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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS

APPROXIMATE CONVERSIONS FROM SI UNITS

Symbol ~ When You Know Multiply By To Find Symbol | Symbol When You Know Multiply By To Find Symbol
LENGTH LENGTH
in inches 25.4 millimeters mm mm millimeters 0.039 inches in
ft feet 0.305 meters m m meters 3.28 feet ft
yd yards 0.914 meters m m meters 1.09 yards yd
mi miles 1.61 kilometers km km kilometers 0.621 miles mi
AREA AREA
in’ square inches 645.2 millimeters squared ~ mm® mm? millimeters squared 0.0016 square inches in’
ft* square feet 0.093 meters squared m’ m’ meters squared 10.764 square feet ft*
yd? square yards 0.836 meters squared m’ m’ meters squared 1.196 square yards yd?
ac acres 0.405 hectares ha ha hectares 2.47 acres ac
mi’ square miles 2.59 kilometers squared km? km? kilometers squared 0.386 square miles mi’
VOLUME VOLUME
fl oz fluid ounces 29.57 milliliters ml ml milliliters 0.034 fluid ounces fl oz
gal gallons 3.785 liters L L liters 0.264 gallons gal
ft’ cubic feet 0.028 meters cubed m’ m’ meters cubed 35.315 cubic feet ft’
yd® cubic yards 0.765 meters cubed m’ m’ meters cubed 1.308 cubic yards yd®
NOTE: Volumes greater than 1000 L shall be shown in m”.
MASS MASS
0z ounces 28.35 grams g g grams 0.035 ounces 0z
Ib pounds 0.454 kilograms kg kg kilograms 2.205 pounds Ib
T short tons (2000 1b)  0.907 megagrams Mg Mg megagrams 1.102 short tons (2000 1b) T
TEMPERATURE (exact) TEMPERATURE (exact)
°F Fahrenheit (F-32)/1.8 Celsius °C °C Celsius 1.8C+32  Fahrenheit °F

*SI is the symbol for the International System of Measurement
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1.0 INTRODUCTION

Bridge inspection is a key component in bridge safety and management. Presently, using
conventional methods to collect and archive field data for the evaluation of structures is often
subjective and very time consuming. Efficient and economical visual inspection techniques are
needed to improve quantitative field data collection and increase inspection production time.
This is particularly true for gusset plate connections, which have become a recent focus of
transportation agencies after the collapse of the I35W Bridge in Minneapolis, MN in 2007.

Visual inspection methods are beginning to deploy supporting technologies (McCrea et al.
2002). One such technology is digital image processing, which has been utilized in various areas
in civil engineering. Several researchers implemented digital image technologies for assessment
and inspection of steel, concrete and reinforced concrete structures. Although using digital image
processing to detect a crack on a concrete surface is difficult due to voids, blemishes, shades and
shape of the cracks, it attracts broad interest and has been studied by several researches such as
Ito et al. (2002), Dare et al. (2002), Hutchinson and Chen (2006), Fujita et al. (2006), Yamaguchi
and Hashimoto (2006), Sinha and Fieguth (2006), Yamaguchi et al. (2008), Yamaguchi and
Hashimoto (2009).

Lee and Chang (2005) used digital image processing for the assessment of rust defects on steel
bridges. Liu et al. (2006) utilized image processing methods to detect rivets for aircraft lap joints
and recently, Higgins et al. (2010) has used digital image processing to enable rapid and accurate
collection of field measurements of gusset plates.

In the paper by Higgins et al. (2010), close-range photogrammetry techniques were used to
rectify field collected images taken with consumer grade cameras to produce metrified
orthographic photos of gusset plate connections. Flat field lenses were used in order to minimize
the effect of barrel distortion and/or pin-cushion. While these methods provide improvements in
the amount and quality of geometric data obtained from gusset plates, improvements are reported
here that allow the use of fisheye lenses and stitching together of multiple images. These
enhancements are useful since images are most often taken by climbing on the structure or from
a snooper. In these cases, it is sometimes difficult to capture the whole gusset plate in one picture
with a short focal length lens at close distance. Furthermore, sometimes due to the obstacles such
as another gusset plate, floor beam, lateral bracing, utility pipe etc., as shown in Fig.1.1a; it is
impossible to capture the whole gusset plate in one picture with a flat field lens. For these cases,
a fisheye lens can be utilized to capture a large part of the structure with short focal lengths as
shown in Fig.1.1b. Alternatively, the entire gusset plate can be created from separate images of
parts of the connection by stitching the individual images together to create a composite image.



