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Structure-from-Motion Multi-View Stereo Photogrammetry, which can reconstruct three-
dimensional structures of an object from two-dimensional photos taken from multiple views,
had not been applied to studies of fossil footprints in Japan. Here, photogrammetry was
applied to four replicas of dinosaur tracks including a trackway housed in the Yokosuka City
Museum and a dinosaur footprint at a tracksite, and their 3-D models and 3-D images were

generated. As a result, shapes of the tracks and bedding planes could be visualized three-
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dimensionally. Photogrammetry is considered to be useful to reconstruct and document three-

dimensional features of fossil footprints and trackways objectively. In addition, a 3-D image

generated by this method revealed that photogrammetry has resolution enough to

reconstruct skin impression of ornithopod tracks. Furthermore, lengths and widths of tracks,

and steps and strides of trackways could be measured on 3-D images with an accuracy of

less than 1 cm. A combination of traditional outline sketches and photogrammetry is

interpreted to be a useful tool for more detailed descriptions of fossil footprints.
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Fig. 1 Processes of reconstruction and measuring of a 3-D model. A: Aligned photos and sparse point cloud. B: Dense
point cloud. C: Markers on dense point cloud. The markers were located on a bedding plane. D: Measurements
of track width of Asianopodus (YCM-GP1845) on orthophoto image. All images were captured from Agisoft

Metashape Professional.
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Fig. 2 Photogrammetric orthophoto image (A), color depth map (B), and outline sketch (C) of Asianopodus pulvinicalx
(YCM-GP1845). -1V indicate digits II-IV. Original specimen is TGUSE-DT1004 housed in Tokyo Gakugei
University (holotype). C was redrawn from Matsukawa et al. (2005).

B2l TYVT/RFT A (YCM-GP1845) O F VY EHA 71tk (A), HE~y 7 (B), A7 vF (C). DI-NIZHEIHH~
BVIRZ T, HEEAE TGUSE-DT1004 (RIEIERETH). A7 v F1d Matsukawa et al. (2005) 1230<.
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Fig. 3 Photogrammetric orthophoto image (A), color depth map (B), and outline sketch (C) of Fubrontes isp. at the
Mail Station Dinosaur Tracksite (T8L3), San Juan County, Utah. C was redrawn from Lockley et al. (2021).
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Fig. 4 Photogrammetric orthophoto image (A), color depth map (B), and outline sketch (C) of Caririchnium leonardii
with skin impressions (YCM-GP1813). Skin impressions are magnified in orthophoto image (D) and color depth
map (E). II-IV indicate digits II-IV. Original specimen is UCM201.1 housed in the University of Colorado
Museum, which was originally published as CU-MWC201.1. C was redrawn from Lockley and Hunt (1995).
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Fig. 5 Photogrammetric orthophoto image (A), color depth map (B), and outline sketch (C) of trackway of
Caririchnium leonardii (YCM-GP1833). RP: right pes, LP: left pes, RM: right manus, LM: left manus. Original
specimen is UCMZ200.0 (holotype) housed in the University of Colorado Museum, which was originally
published as CU-MWC200.0. C is redrawn from Lockley (1987).

B5FE HYY 7= A0 (YCM-GP1833) @4 Ly EH A 7§ (A), EE~<y 7 (B), A7 vF (C). RP:
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Fig. 6 Photogrammetric orthophoto image (A), color depth map (B), and outline sketches (C and D) of resting trace of
Eubrontes isp. (YCM-GP3005). RM: right manus, LM: left manus, RP: right pes, LP: left pes, IC: ischial callosity,
TD: tail drag marks. Original specimen is SGDS 18.T1 housed in St. George Dinosaur Discovery Site at

Johnson Farm. C and D are redrawn from Milner et al. (2009) and Milner et al. (2006), respectively.

