ABSTRACT

XIA, SIBELI Predict 3DBody Measurements with 2Dnages(Under the direction dDr.
Cynthia L. Istookand Dr.Andre J. Wegt

Body measuremertias been useth the apparel industry in multiple wayshelps
apparel shopperelect the right sz of clothing to purchase, and may asgistnin customizing
products and fitting digitally in the further. The demd&mdmeasuringody dimensions
conveniently andasteffectively has been growing. Traditional manual measurements and the
threedimensimal (3D) wholebody scanning measurements are not suitablis job due to
low accuracyandhigh cost.The advancement of imaging techniques provides potentials to
develop body measurements system using devices, such as the smartphone and smart pads.

The purpose of this research is to build the foundation of a body measurement system
that can measure users eeffectivelyon a daily base. The system uses-dimensional (2D)
images and ondimensional (1D) questionnagas the source data aodncalculate 3D body
measurements, for example, the girth measurentemis.stages of data analysis were designed
to solvefour developed research questions. The existing SizeUSA 3D anthropometric dataset
and a newly collected dataset with 1D, 2D, and 3D dai8& subjectsvere usedScikit-learn,
Scikit-image, OpenC\python, and TensorFloapplication programming interfacARls) were
referred

Four representative measurements, namely bust girth, gudisthip girth, and inseam
leg length, were angtedin this researchlhe least absolute shrinkage and selection operator
(LASSO) methodwith Akaike information criterion (AIC) fomodel selection was first applied
on the SizeUSA data to narrow down the number of measurements nebdezktactedrom
2D images.Tenwidth, depth, and height measuremempisis weightwere found to bessential

to predict the representative measuremdrts.tenresultedmeasurementsere extractefom



2D images of the 78 recruited subjects usingge processinglgorithms deeloped in this
research{2D measurements)he weightinfo was collectedhrough a questionnaire filled by the
subjectg1D demographic)The second round of LASSO mosalith AIC wastrained using the
2D measurements and 1D demographic as the deperat@iilgs testimatehe representative
measurements extracted from the collected 3D sddmesgenerated modrlvork as the
backbone for the designed body measurement system.

Within the four generated prediction models for the four representative mmeasus,
the hip girth model performed the best witle R? valueequaled t®.926 forunderwear
predictionand0.943 for apparatus prediction. The waist model performed the wahsthei R
value equaled t6.614for underweapredictionand0.589for apparatus predictionlhis was
because the apparatus fitidddsdy at the hip level while it created extra space at the waist level.
The result caibe improveddy revising the apparatus design and the image processing
algorithms.

In summary, the researchowed that it is possible to predict 3D body measurements with
2D images. The findings of this research can serve as the foundation for the designed body
measurements system that measures users with their smart deuies. solution is cost
effective anccanquicky be adoptedy consumersAn apparatusvas designeds part of the
system to serve as@easuremertbol and to protedheu s epriviagyatthe same time. The
developed system can measure hip circumference within the error range accepéappgrel
industry for size selectioits performancecan beamprovedby revising the apparatukesignand

train the model with more data.
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CHAPTER 1. INTRODUCTION

Body measurement data has been used in the apparel industry for multiplsuaieas
drafting patterns, generating sizing and grading rules, making deasiongnufacturing
customizingeclothing selecting sizes, and fittirdjgitally (Chun, 2007; Gill2015; Hsu, 2009;
Istook, 2008; JosepArmstrong, 2009; Schofield & LaBat, 200%)epending on the fiekbf
application and types of design, differ¢gyppesof measurementare usegdandthe importance of
eachmeasurementaries(Gill, 2015). Primary and secondary measurement lists doéghed in
standards to gde themeasurement collecting proc€tSO, 2008, 2010, 2017a, 2017c)