Figure 1.1: An image of a gusset captured by a) flat field lens b) fisheye lens. Note the downspout obstruction



2.0 OBJECTIVES

The objectives of this study were to:

1) Develop methods to convert fisheye images to perspective images (defish) so that the
converted images can be used in rectification and metrification procedures as described
in Higgins et al. (2010).

2) Develop methods to stitch together partial images of a gusset plate into a composite of
the complete gusset plate so that the converted images can be used in rectification and
metrification procedures as described in Higgins et al. (2010).

These methods are described in the subsequent sections, and appendices are provided that guide
a user through the implementation process.






3.0 FISHEYE IMAGES

Fisheye lenses are lenses that can provide wide field of view with a very short focal length.
These lenses can be used to capture 180° or larger field of view with a single camera, from one
stationary point and at a single moment (Abraham and Forstner 2005). Compared to the real

panoramic cameras, they are cheap and can be combined with conventional cameras (Schneider
et al. 2009).

In fisheye projection models, generally a sphere is projected on a plane and depending on their
projection geometry, they can be classified in four different categories: Equidistant Projection,
Equisolid-angle Projection, Othographic Projection and Stereographic Projection (Ray 1994).

An object in space can be described in the camera coordinate system as (X, Y, Z) and the same
object can be described in the image coordinate system as (X',y') where x and y axes and x” and

y’ axes are parallel. Using this notation, the incidence angle, « , image radius, r', and the
mapping function of an undistorted perspective image can be written as (Schneider et al. 2009):

tan(a) = # (1)
r=x2+y”? @)
r'=c, tan(a) 3)
X—i. =2 4)

i 'y

where C, is the principal distance of the undistorted perspective image. Using Eqs.3-4 (X', y') can
be written as:
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Utilizing Eq.1, 3; (X', y') can also be written as:
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For the undistorted fisheye projection m  odels, the m apping functions and the projection
equations can be written (with correction parameters ignored) as (Schneider et al. 2009):
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Orthographic Projection:
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3.1 DEFISHING EQUATIONS

In order to convert fisheye images to perspective images, fisheye images are assumed to be

(11)

(12)

(13)

(14)

undistorted (correction parameters are ignored). For different fisheye projection models, fisheye

projection equations were mapped to perspective image coordinates using real world image

coordinates and Eqs. 5-14 as:
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Stereographic Projection:
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Using Egs.15-18, a Matlab image processing program was written. The test images were
collected by a Nikkon D300 camera with a Nikkor 10.5 mm lens which uses Equisolid-angle
Projection. This configuration was used as the default values in the Matlab program. The
properties of the camera and the fisheye lens are: Maximum resolution= 4288x2848, Sensor
size=23.6 mm x 15.8 mm (sensor type is CMOS), focal length=10.56 mm. The principal distance
in the x (c,, ) and y (c,, ) directions are calculated as 1918.70 pixels (maximum resolution in the

(18)

Y, =¢

x direction (4288) is divided by the sensor size in the x direction (23.6 mm) and multiplied by
the focal length (10.56 mm)) and 1903.44 pixel (maximum resolution in the y direction (2848) is
divided by the sensor size in the x direction (15.8 mm) and multiplied by the focal length (10.56
mm)). The principal distance of the perspective image (c, ) was assumed as 600 pixels and

established as the default in the program. These projection type and coefficient values can be
changed in the program.

The program first creates an array with the same size of the input image (fisheye image) with
zeros (black) in the three channels (RGB (red green and blue). In the test images, the array size is
4288x2848x3. For every pixel location in the defished image, using Eqs.15-18 and the principal
distances defined by the user; the corresponding pixel location in the fisheye image is calculated.
The RGB values in the fisheye image location are copied to the defished image location. If the
fisheye location is out of the fisheye image index that pixel is left blank (black). Thus, for every
defished image location pixel values, the fisheye image location pixel values are copied and the
defished image is created. Defished image of Fig. 3.1b is shown in Fig. 3.1b-c as an example.
Multiple images can be selected and when all the images are defished, a message dialogue box
pops up that reports the number of images that were defished. In order to demonstrate the effect
of the coefficientc,, different ¢, values were used and the results are shown in Figs. 3.2-3.9. A

walkthrough of the program is provided in Appendix A - User Guide for Fisheye Images. Once
the images are defished, they can be rectified using the methods described in Higgins et al.
[2010]. However, as a note of caution, because fisheye images are generally taken at close range,
the target standoff distance is important for metrification. Thus the camera distance to the gusset
plate should be measured and used in the standoff correction feature of the rectification process.



a)

©)
Figure 3.1: a) Original fisheye image b) defished image c) defished and zoomed image of the gusset.
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Figure 3.2: Original fisheye image of a gusset plate connection.

