
Improving Zooarchaeological Methods for 
Classifying Fragmented Faunal Remains using 
Differential Geometry and Machine Learning



● The Bone Breakage Research Team: Jeff Calder, Reed Coil, Peter Olver, Cheri Shakiban, Martha Tappen, 
Anthony Yezzi, Jr., Katrina Yezzi-Woodley

● Pedro Angulo-Umaña, Jacob Elafandi, Bo Hessburg, Riley O’Neill, Jacob Theis

● Anthropology Laboratory  Manager: Matt Edling

● Scanning: Advanced Imaging Service for Objects and Spaces (AISOS) (Sam Porter and Colin McFadden), Center for 
Magnetic Resonance Research, Department of Radiology (CMRR) (Todd Kes and Cassandra Koldenhoven), Anthropology 
Computer Laboratory, anthropology undergraduate interns  and volunteers

● Funding Entities: University of Minnesota Graduate Research Partnership Program (GRPP), Anthropology Department 
block grants, NSF Grant DMS-1816917

● Bone suppliers: Elk Marketing Council, Crescent Meats

● Volunteers (bone breaking): Matt Edling, Ivy Faulkner, Theodore Wilson, Irena Wilson, Erin Crowley, TJ Paulli, Ranae 
Paulli, Brisa Yezzi-Woodley, Kilee Johnson, Kyra Johnson, Kameron Dropps, Riley O’Neill, Pedro Angulo-Umaña, Bo 
Hessburg, all the paleopicnic participants, 

● Hyenas: Milwaukee County Zoo (Scruffy), Irvine Zoo, Wisconsin
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● Cradle of Humankind Australopithecus 2.3 Ma 
● Olduvai Gorge                  Homo habilis 1.9 Ma
● Dmanisi, Georgia          Homo erectus        1.8 Ma
● . . .

Ancient Hominin Sites



I. How do the fragments go back together?
II. What broke them?

Fig. 5: The annals of 
the U of M’s 

Anthropology 
Department

Fig. 4: the U of M 
anthropology lab, 
native habitat      
of Homo 
Anthropologis

Research Queries
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Actor Taxon Element
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Breaking Bones

Carnivore Hominin

Rock fall

Batting

Hammerstone and anvil
Crocuta crocuta = 

hyena

Hammerstone only

Geological
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Working Hypothesis

The geometry of the bone fragments,
their identity (taxon and element),

and how they are reassembled 
will tell us the actor of breakage
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Working Hypothesis

The geometry of the bone fragments,
their identity (taxon and element),

and how they are reassembled 
will tell us the actor of breakage

Break edges and break faces
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Segmentation



● Social structures

● Food sharing

● Home bases/central places

● Carcass transport

● Localized activity areas

● Scavenging vs. hunting

● Cooperative behavior

● Butchering behavior

OR
?
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Archaeological importance of fragmentary bone 



Question 1: Does bone fragment shape tell us anything 
about the actor responsible for fragmentation? 

Question 2: If so, can we distinguish hominin damage from 
carnivore damage? 

Further, can we identify different types of hominin damage?
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& 

Machine Learning
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Could history of humans in North America be
rewritten by broken bones?
Smashed mastodon bones show humans arrived over 100,000 years earlier than previously
thought say researchers, although other experts are sceptical

Ian Sample Science editor
Wednesday 26 April 2017 13.00 EDT

The history of the people of America, a story that dates back to the last ice age, has been
upended by the battered bones of a mastodon found under a freeway construction site in
California.

Archaeological sites in North America have led most researchers to believe that the continent
was first reached by humans like us, Homo sapiens, about 15,000 years ago. But inspection of
the broken mastodon bones, and large stones lying with them, point to a radical new date for
the arrival of ancient humans. If the claim stands up, humans arrived in the New World
130,000 years ago.

Thomas Deméré, curator of palaeontology at the San Diego Natural History Museum which led
the project, said: “Of course extraordinary claims like this require extraordinary evidence,”
adding that the team believed “the site preserves such evidence”. Anticipating the disbelief of
many experts in the field, Steven Holen, another project scientist at the Center for Paleolithic
Research, said: “I know people will be sceptical about this.” That caution was summed up by
one scientist who preferred not to be named: “They are going to face a shitstorm,” he said.