Becauséody measurements are usetidveloping and explorinigody measuring
techniquehas been a popular ar@dere are many ways to collect body measurements.
Traditionally, body measurements are collected manually thraypghmeasus2
anthropometex and caliper¢Bye, Labat, & Delong, 2006; Kidwell & Christman, 1974;
Roebuck, 1995)However, this process tsne-consumingand has low consisten¢gond, 2008;
Gill, 2015) A modern way ofmeasuringpodesis through threaimensional3D) whole-body
scanners. This method is faster and more accurate than the manual r{ietzods & TeHaar,
2013; Gill, 2015; Istook, 2008However, the cost of a 3Whole-body scanner is relatively high
which makes it at applicable for daily use by apparel shagp&here are also some complin
from customers regardirthe privacyof the data and lieg capturedn their underwear, because
most 3D scanner s danmdéhe less dothing wom byuhg bonseytte® t hi n g
more accurate the resuftaybe (Grogan et al., 2017; Loker, Cowie, Ashdown, & Lewis, 2004)
With theincreagdscaming speed, &indheld scanners can potentially be used to measure a body.
However,no bodymeasurement extraction prograscurrentlyshippedwith any handheld

scannes (Fuel 3D Technologies Limited, 2017; Occipital Inc., 2017)



Two-dimensional (2D) images have becoamgopularsolution forcapturing body
informationbecause (1) the capturing deviwslow cost (2) theimagescan provideacceptable
results and(3) image analyzingpplication programming interfaces (APhgs become more
powerful and accessib{®aanen & Ter Haar, 2013; Lin & Wang, 202012; Saito, Kouchi,
Mochimaru, & Aoki, 2012; Seo, Yeo, & Wohn, 2006he2Dc a mer as cano6t captur
information as the 3D whole body scanner when only a few imargeskenBut based ordata
collected throughhese2D images, unknowhody informationcan be derivedsingdifferent
methodssuch as parameterized 3D templated statistical prediction moddlgleunier & Yin,
2000; Secet al., 2006; WO 2013/175228 A1, 2018pwever, 2D image body measuring
techniques have nbeencommercialized/et. Most publishedresearcthavehigh requiremerst
for background col@to be able tsegment bodies from backgrour{iéh & Wang, 2011; Seo
et al., 2006)Privacyis still a concerrfGrogan et al.2017) To help solve these problems
deviceshavebeen designednd testedelasizer, 2017; US 2015/0081468 Al, 2015; US
2002/0166254 Al, 2002Thesedevicesc an pr ot ect canmdsnmakenteasiér® pr i vac
identify body measurements. Howeytreymayalsoinfluence body measurements.

With the possibilityof 2D images, the assastceof the apparatus, and thepability of
data mining and imagarocesing techniquest is feasibleto combine all the threads and
develop a body measurement system that can be used by cudtomenrstor their body shapes
on a daily bae at home Because body measurements are useful and no commerciaigd
measuing systemfor home uses currently available on the markstich aneasuring system

could bevaluable.



1.1. Purpose ofresearch

Based orsupportstatementérom the background research, itvialuableand doable to
develop a body measuring system that can bd by customersn a dailybas at home to
measure their baeesat the rightmeasuringocations.Two-dimensional2D) image technique
have potential andarequalified candidatefor the development of a penstd measurement
system The purpose of this searchwasto build the foundation of a body measurement system
that use the 2D image techniquSucha systemshould work with a apparatus to solve
customer 6s privacy conc ethabackgtoondormdyuce t he r eq
segmentationand tosimplify the processf finding a measurement location. Tiedy
informationexported directly from the 2D images plus ihi@rmation derived indirectlyusing
predictionmodels builthrough this research have the potential to be generalizdpiemary
measurements and magcondaryneasurementseededo design clothing. Image processing
techniquesvereused to analyze the 2D age data and data mining techniqueseused to

build the prediction models

1.2. Researchquestions
To guide the study, the folwing research questiomgere developedCan a novel body
measurement system developedhat:
(1) could beeasilyadopted by consumers;
(2) provide data that is precise, valuable and appropriate for making better online clothing
purchase decisions where detaring size is an issue;
(3) alleviate privacy concerns related to internet transmission of personal images;

(4) increaes in precision over time as it learns with artificial intelligence.



