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bstract. This paper describes a technique for allowing the mag-
ification of a microscope to be changed and still obtain quantitative
eflectance values for low-magnification reflected light image analy-
is of conifer tree rings. A remotely controllable digital camera is
sed to capture images, and a multireflectance gray standard is
sed to calibrate the luminance response of the camera across a
ange of reflectances. The imaging system was tested by measuring
wo conifer rings of differing widths and densities at several different
evels of magnification. Upon adjusting the camera and converting
ray values to true reflectances, the earlywood maximum and late-
ood minimum reflectances of each ring were essentially identical
cross all magnification settings. Total ring widths were also equal
cross all magnification settings. The “magnification irony” is solved

or microscope-based reflected light image analysis of conifer tree
ings, and reflected light image analysis of conifer tree rings should
ecome more prominent in future dendrochronological

nvestigations. © 2006 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:3�304��

NTRODUCTION
his paper describes a technique for allowing the magnifi-
ation of a microscope to be changed and still obtain quan-
itative reflectance values from low-magnification reflected
ight image analysis of conifer tree rings. Quantitative re-
ected light image analysis of conifer tree rings, that is, the
easurement and analysis of wood reflectance of individual

ree rings, has been shown to have excellent potential in
everal applications of dendrochronology. For example, low-

agnification reflected light image analysis of tree rings has
een incorporated in dendroclimatology1,2 and
endroseismology.3

Successful quantitative reflected light image analysis in
endrochronology is based on the idea that light reflectance
f conifer rings is related to ring density.4 Specifically, rings
ith high wood density (i.e., high mass per volume) appear
ark to the human eye and have low reflectance (Fig. 1, left
ing). Conversely, rings with low wood density appear faint
o the human eye and have high reflectance (Fig. 1, right
ing).

In its own right, ring density has played an important

eceived Jun. 15, 2005; accepted for publication Oct. 24, 2005.
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ole in much dendrochronological research. For example,
atewood density has been used to reconstruct past
emperature5 and precipitation.6 However, x-ray
ensitometry,7 the method for measuring ring density, is
ostly and difficult to do consistently well.8 Low-
agnification reflected light image analysis obviates some of

he more difficult sample preparation and measurement
teps of densitometry, and given that image analysis yields
ata that mimic density,2 this technique of electronic imag-

ng should be widely applicable throughout dendrochronol-
gy.

Unfortunately, reflected light image analysis, at least
hen using a microscope to create images, still awaits wide
se in dendrochronology, in part due to a limitation that can
e dubbed the “magnification irony.” Namely, in spite of
aving zoom magnification available on microscopes, re-
ected light image analysis has ironically been limited to
sing a single magnification setting while measuring the
ings of any given tree-ring sample. This limitation arose
rom the premise that quantitative comparison of brightness
alues within a tree-ring sample is legitimate only if the
omponents of the optical configuration of the imaging sys-
em are held constant for all rings of that sample.4 This
estriction means not changing the microscope magnifica-

igure 1. An image of two adjacent rings of a red spruce �Picea rubens�
nd their associated reflectance scans �see Ref. 4�. White lines on the
ings demark their boundaries, and total and partial ring widths and maxi-

um and minimum reflectances are indicated on the scans.
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ion, which, when changed, dramatically affects the bright-
ess of images.9 This limitation is quite imposing because
ings within a tree can vary by two orders of magnitude in
idth, for which no single magnification setting of the mi-

roscope is optimal.
Attempts to solve this magnification irony have used

at-bed scanners,10 but it would still be useful to overcome
his issue for imaging systems that use microscopes for cap-
uring images because microscopes remain a key optical in-
trument in dendrochronology labs worldwide. In particular,
he flexibility of zoom magnification in a microscope can be
seful for samples with widely varying ring widths (Fig. 2).
or example, while wide rings appear equally clear at low
agnification through both a microscope [Fig. 2(a)] and a

at-bed scanner using 1600 dpi [Fig. 2(b)], narrow rings are
ot well resolved at low magnification. Narrow rings are
learer after optically increasing the magnification of the mi-
roscope [Fig. 2(c)], but they are pixelated after digitally
agnifying the scanner image [Fig. 2(d)].