E6R RL7-z—70rF 2 (YCM-GP3005) D4y EHFA 7tk (A), wE~y 7 (B), A#vF (C, D).
RM: AR, LM: AR, RP: A%, LP: AL, IC: LEoEk, TD: RO, FEAL SGDS

18T1 (¥ b ¥ a — VR g fEFTE) . C 1 Milner et al. (2009), D 1& Milner et al. (2006) (23#:20<.
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Table 1 Measurements of Asianopodus pulvinicalx
(YCM-GP1845), Eubrontes isp. at the Mail
Station Dinosaur Tracksite (T8L3), and
Caririchnium leonardii with skin impression
(YCM-GP1813) on the basis of 3-D images,
replicas, and fossils at the tracksites with
absolute and relative errors between them. L:
track length, W: track width. Measurements of
Asianopodus pulvinicalx and Eubrontes isp. at
tracksites are based on Matsukawa et al. (2005)
and Lockley et al. (2021), respectively.

F1xR 7YT7 /KT A (YCM-GP1845) & A —IV AT —
va yREEwERO -7 a7 A (T8L3), M
HoMoHHHY Y 2= (YCM-GP1813) ©=
WoLlifg, V70 %, REEMToORE 250
I2E NS OFHIME O MR E & MR L 2o
&, W EABOIE 797 /R FAta—7ar7r
2 D JEWREEHL T OFHIME X Matsukawa et al. (2005)

& Lockley et al. (2021) \ZZFhZFhHDL.
Asianopodus pulvinicalx (YCM-GP1845)
L W
3-D image (cm) 28.8 22.5
Replica (cm) 28.8 23.0
Absolute error (cm) 0.0 -0.5
Relative error (%) 0.0 -2.2
Tracksite (cm) 29 21
Absolute error (cm) -0.2 1.5
Relative error (%) -0.7 7.1

FEubrontes isp. at the Mail Station tracksite (T8L3)

L W

3-D image (cm) 39.3 35.3
Tracksite (cm) 39.0 35.0
Absolute error (cm) 0.3 0.3
Relative error (%) 0.8 0.9

Caririchnium_with skin impression (YCM-GP1813)

L W

3-D image (cm) 44.7 43.6
Replica (cm) 44.5 43.5
Absolute error (cm) 0.2 0.1
Relative error (%) 0.4 0.2
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Table 2 Measurements of Caririchnium leonardii trackway (YCM-GP1833) using 3-D image, replica, and fossil at a
tracksite with absolute and relative errors between them. L: track length, W: track width, RP: right pes, LP:
left pes, RM: right manus, LM: left manus. Measurements at the tracksite are based on Lockley (1987).

g2k HVY =207 H (YCM-GP1833) O =kJjcHifk, L 7%, RBERTOFHME 2572 s0
HoRfRRE AR R, L BB RE S, W: EHolE, RP: A%E, LP: A%, RM: fAie, LM: Arije. 2
W PE T ORI X Lockley (1987) 12#:2<.

Track length and width of pes

RP1 LP1 RP2 Mean
L W L W L W L W
3-D image (cm) 32.8 31.9 31.0 30.8 32.9 33.3 32.2 32.0
Replica (cm) 32.0 31.2 32.0 30.8 335 32.6 32.5 31.5
Absolute error (cm) 0.8 0.7 -1.0 0.0 -0.6 0.7 -0.3 0.5
Relative error (%) 2.5 2.2 -3.1 0.0 -1.8 2.1 -0.8 1.5
Tracksite (cm) 34 32
Absolute error (cm) -1.8 0.0
Relative error (%) -5.2 0.0
Track length and width of manus
RM1 LMI RM2 Mean
L \% L W L W L W
3-D image (cm) 9.3 9.1 8.4 8.2 11.1 8.5 9.6 8.6
Replica (cm) 9.5 9.2 8.5 8.0 11.1 8.4 9.7 8.5
Absolute error (cm)  -0.2 -0.1 -0.1 0.2 0.0 0.1 -0.1 0.1
Relative error (%) -2.1 -1.1 -1.2 2.5 0.0 1.2 -1.0 0.8
Step and stride of pes
Step Stride
RP1-LP1 LP1-RP2 Mean RP1-RP2
3-D image (cm) 77.0 79.2 78.1 153.2
Replica (cm) 76.4 78.5 71.5 152.4
Absolute error (cm) 0.6 0.7 0.6 0.8
Relative error (%) 0.8 0.9 0.8 0.5
Tracksite (cm) 78 156
Absolute error (cm) 0.1 2.8
Relative error (%) 0.1 -1.8
Step and stride of manus
Step Stride
RMI1-LM1  LMI1-RM2 Mean RMI1-RM2
3-D image (cm) 82.7 82.8 82.8 156.4
Replica (cm) 82.9 82.4 82.7 156.6
Absolute error (cm) -0.2 0.4 0.1 -0.2
Relative error (%) -0.2 0.5 0.1 -0.1