The partial remains of the American mastodon, a long gone relative of the modern elephant,
were discovered in San Diego in the winter of 1992 during a freeway expansion project. When
researchers moved in they found layers of fine sediments deposited by streams, bearing shells,
rodent teeth, and wolf and horse bones. In one layer they found the mastodon, a beast that
could reach a height of three metres and weighed eight tonnes when fully grown. The animals
had roamed North America for millions of years.

The bones posed an immediate puzzle. The pattern of the fossilised limbs, the obvious
damage, and stones found alongside them raised enough questions that the scientists brought
in other experts and launched a detailed analysis of the remains and surrounding site.
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The results of the investigation, reported in the journal Nature, build a case for the mastodon

bones being “processed”, a term that translates into more frank terms such as smashed,

cracked and snapped. Unlike the wolf and horse bones found in other layers at the site, the

ends of some of the mastodon bones had been broken off, as if to extract nutritious bone

marrow. Others had been battered. One of the animal’s tusks poked upright in the ground,

perhaps by chance, or perhaps to serve as a marker for the remains.

Intriguingly, the bones were found in two rough piles, each with two or three large rocks

measuring 10 to 30cm across. The scientists believe the stones are too heavy to have been

carried there in the flow of a stream, and instead suspect they were carried by humans for use

as hammerstones and anvils to break the bones apart. “What is truly remarkable about this site

is that you can identify particular hammers that were smacked on particular anvils,” said

Richard Fullagar, a stone tools expert on the team from the University of Wollongong in New

South Wales. Pieces knocked off the stones and bones were found too.

“We have no evidence that this is a kill or butchery site, but we do have evidence that people

Using leg bone used from an elephant that had recently died of

natural causes, a breakage experiment was carried out in an

attempt to determine the kinds of breakage patterns that might

result from hammerstone percussion. Photograph: Kate Johnson,

San Diego Natural History MuseumCMS-Figure-2





Studies on bone breakage
● Fracture Outline 

● Fracture Plane  

● Quality of Fracture Edge

● Remaining Circumference 

● Fracture Freshness Index (FFI)

● Fragment Length, width, breadth-to-length ratio

● Notch dimensions

● Fracture Angle

17



Fracture Angles
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Alcantara-García et al. (2006). 
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< 80° = hominin
80° and 110° = carnivore

> 110° = hominin
Mixed results

Average =  49° (hom)
Min = 35° (hom)

Max = 102° (carn)
Center = 69° (hom)

Average =  89° (carn)
Min = 69° (hom)

Max = 102° (carn)
Center = 92° (carn)

Average =  49° (hom)
Min = 35° (hom)
Max = 69° (hom)

Center = 49° (hom)

“Midpoint measurements were the chosen standard because the fracture angle 
of a plane often varies along its full length.”(Pickering et al., 2005:251)

Original 
Fragment

Secondary
Breakage

Secondary
Breakage



Fracture Angles: Methods
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New mathematical tools . . .
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Rigid motions
(group theory)
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Geometric Invariants
Distance histograms Spherical volume invariant

Surface curvature
Virtual goniometer



Distance histograms
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Trapezoid vs. Kite

Rectangle vs. Rectangle

(Brinkman and Olver, 2012)

Pairwise Fixed point



Distance histograms
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(Brinkman and Olver, 2012)

n = 4

n = 8

n = 20 n = 50
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Spherical Volume Invariant (SVI)
Volume at r = .5,  2, 5       Red = least, blue 
most (normalized by fragment), shows 
varying degrees of feature detection

Example A

Example B



Surface Curvature
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K1 K2

+
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Much Richer Data

OR
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Virtual Goniometer

Example A

Example B



Preliminary results
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Agents of fragmentation and equifinality
Carnivore Hominin

Rock 
fall

Batting

Hammerstone 
and anvil

Crocuta 
crocuta

Hammerstone 
only

Geological Taxa
● Cervus canadensis
● Odocoileus virginianus
● Capra hircus
● Ovis aries
● Bos taurus
● Equus caballus

Skeletal Elements
● Femur
● Tibia
● Humerus
● Radius-ulna
● Metapodials



Sample Size (Digital Data)
Manual Data Digital Data

● 457 fragments

● 2,059 breaks

● 1,358 measurements

● 82 fragments

● 1,376,900 measurements

● 1% = 13,769
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Histogram 
matching