igure 3. Multireflectance gray card standard. Each wedge is labeled
ere with its predetermined reflectance value �%�, though those numbers
re not on the actual card. The center has a white box of known dimen-
ions, which is used to calibrate the linear distance of a pixel at any given
agnification level.

igure 2. Comparison of images from microscope and flat-bed scanner
ystems. �a� Low magnification using the microscope, �b� scanned image
t 1600 dpi, �c� high-magnification using the microscope, and �d� digital
nlargement of the scanned image.
i

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
A solution to the magnification irony with microscope-
ased imaging systems requires modifying the premise of
efore: Quantitative analysis of ring brightness values within
sample requires that the optical configuration be held ef-

ectively constant for all rings even if individual components
f the system (e.g., magnification) change. This modified
remise allows the components of the optical system to
hange as long as the ultimate effect of those changes is still
constant optical configuration. In particular, if magnifica-

ion of the microscope were changed to accommodate nar-
ow or wide rings, other components of the optical system,
otably the camera itself, would have to be adjusted to com-
ensate for the new magnification and reattain the same
ptical configuration of before. The primary objective of this
esearch was to develop and automate the ability to adjust
he gain and exposure settings of the video camera in re-
ponse to changing the magnification of the microscope so
hat the optical configuration of a reflected light imaging
ystem can be held effectively constant at different magnifi-
ation settings. An additional objective was to convert mea-
ured gray value of rings to true reflectance, thereby allowing
uantitative comparison of rings not only within a tree
ample but also between different trees.

ETHODS
eflected Light Image Analysis System
he reflected light image analysis system used here was de-
eloped beginning with a compound microscope with a
� common main objective lens and a zoom magnification
anging from 0.75� to 7.5� (Nikon SMZ-U). Such a mi-
roscope can be considered reasonably standard equipment
or dendrochronology laboratories.

A remotely controllable digital camera (Sony X700) is
sed to capture images. The sensor is a 1024�768-pixel

nterlined charge coupled device without a Bayer mask. This
evice is neither a consumer-grade video camera nor a high-
nd scientific imaging camera, but rather it is intermediate
n quality and suitable for research-vision applications. This
amera has the IEEE 1394 firewire interface, which allows
ommunication between the camera and controlling soft-
are. Gain and exposure settings determine the analog video

esponse signal to the light input, which defines the image
efore being converted to digital form and displayed for
uantitative analyses.

The process of computationally changing the camera’s
ettings requires a multireflectance gray standard to calibrate
he luminance response of the camera across a range of re-
ectances (Fig. 3). A total of six different reflectance stan-
ards was deemed sufficient for this task, with the standards
anging from 10% to 70% reflectance, approximately the
ame range of reflectance of typical conifer rings. All of the
ray standards must be visible to the camera at the same
ime regardless of the magnification setting, so a pie-chart
attern was chosen with the center point positioned at the
enter of view of the optical system.11 Additionally, a square
f known dimensions was overlain onto the standard to cali-
rate the linear pixel size for any magnification setting. Dur-
ng each calibration step, the width of the white box is de-

305



t
d

f
s
s
o
s
b
t
fl
c
a
e

w
c
t
(
m

u
a

A
I
fl
t
s
f

w
e

fl
p
v
F
a
fl

w
i
y
f
w

v
o
c
t
i
g

E
W
a
n
e
s
a
p
t

r
t
(
s
fl
u
T
w
t
i
a
b
A
i
f
c
t
i
f
e

R
W

F
s
y
c
m

Sheppard and Singavarapu: Solving the “magnification irony”¼

3

ermined in pixels, and later that pixel distance is used to
etermine the width of the rings.