1.3. Rational of research

The developed system is an efficient and-affgcive way to measure a body. Because
most clothing shoppers have accesadmartdevicethat can take pictureg,dosts almost
nothing for then to use the developed systeMost smat devices haveinternet access which
offers further opportunities regargj utilizing the bodyinformation Customers can access their
currentbody measurements ay timeand anywhere. Thigody measurements collected
through thedevelogdsystemcan be used to select garment sizes, create @ilimwatars,
customize clothingg at t er ns, and t rThendw systensdivesisseas telatedf i t ne s ¢
to existing systemaush aghe high cost of 3Dwhole-body scannersneasurement extraction
dilemma ofhandheld scannerandlow-quality resultsfrom manual measuring techniques
Overall, the developed body measuring system is innovativeitaidor but not limited tahe

apparel industry.

1.4. Limitations
Regarding th@ewly collected data, the datauld notrepresent the whole population
Regarding the image processing stafageswere takenn similar environment and
background witlsome variance It is not robust to ther situations.
Regarding the apparatubke desigrwasnot contracted enough to the backgroandthe
armswereproblematic foithe side images.
When canparing different ways of finding the waist level, all the recordb@best

method were selected by the researefter may be biased.



CHAPTER 2. LITERATURE REVIEW
2.1. Use ofanthropometry in the apparel industry

Anthropometrymeaning human measurement in Greefers to data about human
physical characteristidhatarecollectedscientifically (Gupta, 2014)Examples of
anthropometridata aréoody dimensions, body volumes, masses of body segntieatgnterof
gravity, and inertial propertieff is an objective way of evaluating and comparing morphglog
which is fundamentab thestudyo f humands phys(liaskeérd®g5). cal functi
Anthropometry habeen useth solving many scientific and applied problems related to human
biology. Theseroblemsincludebutarenot limited totracking anthropometric changes over
time, designing clothing and equipment with the consideratidmuofian factors, assisting
forensic identificationsnonitoringphysical fitness or illnesses, and analyzing how human
physiqueis influencedby relative genetic and environmental componérasker, 2005)From
the aspect of product designgoodunderstanding of anthropometry helps designers appreciate
the variability existing in bodyithensions and therefore support them to dessgiulproducts
that suit the users wglPheasant, 2003)

In the apparel industrgnthropometrymostlyrelatedto body measuremerntshas been
combined withcustomr s 6 pr ef er ence dat #8odyrmeadirensentgen appar
mainly usedfor drafing pattern piecegyeneratinggrading and sizing rulebglping make
manufacturinglecisiors, customizingclothing andassistingn selecing a sizeto purchase
(Gupta, 2014)Recent reseancreveas applications on howo usebody measurements virtual
fitting (Gill, 2015). The development of theedimensional (3D) body scanmsanakes it possible
to cdlect 3D body data andllows forricher body measuremergach as volumes, surface areas,

andshapesvhen compared with orgimensional data such as length and girth measurements.



The use of 3D body data can help understand the body shape, its propitsti@tationship to
clothing betterand even detailed information related to body moven{&ys et al., 2006)it
also creates possibilities of developing apparel products through new methods autcimasic
pattern generain, motion capturing, andniqueway of fit and ease evaluati¢8. Kim & Park,
2007; Loker, Ashdown, & Carnrite, 2008; Thomag#: Bruniaux, 2013; Zong & Le 2011)
All applications implement body measurements in some deg@ecbmmodate varied
morphology in a populatio(Gill, 2015).

While body measurements used for patterns, gragdimgng, and manufacturing can be
collected by companigbrough anthropometric surveys, measuremiamtsnass customization
and size predictioareoftenmanagdby customers, in which case 3D body scasney not be

applicable.