Figure 3.3: Defished image of Fig. 3.2 with C,=200 pixel
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Figure 3.4: Defished image of Fig. 3.2 with C, =400 pixel

Figure 3.5: Defished image of Fig. 3.2 with C, =600 pixel




Figure 3.6: Defished image of Fig. 3.2 with C, =800 pixel

Figure 3.7: Defished image of Fig. 3.2 with C,=1000 pixel
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Figure 3.9: Defished image of Fig. 3.3 with C,=1500 pixel
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4.0 STITCHING MULTIPLE IMAGES

Sometimes it is not possible to capture an entire object in a single image. In this case, multiple
images of the object are taken and these can be assembled to produce a single composite image.
To do this, and retain the metrification quality of the images, a stitching program was created
using Matlab. The program requires the add-on Image Processing Toolbox for Matlab.

In order to stitch two images together, one of the images (Image 1) is selected as the base image
and the other one (Image 2) is selected as the image that needs to be transformed to integrate
with the base image (Image 1). In order to transform Image 2, points of correspondence between
the two images are used to create a transformation matrix that is applied to Image 2. The Matlab
command cpselect is used to choose the corresponding image points in Image 1 and Image 2.
Using the Matlab command cp2tform and the corresponding image points in the two images, a
transformation matrix is created. Two different programs were developed that use alternative
transformations: 1) Nonreflective similarity transformation (translation, rotation, and scaling are
applied. Straight lines remain straight, and parallel lines are still parallel); and 2) Projective
transformation (Straight lines remain straight, however parallel lines converge toward vanishing
points) (Matlab 2010b, Mathworks). For Nonreflective similarity transformation, at least two
corresponding points in the images are needed and rectified images are used to stitch to each
other. For Projective transformation, at least four points are needed and the images may or may
not be rectified before stitching.

After creating the transformation matrix, the stitched image size is calculated. Two same size
black (RGB=0,0,0) images are created and the base image and the transformed images are pasted
onto these images as shown in Figs. 4.1 and 4.2. The transferred image is subtracted from the
base image and the subtracted image is obtained as shown in Fig. 4.3. The subtracted image is
added to the transformed image and the composite stitched image is obtained as shown in Fig.
4.4. The procedure for adding and subtracting image pieces is summarized in Fig. 4.5.

If obstructions occur in the composite image, these can be removed in the final image as shown
in Fig. 4.6. Using the Matlab function roipoly, a closed polygon is defined within which the
pixels can be replaced by either the base image or/and transformed image as shown in Fig 4.7.
Presently stitching can only be performed using Matlab as the functions cannot be deployed in a
standalone executable. A walkthrough of the Matlab program is provided in the Appendix B-
User Guide for Stitching Images.

15



Figure 4.1: Base image (Image 1) a) Original base image and b) Boundaries of composite image populated with
Image 1

b)

Figure 4.2: Transformed image (Image 2) a) Original base image and b) Boundaries of composite image populated
with Image 2

Figure 4.3: Subtracted image taken as Image 1 minus Image 2. This subtracted image is added to Image 2 next
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Figure 4.4: Subtracted image in Fig. 3.2 is added to Image 2 to produce stitched image

——= Base Image

— Trans. Image

— Subtracted Image= Base Image - Trans. Image

Base Region Intersection  Trans. Region
Base Base Black
Image | Image | (0,0,0)
Black Trans. | Trans
(0,0,0) | Image | Image
Base (Base-Trans)| Trans
Image | '™ Image
Base Base Trans
Image | Image | Image

———— Stitched Image = Subtracted Image + Trans. Image

Figure 4.5: Illustration of adding and subtracting procedure for stitching two images together.
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Obstacle from the
base image

Figure 4.6: Stitched image with obstacle contained in the base image (Image 1). A polygon area including the
obstruction is selected and the user can replace that area with part from Image 2

Figure 4.7: Final stitched image without obstacle
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5.0 CONCLUSIONS

Two new methods were developed that will enhance geometric data collection of gusset plate
connections for steel truss bridges. These include application of fisheye lenses and stitching
multiple images together to produce a single composite image. Using these methods, the
geometry of the connection plates and fasteners can be collected from the processed images. The
developed methods were illustrated with step-by-step instructions for their implementation.
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APPENDIX A:
USER’S GUIDE FOR FISHEYE IMAGES