A personal computer is used as the computational plat-
orm for image acquisition and manipulation. Coriander
oftware was selected for use within the Linux operating
ystem. Modifications have been made to the Coriander
pen-source code to accommodate control of the camera
ettings. The software that we developed adjusts the camera
y changing the exposure setting and evaluating the rela-
ionship between the measured gray values and known re-
ectances of the multireflectance standard. At any magnifi-
ation level and for levels of illumination that are
ppropriate for displaying an image, this relationship can be
xpressed as a routine regression model:

ŷ = am + bmx , �1�

here ŷ is the predicted gray value, a and b are the y inter-
ept and slope for any given magnification level m, and x is
he true reflectance. The camera exposure setting is changed
after converting to physical units) iteratively for each new

agnification level as follows:

exposurecurrent =
bprior

bcurrent

� exposureprior, �2�

ntil a minimum difference of 0.01 is attained between bprior

nd bcurrent.

cquiring Images
n this application, all digital images, including the multire-
ectance gray standard and actual tree rings, are made and

hen flat-field corrected using an image of an all-gray
tandard.4 The flat-field correction is done for each pixel as
ollows:

corrected imagex,y = original imagex,y

�
average all-gray value

all-gray imagex,y

, �3�

here x and y refer to the horizontal and vertical location of
ach pixel of the images.

After calibrating the optical system using the multire-
ectance gray standard, the tree-ring sample is placed in
osition so that the rings to be measured are aligned as
ertically as possible and progressing from left to right, as in
ig. 1. Ring boundaries are located using a differencing
lgorithm.4 Measured gray values are converted to true re-
ectances by inverting Eq. (1) as follows:

x̂ =
�y − am�

bm

, �4�

here x̂ refers to the estimated reflectance, a and b are the y
ntercept and slope for any given magnification level m, and

is the measured gray value. All rows of reflectance values
or a ring are merged into a single reflectance scan, from

hich the earlywood maximum and latewood minimum a

06
alues are identified (Fig. 1, reflectance scan). Ring width is
btained by multiplying the calibrated pixel length of the
urrent magnification setting times the number of pixels of
he average brightness scan. All data are written out to files
n a format that is compatible with commonly used pro-
rams of dendrochronology.

xperimental Testing
ith all hardware and software components in place, the

djustable imaging system was tested by measuring two co-
ifer rings of differing widths and densities at several differ-
nt levels of magnification, with the goal of obtaining the
ame ring width and intraring reflectances for each ring
cross different magnification levels. For comparison pur-
oses, these rings were also measured at different magnifica-
ion levels but without adjusting the imaging system.

For this test, sample rings were chosen from a ponde-
osa pine (Pinus ponderosa) growing on the Catalina Moun-
ains (2400 m elevation), just northeast of Tucson, Arizona
32° 12� N, 110° 33� W). Ponderosa pine is a prominent
pecies in dendrochronology,12 and being able to use re-
ected light image analysis on it would greatly enhance the
se of image analysis in dendrochronology. Additionally,
ucson is within the zone of the North American monsoon,
here up to 50% of annual precipitation is received during

he summer.13 Reconstructing summer rainfall in this region
s vital to understanding long-term monsoonal patterns,14

nd intraring variables, including density or reflectance, have
een useful for determining past rainfall patterns of the
merican Southwest.1,6 Thus, successful testing of a flexible

maging system on ponderosa pine rings would pave the way
or future dendrochronological research on at least the spe-
ific environmental feature of monsoonal rainfall patterns of
he Southwest. In this test, the tree-ring sample was a typical
ncrement core 5.1 mm in diameter,15 and its transverse sur-
ace was polished with successively fining sanding papers to
xpose the rings clearly.16

ESULTS
hen changing the microscope’s magnification, the slope

igure 4. Scatter plots of gray values measured for each of the gray
tandards of Fig. 3 at three different magnification levels. The slopes and
intercepts of the regression lines differ across magnification levels be-

ause the gray value-reflectance relationship is altered by changing the
agnification.
nd y intercept of the relationship between known reflec-

J. Imaging Sci. Technol. 50�3�/May-Jun. 2006
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ance and observed gray value changed substantially (Fig. 4).
ithout adjusting the camera to compensate for these

hanges in the microscope, the measured reflectance values
or both early and latewood of a test ring decreased with
ncreasing magnification (Table I). These changes illustrate
hat the optical configuration does indeed vary when the

icroscope’s magnification is zoomed in or out. Without
ompensating for this effect, gray values at these different
onfigurations would differ merely because of the magnifi-
ation setting, not because of any true environmental
hange. This would invalidate subsequent quantitative analy-
is of different rings measured at different magnification lev-
ls, confirming the need to adjust some other component of
he imaging system after changing magnification in order to
eattain the effective equivalent of the optical configuration
f before.