2.1.1. Draft patterns

Body measurements anftenused to draftwo-dimensional (2Dpasicapparel pattern
pieces, which are whabmplicatedpatternsstartwith. The cardina(key) pointson a2D pattern
piece are directly related to landmagtaced on a bodfpor measurement extractioBardinal
points argpoints on a pattern where graddes are appliecandlandmarksare pointon a body
which served as endpoints for measureméathofield & LaBat, 2005; Shob&hTaylor,
2004) The quality of the 2D patternis determinedy the effectiveness afollection and
translation of anthropometric dg@upta, 2014)Depending orthe choice of pattern making
methods different body measuremeraee usedAldrich, 2015; Bunka Fashion College, 2009;
JosepkArmstrong, 2009MacDonald, 2009)Researcherisavealso explord on how to generate

patterns automatically with information from scanned body (&dgem, Kennon, & Clarke,



2012; Tao & Bruniaux, 2013%. Yang & Zhang, 2007)in addition tobody measureents, itis

alsoimportantt o consi der consumer soé6 perGle2®15 on of fi

2.1.2. Grading and sizing

Sizing is a process of @agng a chart okeybody measurements arranged in different
groups that can serve different body types guadling is the process of making a pattern larger
and smalle{Schofield & LaBat, 2005)Anthropometric data has been dse research to
develop sizing systen{Beazley, 1999; Gupta & GangadharP20Ibdez et al., 2012; Laing,
Holland, Wilson, & Niven, 1999; Tsai & Hsu, 2013; Xia & Istook, 20H)wever,Schofield
and LaBat (2005hpound that grading and sizing systenseditill 2000 had little basis in body
measurements and inferrttht this was one of the reasons why reeew e a r ¢ addréssl n 6 t
the needor adequate fit for many women. To solve the problé@ysuggestedievdoping
grade rules and size charts based on anthropometricAdisalooking through the history of
sizing and gradingyiullet (2015)summarized that the increase and decrease amagadsn
grading shoulde developefrom body measurements collected tlghwanthropometric
surveys Statisticalmethodsanddata miningalgorithms such asctor analysis, clustering,
regressionand neural network analysis have baaplemented in reseeahn to createmewsizing
system thabetter serve the target consum@asan P. Ashdown, 1998; Ibdez et al., 2012;
Mpampa, Azariadis, & Sapidis, 2010; Otieno, 2008; Shahrabi, Hadavandi, & Salehi Esfandarani,

2013; Xia & Istook, 2017)



2.1.3. Makedecisions ormanufacturing

Body measuremerdtandard enable manufacturers to predict quantities of different
sizes, resulting in optimized material control and product plan(iitsg, 2009)By
implementingmanufacture plans developed from body measuremappsrémanufaturers can
increase the fit of their products, reduce fabric waste, decrease the ratio of unsellable,products
minimize inventorycost and gai n ¢ #Hsuand Wagr (ZDG5)udedageaision y .
treebased data mining technique on body measurement dateeaedble toprovide

manufactures with referencepoints to facilitate production.

2.1.4. Masscustomization
The implementation of grading and sizsygstemssimplifi esthe apparekupply chain,
reduce cost, and, therefore, accelesatee development of mass production. Howefier,
involves both objective evaluation (body measurememtsspndingto clothing dimensions)
and subjective eval u a fi)i(lstook, 2008)Becaasdmne avéilablep er cept
sizes provided by readp-weararelimited, sizes vary fronbrandto branda nd cust omer 6s
perception of fit is den notaddresseoth academic research and media indicate that
customers are not satisfied with the fitnefssproducedclothing (Alexander, Connell, &
Presley, 2005; BickleBurnsed, & Edwards, 2015; Grogan, Gill, Brownbridge, Kilgariff, &
Whalley, 2013; Murray, 2016Y0 overcome the disadvantages of retmwear, the idea of
mass customization hagen explored by researché@hen, 2007; Cho & Fiorito, 2009; Istook,
2002; Moon & Lee, 2014; Mpampa et al., 2010; Song & Ashdown, 2012; Wang, Lu, Chen,

