 1977b) which is a modified R¢/¢ method.
The former two methods provide only an imprecise

Table 1. Summary of error data shown in Figs. 3 and 4. The percent-

age errors in axial ratio are shown by the ranges of average and

maximum errors, while the errors in long-axis orientation are rep-

resented by three axial ratios for above which the maximum error
becomes less than 3°, 2° and 1°

s |Domain Error (%) . ¢~/

average | maximum | <3"} <2*|<1°

18432n| all 1.80-505 | 2.27-600 | 14| 15126
46081 all 250-762 | 543-1140 | 15|22 | —
1) 1.56-6.68 | 323-1148 | 1.2 | 1.5 | 1.7

(2) 1.25-6.91 310-1272 | 16 | 18 | 28

1152z | (3) 368-837 | 680-1731 | 16| 1.8 | 2.8
(4) 2.77-813 | 5.78-1568 | 20| 38 | —

all 3.06-6.70 | 680-17.31 | 20} 38 | —

288 all 348-1043 {13.28-5755 {36 | — | —




142

(a)

K. KaNaGcawa

104 = Domain (1) (N = 6)

%n

Domain (1) (N =16)

o b

PP Y

10J r‘_'_‘L-ba-“ Domain (2) (N =16)

§H

Domain (3) (N =16)

=

-
(S,

(9,) 40407
o o <)
>
<
3

=

‘ Domain (2) (N = 16)

10° - .

) lM 44
o s o o b b 0 0bd

— -

1= Domain (3) (N = 16}

|
o MéLA e bt o 000 b4

J°F  Domain (4) (N =16)

-
n

o 3
ig
‘ Vs

Vi

/7

Pomain (3) (N = 16)

:: *M@

0 -
10 20 30 40 R 50

10 20 30 40 p 50

Fig. 4. Errors in axial ratio (a) and in long-axis orientation (b) of binarized ellipses with variable axial ratios (R) in four
different domains (dotted). Every ellipse has the same orientation with ¢ = 0° and the constant area of 115.2x pixels.
Closed circles and bars are the same as those in Fig. 3.

estimate of the axial ratio of the strain ellipse (R;),
whereas the latter three methods provide a better esti-
mate of the shape and orientation of the strain ellipse.
Description of these methods is avoided here, because
the reader can refer not only to the above references for
full descriptions, but also to Hanna & Fry (1979),
Paterson (1983), Ramsay & Huber (1983), Lisle (1985)
and Babaie (1986) for brief descriptions.

The computer programs for calculating strains were
written in BASIC and are available from the author. The
programs using the R¢/¢ technique were written based
on the procedures described by Lisle (1985) referring to
the program STRANE of Dunnet & Siddans (1971) and
the program THETA of Peach & Lisle (1979). For a set
of Rd/¢ data, the symmetry test or the §-distribution test
is applied. The symmetry check is also possible from a ¢
frequency diagram or a contour map of the R¢/¢ data (cf.
Ramsay & Huber 1983, p. 83). If the data satisfy sym-
metry conditions, an optimum value of strain ratio is
automatically determined using the R¢/¢ method or the
g-curve method. If they fail, the data distribution is
regarded as asymmetric and the unstraining subroutine
which is part of STRANE is called. This procedure
successively imposed an incremental reciprocal strain
until the symmetry of the @-distribution is maximized,
and gives a possible solution for the axial ratio and
orientation of the strain ellipse.

EXAMPLE

As an example, data were collected from the photo-
micrograph of an Ordovician oolitic limestone of North
Wales, which is shown in fig. 5.7 of Ramsay & Huber

(1983, p. 79). Then 275 ooids were traced from an
enlarged photocopy of the photomicrograph. Their axial
ratios and long-axis orientations were first measured
using a caliper and a protractor, and next obtained using
the image analysis system. In the image analysis, the
traced ooids were divided into four groups so that all
digitized ooids occupy an area larger than 360 pixels, and
the central parts of the four different images were used
for data collection. The calculated strain ratios and long-
axis orientations of the strain ellipse obtained in these
two ways are listed in Table 2 together with those given
in Ramsay & Huber (1983).

The three means of the data obtained manually agree
very well with those of Ramsay & Huber (1983). The
means of the data obtained by image analysis correlate
reasonably well with, but are systematically higher than,
those obtained manually and by Ramsay & Huber
(1983).

The method of Shimamoto & Ikeda (1976) and the 6-
curve method give the most conservative and consistent
R, values. The R¢/¢p method gives slightly higher values
than the above two methods. In contrast, the R, value
estimated using the R;/¢ method by Ramsay & Huber
(1983) is much higher than those in this study, and even
higher than the three means given by them. Because the
means always overestimate R, unless markers are in-
itially circular (Lisle 1977a), this higher value must be
incorrect due to the visual fitting of standard R;/¢ curves
to data. The R, values calculated from the data obtained
by the image analysis using the method of Shimamoto &
Ikeda (1976), the 6-curve method and the R¢/¢p method
again take higher values than the corresponding values
from the data obtained manually.
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Table 2. Calculated strain ratios (R,) and long-axis orientations of the strain ellipse from the data obtained manually and by
image analysis compared with those given by Ramsay & Huber (1983)

Method Ramsay & Huber Data o:t:lisnset: dyD;t: (Z)Z:t)ained b
(1983)  (N=280) . hed
manually image analysis
Slope (long/short) — 1.59 1.63
Arithmetic mean Ry 167 1.68 1.74
Geometric mean G 1.64 164 1.69
Harmonic mean H 1.60 1.61 1.66
Shimamoto & lkeda (1976) —_— 152 51.9° 1.57 54.5°
Ri/¢ (Dunnet & Siddans 1971) 1.7* 1.56 526° 159 s52°
6-curve (Peach & Lisle 1979) —_ 1.52 ' 1.56 |

*Obtained by visual fitting standard curves to data.

The calculated long-axis orientation of the strain
ellipse by the R¢/¢ and 6-curve methods agrees well with
that derived from the method of Shimamoto & Ikeda
(1976) (Table 2). It should be noted that the long-axis
orientations calculated from the data obtained manually
(52.6° and 51.9°) are exactly perpendicular to the direc-
tion of extension fissures (—38°) present in the photo-
micrograph of Ramsay & Huber (1983). When obtained
by image analysis both these angles are greater by 2.6°
(Table 2).

CONCLUSIONS

The above example shows that the strain ellipse calcu-
lated from the data obtained by image analysis has a
~3% higher axial ratio and a 2.6° difference in long-axis
orientation compared to that from the manually
measured data (Table 2). These values provide rough
estimates of errors in data collection using our image
analysis system from a suite of elliptical markers with
variable axial ratios and orientations.

The greatest advantage of the use of an image analysis
system in strain analysis is the speed with which it
provides a quantity of data. The manual measurement of
275 ooids requires almost an entire day, whereas it takes
less than 30 min for the data collection using the image
analysis system. The time for strain calculation varies
depending on quantity of data and methods used. For
275 ooids, it took less than 10 s for the calculation using
the slope method, the method of means and the method
of Shimamoto & Ikeda (1976), about 6 min for the Ri/¢
method, and about 25 min for the &-curve method.
Because the method of Shimamoto & lkeda (1976)
provides results as precise as those of the 6-curve
method, it is most efficient to use this method for the
data which satisfied the symmetry check of the Ry/¢
method. Strain analysis which has required considerable
time and great effort hitherto can thus be done automati-
cally and precisely in a very short time by using the image
analysis system described here.
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