AT AR 7E R | (44) HFBU5 : 63-70.

Falkingham P. L. 2016. Applying objective methods

Arakawa Y. Azuma Y. Kano A. Tanijiri T. and to subjective track outlines. /n Falkingham P. L.,
Miyamoto T. 2002. A new technique to illustrate Marty D. and Richter A. eds. Dinosaur tracks the
and analyze dinosaur and bird footprints using next step: 72-80. Indiana University Press,
3-D digitizer. Memoir of the Fukui Prefectural Bloomington & Indianapolis.

Dinosaur Museum, (1): 7-18. Imai T., Tsukiji Y. and Azuma Y. 2018. Description

Azuma Y., Arakawa, Y., Tomida Y. and Currie P. ]. of bird tracks from the Kitadani Formation
2002. Early Cretaceous bird tracks from the (Aptian), Katsuyama, Fukui, Japan with three-
Tetori Group, Fukui Prefecture, Japan. Memoir of dimensional imaging techniques. Memoir of the

the Fukui Prefectural Dinosaur Museum, (1): 1-6. Fukui Prefectural Dinosaur Museum, (17): 1-8.
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Table 3 Measurements of resting trace of Eubrontes isp. (YCM-GP3005) using 3-D image, replica, and fossil at a
tracksite with absolute and relative errors between them. L: track length, W: track width, RP: right pes, LP:
left pes, RM: right manus, LM: left manus. Measurements at the tracksite are based on Milner et al. (2009).

ERE S

RL7zz—7a > 72 (YCM-GP3005) D=WIcifg, L7V, RPHERTORHIE, 725 T2 h s ol

TS LA, L MO RE, W EEolE, RP: 4k, LP: A%, RM: 4AHie, LM : /i

JEBREH T OFHAME X Milner ef al. (2009) (2HD <.

Pes
RP1 LP1 RP2 LP2 Mean
L W L L W L W L W
3-D image (cm) 31.7 20.0 33.6 227 32.0 267 32.1 187 324 220
Replica (cm) 315 20.1 33.8 230 31.0 265 32.0 18.0 32.1 219
Absolute error (cm) 02 -0.1 -02  -03 1.0 0.2 0.1 0.7 0.3 0.1
Relative error (%) 0.6 -0.5 -0.6  -1.3 3.2 0.8 0.3 3.9 0.9 0.7
Tracksite (cm) 340 20.0 735 240 31.0  20.0 350 24.0 33.8 220
Absolute error (cm) -2.3 0.0 14 -13 1.0 6.7 29 53 -1.4 0.0
Relative error (%) -60.8 0.0 4.0 -54 32 335 -8.3  -22.1 -4.1 0.1
Manus
RM LM Mean
L A L L W
3-D image (cm) 12.2 5.8 15.0 8.5 13.6 7.2
Replica (cm) 12.1 6.0 15.0 8.5 13.6 7.3
Absolute error (cm) 0.1 -0.2 0.0 0.0 0.0 -0.1
Relative error (%) 0.8 -3.3 0.0 0.0 04 -1.7
Tracksite (cm) 18.0 8.5 22.0 120 20.0 103

Absolute error (cm) 5.8 2.7 7.0
Relative error (%) -32.2 -31.8  -31.8

35 6.4 3.1
-29.2

-32.0 -30.2
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