Geng, & Deng, 2011; J. Y, Kincade, & ChetYu, 2015; Y. Yang, Zhang, & Shan, 2007)



Pine (1993defined mass customization as a strategy to producegeifidiently with
maximum differentiation using information and manufactutaghnologywhile maintaining
low-cost production at theame time. In the apparel industnyass customizatiois appliedto
design and sizg). Yang et al., 2015Masscustomized sizinganbe achievedoy using
computeraided design (CAD) sfemsonthec u s t ohbody méasurement informati¢g@ho
& Fiorito, 2009; Loker, 2007)C u s t o lbodyrmeasurements can be colldateganually
through high technologiesich as a body scanner even based on their past shopping
experiencdlstook, 2002) With themeasuremeribformation sizes/patternsanbedevelopedr
altered based on imends andifitdrefarengeshichbisocdllgd madioa s u r e
measure clothin@istook, 2002; Song & Ashdown, 2012pampa et al(2010) proposeda
methodthatdevelopsa customized sizing system for target consumers from body scanning data.
The developed customized sizing system can fit the target consumer bettatttand sizing
systems. Both customized sizing syssemd madeo-measure argeneratdbased on body
measurements.

Examples of onlineustomized clothingtoresare (1)Blank Labe] which allows
customers to input their body/clothing measurementsdoreclothing categoriesKigurel) and
has option to set up an appointment with a clothier who has been trained and can take body
measurements in a consistent flank Label, n.d;)(2) Alton Lane whichprovides
customization on style and fit preference, but in terms of customized size, customers can only be
measured by spec.i allstorafAlton LaneAR0186)(8yandle8hakgivehishisr e t
a brand that does womenswear andvaslfor both size and style customizatiéigire 2)

(eShakti, 2017)Overall, mroremensweabrandswere foundhan womenswear brandadone



reason ighatthevariation in nenswear is less than womenswedwone of the listed examples

involves threedimensional body scanning process

2 ” a1 3

Set up your sizes
We have made over 100,000 custom-made garments. With a few simple
questions, help us understand your personal fit preferences below.

Toggle Size Input: Standard Size Input

Advanced (Measure/Know Your Sizes)

Collar /’ /o \
Where the collar fabric z”’ N \
/ /

meets the shirt, end to end. \ \
/ \

=
A7

- v | Collar (Guide) Mid-section (Guide)

Sleeve (Guide) Length (Guide)

Chest (Guide) Shoulder (Guide)

.

(Optional) Advanced Measurements

Armhole (Guide) Hip (Guide)

L
L LILLL

v | Bicep (Guide) Cuff (Guide)

Fit Refinement
Back: @ Clean Back Darts
Shoulder Pleats
Taller Collar
Larger Forearm

Cuff

Set up vour sizes

We have made over 100,000 custom-made garments. With a few simple
questions, help us understand your personal fit preferences below.

Toggle Size Input: Advanced (Measure/Know Your Sizes)

What is your most accurate...

E Height?(Feet-lnches):| Shirt Collar Size?
E Weight? (Pounds) :| Shirt sleeve length?
I:I Pant (waist) Size? l:l Jacket (chest) Size?

What is your preferred look, or fit, preference?
. Looks more closely tailored (Fitted)

Looks less closely tailored (Traditional)

What bothers you about the fit of typical off-the-rack shirts, and how would you
like us to make your personal fit?