Run “fisheye.exe”

WEE

]

fx (fisheye) [ 1500

Default
fy (fisheye) | 1600
f (pinhole) 100
Start

Equidistant Projection 2l
Projection EquiseEid-a_ng!e Erojgctigr
Type Orthographic Projection
Stereographic Projection .
4] {»

or open Matlab. Open the directory with fish eye.m, fisheye.fig, equidistant function.m ,
equisolid_function.m, Orthographic function.m and Stereographic function.m; and digital
fisheye photographs in MATLAB.

) MATLAB 7.11.0 (R2010b) =gl
Fle Edit Debug Desktop Window Help
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ff_} fisheye.m

Efj Orthographic_function.m

@ Stereographic_function.m
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Details Command History - A O 18
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Type “fisheye” and press enter in the Command Window to start the defishing program.
) maTas Zuo(R2o100) ~loix|

File Edit Debug Desktop Window Help
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"3} equidistant_function.m
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1] fisheye.m
E’_} Orthographic_function.m
’E} Stereographic_function.m
K — |
i W
Details Commaquiﬂistnrv AL A X

------ %-- €/28/2011 4:55 EM -

Select a file to view details

k| |
dsmrt| OVR ],

Depending on the lens and the cam era, change fx(fisheye) ( c,, ), fy(fisheye) ( c,, ), f(pinhole)
(c,) and/or Projection Type.

IR i

Cxx
ix (fisheye) W/

Car |
/ Default
fy (fisheye) 1600
(]

f (pinhole) 100 ‘/

Equidistant Projection 2l
Projection Equisaiid-a_ngie F’_‘mjt_e::tmr
Type Orthographic Projection
Stereographic Projection .
4 (>

Start
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In order to return back to Nikkon D300 camera with a Nikkor 10.5 mm lens and ¢, =600 pixel,
click on “Default”.

—Iix

¥

fx (fisheye) I 1918.70

Default
fy (fisheye) | 1903 44
f{pinhole) | 600.00
Start

Equidistart Projection 2
Projection Equisnlid—a_ngle Ern}gmigr
Type Orthographic Projection
Stereographic Projection .
4] | »

Click on “Start” and select pictures that are going to be defished. Different types of pictures such
as *.jpeg, *.tif and etc can be selected.

.} Select all images to Defish

Lockin: | | fisheye_exs

;. ]
CCH_1565.jpg

File name: I"CCH_1565.jpg" "CCH_1554jpg" ™
Flesoftype: | ["jpg)




When all the images are defished, a message dialogue box pops up reporting the defished
number of images.

fx (fisheye) I 1918.70

m ;IE[EI Default |
fy (fisheye)

Murnber of images defished=12

f (pinhole) | 600.00

Start

Equidistant Projection 2]
Equisolid-angle Projectior
Orthographic Projection
Stereographic Projection
Kl [
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APPENDIX B
USER’S GUIDE FOR STITCHING IMAGES






Open Matlab.

B =10l xJ;

| MATLAB 7.11.0 (R2018b)

D 6 | & ‘ . LB e | h @ @ | @J |&.ﬂeu_'!_tfd&_{er':_lX:‘\Tugrul\hnagm_tot_ﬂs\l.mage_sﬁmWaﬂab Files'Projective LI:I [@

: shortouts (2] Howto Add 7] What's New :

_Current Folder w0 2 X | Com d Window 0O 2 % ||| Workspace »o2 x|

i «proc. < ol | B >> = o % W [Dse. -
B [ Name ¢ [ value

E[ Image_stitch.fig
"‘a Image_stitch.m
=] MG_ooa7. PG
[=] mMG_ooss. PG

K —

CommandHistory 1 [0 & X

Details

Select a file to view details

W
------ %-- 6/29/2011 12:2

4\ Start

\B.