First Stages Training set

(Hyena) 

Test set

(Hyena) 

Test set

(Hominin) 

YES NO



Results
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Curvature Test Results
Tests: >50
Test sets: 40% - 75% 

(152 - 1824 curvature extractions)
Trials per test: 1,000
True positives: 0.938 - 0.965
True negatives: 1.00
False negatives: 0.00
False positives: 0.035 - 0.062

Manual Test Results
Tests: 15
Test sets: 40% - 75% 

(22 - 157 fracture angles)
Trials per test: 1,000
True positives: 0.949 - 0.966
True negatives: 0.034 - 0.051
False negatives: 0.019 - 0.561
False positives: 0.439 - 0.981

Preliminary conclusion: Geometric invariants might perform better than traditional measures.



hominin vs. hyena (femur) – surface curvature
Yes 
category

yes 
Size

No 
category

no 
Size

Training 
percentage

Training 
Size

Sensiti
vity

Specifi
city

Preci
sion

Negative 
Predictive Rate

Miss 
Rate

Fall 
out

hominin 
(femur) 3243

hyena 
(femur) 1824 75 811 0.942 1 1 0.94518 0.058 0

hyena 
(femur) 1824

hominin 
(femur) 3243 75 456 0.95 1 1 0.95238 0.05 0

hominin 
(femur) 3243

hyena 
(femur) 1824 65 1136 0.947 1 1 0.94967 0.053 0

hyena 
(femur) 1824

hominin 
(femur) 3243 65 639 0.939 1 1 0.94251 0.061 0

hominin 
(femur) 3243

hyena 
(femur) 1824 50 1622 0.949 1 1 0.95147 0.051 0

hyena 
(femur) 1824

hominin 
(femur) 3243 50 912 0.946 1 1 0.94877 0.054 0

hominin 
(femur) 3243

hyena 
(femur) 1824 40 1824 0.946 1 1 0.94877 0.054 0

hyena 
(femur) 1824

hominin 
(femur) 3243 40 1095 0.938 1 1 0.94162 0.062 0



Yes 
category yes Size

No 
category no Size

Training 
percentage

Training 
Size

Sensitiv
ity Specificity Precision

Negative 
Predictive 
Rate

Miss 
Rate Fall out

hominin 
femur 261

hyena 
femur 177 75 66 0.956 0.368 0.60202 0.8932 0.044 0.632

hyena 
femur 177

hominin 
femur 261 75 45 0.957 0.222 0.55159 0.83774 0.043 0.778

hominin 
femur 261

hyena 
femur 177 65 92 0.959 0.502 0.6582 0.92449 0.041 0.498

hyena 
femur 177

hominin 
femur 261 65 62 0.966 0.294 0.57775 0.89634 0.034 0.706

hominin 
femur 261

hyena 
femur 177 50 131 0.963 0.561 0.68688 0.93813 0.037 0.439

hyena 
femur 177

hominin 
femur 261 50 89 0.966 0.299 0.57948 0.8979 0.034 0.701

hominin 
femur 261

hyena 
femur 177 40 157 0.949 0.494 0.65223 0.90642 0.051 0.506

hyena 
femur 177

hominin 
femur 261 40 107 0.956 0.327 0.58686 0.8814 0.044 0.673

Hominins vs. hyena (femur) – manual data



Sample Size (Manual Data)

Number of breaks per element and method of breakage

Number of breaks per element and actor of breakage Number of breaks per element and actor for which no 
goniometer measurement could be taken

Number of breaks per element and method for which no 
goniometer measurement could be taken



Moving Forward
● Continue to develop scanning and post-processing methods that are useful for 

large assemblages.
● Complete the experimental breakage 

● Adding in the additional taxa
● Adding in the additional methods of breakage including rockfall

● Continue to take manual measurements and apply virtual goniometer
● Incorporate other geometric invariants 
● More advanced ML protocols  — SVM, KNN, CNN, random forests, etc. 
● THE ARCHAEOLOGICAL SAMPLE - Dmanisi
● Also, automated refits  (Yezzi-Woodley talk)
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