Size Pattern For:

First Name Last Name

| |

Your Email

| |

Choose Profile Password

Confirm password

Submit to Set Sizes

Figurel. Size customization from Blank Lab@ittps://www.blanklabel.cony
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BUST CHEST HIP SHOULDER UNDER BUST UPPER ARM WAIST

SELECT - ‘0 |SE.EC' - |9 |SELECT - |0 SELECT - |0 |":~E.ECT - |0 |5ELE:T - ‘0 lsaLECT ~ |9

The measurements belov are optional. If you have a long torso or long legs, please consider providing them to help us achieve a great fit. For best results, please ask somecne to help
measure you

HIGH POINT SHOULDER HIGH POINT SHOULDER HIGH POINT SHOULDER
TO BUST POINT TO WAIST TO KNEE

m <o [m= <o

STEP 2 : What's Your Height

We always adjust our garments to your height at ne additional cost.
SELECT -

STEP 3 : Customize It To Your Style

Make it match your style!
(For custom size and/or custom style, a single fee of $9.95 per garment will apply)

Neckling
- - - - - - - -
A5 SHOWN DEEP ¥ scoor U NECK V NECK WIDE v HIGH SCO0P HIGH ¥
Sleeve Type
e e e e e e e
SH E
G GTH o
Length
- -
by & bl g b g
AS SHOWN FLOORA MM ABOVE KNEE KMEE BELOW KNEE MID-CALF ANKLE
LENGTH LENGTH LENGTH ENGTH ENGTH LENGTH

Figure2. Womenswear customization from eShdkttp://www.eshakti.con)/

2.1.5. Size selection

Being able to identify theorrect size to purchaseasritical factor for customers to find
well-fitting clothing (Chun, 2007)To select a readip-wear clothing size, a customer first looks
at the size label, which is how mdactures communicateey clothingdimensiongsuch as bust

girth, hips girth, waist girth, and inseam length}heir customer¢Chun, 2007)The customer

11



then compares the clothing dimensions with his/her body measurements or past shopping
experience before deciding on whether to try the clothing om purchasefishoppingonline
Most customerare not trainedn measuring themselves or othéngir urderstanding of their
body dimensions may not be accur#tdditionaly, because moshanufactures havetheirown
sizing system, even if tHeey body measurementsr a sizeis sharel between two brands,
measurements at other locati@asmbe different ananayinfluence the fit of clothingDelk &
Cassill, 1989; Fellingham, 199PBlus, some brands run large to fulfill the vanity of customers
and create illusions that they weasmall sizewhich isamisleading experience when shopping
from other brandéBrown & Rice, 2014)

Diversesize labelingsystems used by manufacturers and retailers ¢evsedonfusion
among customer®Brown & Rice, 2014)To help make sizestection easieiPowellSmith
(2012)developed web aplicationthattakes bust, waist, and hips circumferene@ad calculate
the right clothing size fowvomen in the UK and the UBr more than 20 brand&igure3).

Other examples of web platforms for sisbegtion are Fit Analytics
(https://www.fitanalytics.com/and True Fit (https://www.truefit.com/Products/Confidence

Engine).

12



What Size Am I? st - IS - JREN

Like shoes? Check out my new search engine for shoes

Finding clothes that fit shouldn't be so hard. Add your measurements here to see which high-street sizes are best for you (how to measure).

Bust 38 in: | ) ‘Waist 31 in: | ) Hips 40 in: |

Your closest fits are pIObabl‘)':

Top: Urban QOuthtters size 10
Skirt Forever 21 size L

Dress: Forever 21 size L

Selecta shnp to see all the sizes the’y‘
offer.

Abercrombie & Fitch American Eagle
Ann Taylor | Anthropologie
Banana Republic Express
Forever 21 Gap | H&M Hollister
J Crew | Mew York & Co Old Nawvy

The Limited Urban Outfitters

Bust Waist Hips

Figure3. Web app for size selectighttps://anna.ps/blog/introducinghatsize-amnti).