Open the directory with Image stitch.fig and Image stitch.m in MATLA
[ =

D ﬁ | & ‘ . Lol |&@ @ |@) |&.a-reu_'!_tﬁﬂé?rf:_lX:‘\Tugrulumagm_tot_:ls\Dnage_sﬁmWaﬂab Files'Proje

0 o2 e |

© Shortouts (7] How to Add 7] What's New

FECLED

0 2 X || Command Window

»

_Current Folder

- ol B || fe >

Name £ | value

.I» < Projec...

| [name |
E[ Image_stitch. fig

@ Image_stitch.m

=] MG_oos7. PG

=] mG_oosa. e

B

H

Command History + 0 2 X |

Details it
...... 3. §/29/2011

Select a file to view details

BM




stitching program.
T =loix|

?‘XI

53

Type “Image_stitch” and press enter in the Command Window to start the
File Edit Debug Desktop Window Help
7 3 b.ﬁ | * % @ ) | & ﬁ ,_% | @, |Cunenthdex'.lX:‘\Tugrul\,Imaging_tools'l,lmage_sﬁhd‘l'lMaHab Files'Projective LIJ hﬁl
“ 0O A x Workspace + 0
EEEET
[ value

MName £

. Shortcuts 7] How to Add 7] What's New
Current Folder e | | Command Window
o |l Image_stitchl

1. = Projec...

IEY |Name A

_Ej Image_stitch.fig
"EJ Image_stitch.m
[=] mMG_oos7.1rG
=] mG_noss. PG

Details

Select a file to view details

K i
Command History 02 x |
""" $-- 6/29/2011 12:24 PM

4

GVR A

=100 x|

4\ Start
Click on “Stitch Images”.
magesmar

Stitch Images

— Replace with Base Im. and then Transformed Im ——

— Replace with Transformed Im. and ther Base Im ——

Replace with Transformed Image

Replace with Base Image

Replace with Base Image

Replace with Transformed Image




Select the base image.

- «EmckE

| -| Date modified | -| Type [-]
3/25/2010 10:01... JPEG image
(252010 10:04... IPEG image

Look in: I || Projective

Recent Places

4

Desldop

Libraries
i

Computer

A

-

Metwark
| i3

o I

File rame: IMG_D08E.JPG
Files of type: | Cipg) ~| Cancel /l
e

Select the image to stitch.
[imagesoear
) Select hetmagetosttch

Look in: I | Projective

/25/2010 10:01... IPEG image
3/25/2010 10:04... JPEG image

Recert Places (PSRl R e

.

Desldop
=

Libraries

|'L;

Computer

Networlc
| il

l

File name: IMG_0087.JFG .
Files of type: [ Cipg) L Cancel /l
A

B-3



Control Point Selection Tool is activated. Default appearance of the tool is shown below (Matlab
2010b, Mathworks).

i Zoom inand out Move imagesin ~ Specify magnification or lock
Eﬁ:ﬂgm on images detail windows relative magnification of images
) Control Point Selection Tr.ol 1 =10} x}
Fits, Edit View ¢ Tools J#indow Help L
Select ps ) =
points Iﬁ_é_@‘..a_{?_._ _'_/_/ =g = j...___ -
Input Detail maon tit | 200% ~| ||— Lockralio | | 200% =] Base Detait maon tif

Detail
windows—— ™

Overview
windows

Detail
rectangles
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Using Control Points Selection Tool, select the similar points. At least two points are needed for
Nonreflective Similarity Transformation; for Projective Transformation, at least four points are

needed.
-Iojx

File Edit View Tools Window Help

e e

Input Detait & |4ou% 2| ‘r T |4uu% =1 Base Detail: bb
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After selecting all the points, close the Control Points Selection Toolform (File>Close Control
Point Selection Tool or Ctri+w).
-0l x

J} Control Point Selection Tool 1 —— - ; _
Y

File Edit View Tools Window Help
C 1 Toc

=] Base Detail: b

Input Detail: a

[ <00% = ||_ Lack ratio |4°°%

B-6



| A P

To remove the obstacles, if needed; click on Replace with Base Image or Replace with
Transformed Image and create a polygon using roipoly. Either the column “Replace with Base
Image and then Transformed Image” or “Replace with Transformed Image and then Base
Image” can be followed. “Replace with Base Image” is used in this example. .

1o

File Edit View Insert Tools Desktop Window Help

Odde | b|A3UEA- 2 |0H| 8O0
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Close the polygon by selecting the first polygon point (zoom-in and zoom-out is not available in
this function). After closing the polygon, double click on a region inside the polygon. Selected
polygon is replaced by the Base Image. New image is saved to the current directory.

B . | .,'}.JJI L

If needed, “Replace with Transformed Image” can be selected and the previous two steps can be
repeated. New image is saved to the current directory.
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Examples of stitched images:

-

Figure B1: Base Image (Image .

9 e

a Figure B2: Image to be stitched (Image 2).
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Figure B4: Final image. o
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