Upon adjusting the camera, primarily its exposure set-
ing, nearly identical gray values were obtained for the
nown reflectances of the multireflectance gray standard
cross different magnification levels. After converting gray
alue to true reflectance, the earlywood maximum and late-
ood minimum reflectances of each test ring were essen-

ially identical across all magnification settings (Table I). To-
al ring widths were also equal across all magnification
ettings, and as verification that the widths are correct, they
re the same as those obtained using a traditional incremen-
al measuring system (Table I, footnote).

ISCUSSION
ith the ability to take advantage of the magnification fea-

ure of the microscope to zoom in for narrow rings or zoom
ut for wide rings and still maintain a constant optical con-
guration, it is now easy to use a microscope-based reflected

ight imaging system on tree-ring samples with high inter-

Table I. Reflectances and widths of representative t

agnification
�µm

pixel−1�

Camera Unadjusted

Ring 1
reflectance

�%�
Reflectance

�%�

Earlywood Latewood Earlywood

9.1 51 36 52

6.6 47 33 52

5.2 43 30 52

4.3 41 28 51

3.8 38 26 52

As measured using the Bannister Incremental Measuring Machine incremental measuring machin
verages of five repetitive measurements of each ring. For each ring, t tests of ring widths show
nalysis.
nnual variability in width. The process of adjusting the

. Imaging Sci. Technol. 50�3�/May-Jun. 2006
amera after changing the magnification setting is auto-
ated, which makes it highly repeatable for different tech-

icians using the system. With converting the measured
rightness values to true reflectances, data from different
ings can legitimately be compared across rings within a tree
s well as between trees.

Furthermore, whereas in the past it had been necessary
o maintain strict control over the intensity of the light
ource of reflected light imaging systems,4 varying light in-
ut is no longer an issue because of this ability to adjust the
amera to compensate for changes in other parts of the op-
ical system, including the light source. Because the comput-
rized adjustment of the camera typically takes just a couple
econds to execute, there is no reason not to recalibrate the
maging system for each new image of rings, even if the

agnification setting is not changed between images. In
eneral, a typical tree-ring series of 100 rings takes between
and 2 h to measure using this image analysis system. This

s longer than it takes to measure just ring widths using a
tandard incremental measuring machine, but image analysis
rovides much more data that can enhance the climate
odeling potential of a collection of dendrochronological

amples.1,2 As an added plus, the use of freely available soft-
are to capture and manipulate images means that no single

omponent of the imaging system used in this research is
nordinately expensive. Cost should not be a limiting factor
or most dendrochronology labs to develop a microscope-
ased reflected light image analysis system.

In addition to the magnification irony, other issues have
imited the wide use of reflected light imaging systems in
endrochronology, including the problem of wood discol-
ration that occurs long after tree rings are formed and
herefore does not represent environmental conditions at the
ime of ring formation.18 Recent advances in the use of non-

of ponderosa pine at various magnification settings.

Camera Adjusted

1 Ring 2

Reflectance
�%�

d Width �mm�a Earlywood Latewood
Width
�mm�a

2.03 51 42 2.84

2.04 50 42 2.82

2.05 51 42 2.86

2.06 51 43 2.84

2.04 52 43 2.84

ware �see Ref. 17�, ring 1 is 2.04 mm wide and ring 2 is 2.84 mm wide. These width values are
ant difference between average values measured the traditional way versus measured by image
ree rings

Ring

Latewoo

37

37

37

38

38

e and soft
no signific
307
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hite light10 and in chemical pretreatments of the wood
tself19 appear to be solving this issue. As these issues are
olved, further testing should proceed on a full collection of
ree-ring samples using microscope-based reflected light im-
ge analysis.

ONCLUSIONS
he magnification irony is solved for microscope-based re-
ected light image analysis of conifer tree rings. With the

reedom to change magnification between rings, image
nalysis is now suitable for highly variable ring widths,
hich is common in tree-ring samples for literally hundreds
f investigations ever since dendrochronology was estab-

ished as a scientific discipline. With overcoming this micro-
cope issue, reflected light image analysis of conifer tree
ings should become more prominent in future dendrochro-
ological investigations.
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