2.1.6. Virtual fit ting

Virtual fitting technologies haviihe potentiafor solving size and fit issues related to
massproducedeadyto-weargarmentdy communicating body dimension and fit preference
information with customerin real time either througieb-basedapplicatons or instore devices
(Gill, 2015). Some research focuses bowgarments loolon a bodyFigure4) (Sekhavat,
2017)while other researchesse interested in evaluating fit in a virtual wowdh different
posturegGitepe & Gidikbay, 2014; Zhang, Lin, Pan, & Xiang, 20133oth directions use

body measurements someextert to simulate the shapar sizeof real persons.
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" Scanning model- . -~ Generate 2D image . Buildingthe ™ — End User
\“‘-ii\ users wearing ) of models in - _7_§_\5’M7KNN MOQ?[_ ,'\/ - The user enters ~ o
Mid size . germents - standard position S anthropometric o —
st T I ~ Generate . “~__information WiHE
- I —— ——_( Silhouette matrix ) o ! o
o8 S Generate N foroi A g o
- Using Model - Silhouette matrix | O SO M2BES ,~ The user enters X g %_h
' . | . p e / i A =
* / Generation Module \ “~._for2Dimages " " Reconstruct3D ~._A .ZD IEGadi ) F°
ﬁ ﬁ "' \_ Togeneratethe model - ( sl & e hls/hebr fgce and H
) “~___ with different sizes " o i S ody -~ =
Garments Collection T — 'f'rgrg 2Dimage — o /
P Attaching head and - /.. SVM KNN model is ~ / UE
body models to form ) used to SEIEFt the ¥ 2 =
“~__ the complete model _ -~ N model matc.hlng the /"\ " The AR enabled ™. 3 E
— X user size - / : B o
— — S \ tag of a cloth is )5
Renders the 3D model . — T & S scanned . § o
X N Body customization based on ~ B o
of the user wearing & ) ificati P =
“_garmentusingAR - theuser’s speciications ___— Z

Figure4. The frameworkof theprivacy-preservingvirtual try-on systen{Sekhavat, 2017)

Virtual fitting is a relatively new corept for customers. Many brands tried to implement

virtual fitting platforms on theiwebsitesbut ended up taking them down. This stateneent

supportedy the fact that one can find a brand listed as a clierg\¥otual fit platform but can

nolongerfnd t he

n.d.)

pl at f or m anymorg(Rakuteb, ina,r2@ld/istusinee b si t e

Examples of commercial virtual fitting applications that still available are Model My

Outfit and Tri Mirror. ModelMy Ouitfit allowstheuserto alter an avatar based on height,

weight, body shape, bust sjarist cup size, and size of dreBgy(re5). Based on the size of the

avatarthe website then suggests sizes for some selected styles and providies Bhkpphg

the garmentgéModel My Outfit, 2015) Tri Mirror follows similar procedures bufffers more

parameters (icludingbasic

lower body, upper body, and arms measurements) for setting up the

avata (Figure6). More styles are available on Tri Mirf@ndthe avatar and clothing arean

threedimensionaformat which can be rotate&igure6) (TriMirror, 2017). Some applications

are also available on mobile devicesch asmartphongandtouchpadsto provide easy access

and fast

adopt i QAdstuckn20ld; MeCGoemiclsebal.,201f)e st y | e
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Model | hairstyle & face | extras Waist

RERNRAR

Height Weight

55" 130

defined undefined

Dress Size

Bust Size Bust Cup

2 A A

Frame Size

Hourglass: my hips are abou small medium large

same width as my shoulde
Your frame size is dependant on
your bone structure and density.

Here is how to your frame

size.

Figure5. Personalize avatar on Model My Outfidodel My Outfit, 2015)

Avatar 5 1 Size & Shape )
|~ - -
- @1“ %*i

Measurements #
@
-Basic 1660 -
Height _—. @
Under bust —0 @
%5
Bust '—"O @
Waist —_— @
930
Hips _— @
+Lower Body
+Ipper Body
+Arms

Y | (
Figure6. Personalize avatar and virtual fitting room on Tri MirfdriMirror, 2017).

There are also virtual fit programs developed for apman@panesto saveprototyping
time and cost for product developmé@ill, 2015). Examples of suchrogramsncludeEFI

Optitex, Lectra 3DyStitcher Tuka3D, Marvelous Designer, 3®Porter(Figure7).
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.......

= B |
MODIFY COLOR, SIZE, FABRIC ANDSTYLE
AT THE PUSH OF A BUTTON —

Figure7. Virtual fitting program for apparel product developméﬁfl Optitex, 2017)

OPTITEX

2.1.7. Unique useof 3D body data

Access to thredimensional (3D) data collead with 3D body scanners offers new
possibilities to studyhe morphologyof abodywhen comparedith onedimensiona(1D) data
such as length and width measurementsatetollectedn an old fashior{Gill, 2015). Instead
of simplyviewing 3D body datasaasource for extracting 1D measuremeittss suggestetb
evolve shape analysis and study the body in a 3D enviror(Bewnridge & Twigg, 2014;
Cottle, Ulrich, & Teel, 2014, Istook, 20R&ome researchers explore methods on flatten
apparel pattern from 3D to 2(Pang & Tien, 2013; S. Kim & ParR007; Y. Yang & Zhang,
2007) Zong and_ee(2011)integrated motion capture systems and 3D body scanning
technology to obtain body measurementa monrstandard posture and to simulate dynamic
posturef a particular body modéFigure8). Other researchefgmveevaluate fit and ease in
3D scan modelye & McKinney, 2010; Petrova & AshdowB008; Song & Ashdown, 2010,

2012; Thomassey & Bruniaux, 2018jgure9 illustratesthe methodologyused byThomassey
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and Bruniaux (2013)n how to evaluate ease in cross sections from 3D dcesismmary, 3D

body data is changing the way researchers and customers interact with ¢IGthjp15).

(a) Standing (b) Walking II (c) Walking III (d) Walking IV
- both feet on the - one foot on the - one foot on the
ground ground ground

Figure8. 3D body scan image in standing and walking post{#esg & Lee, 2011)

(a) Cross section of the body scanned
=

= =
(B) Cross section of the garment on the body scanned

(©) Overlapping with help markers

() Division of the treatment area for image processing
Figure9. Methodology to interpolate obtain&d figuresfor ease dterminationfThomassey &
Bruniaux, 2013)
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2.2. Primary and secondarybody measurements

Theprimarymeasurements acdtmensionsi s ed t o fAdesi gnate the si
theconsumé&rwhi | e the secondary measurements are th
designate thesizeaf gar ment f o(ISO2201ec, pclyBots primayr O
measurements arsgcondaryneasurements are body measuremeitspitovide the basis for
clothing size designation. Therefore, they are dependent with garment\igaessirementare
often definedaacordingto anthropometricdndmarks whictare maddeforemeasuring
manually or using 3D body scann€lSO, 2017a)There are national and international standards
tha define body measurements and landm&skandardshatare coveredhn this sectiorare
listedin Tablel. Most standaisare designeébr manual measuring methgdsmdonly the 1ISO
20685(1SO, D10)and the ISO 725Q (ISO, 2017akronsiderthe 3D body scanning technology.

ISO standards aiaternational standards developedtbgInternationalOrganization for
Standardizationn the time the dissertatiomasin processISO has published 72838
international standardittps://www.iso.or¢standards.htip Many national standards refer to
ISO standardsASTM stands for American Society for Testing and Materials. ASTM standards
are developed by ASTNhternationg branded as globaly recognized leader in the
development and delivery of woitary consensus standaedsl it has more than 12,000
standardghttps://www.astm.org/ABOUT/full_overview.html). The ASTM standaads widely
adoptedn the United States.

Different companies use different sets of primary measurements to develojzthgir s
systems. Researchesmetime seek help from domain experts to help them make decisions on
the selectionof measurement&sill, 2015; Hsu, Lin, & Wang, 2007¥3hahrabi et a(2013)

selected ten measements (namely coat height, armhole girth, sleeves height, waist
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circumferenceghest circumference, stomach circumference, thigh circumference, hip
circumference, knee girth, trouser height) for suit sizing system develodhdez et al.
(2012)selected fivaneasurements (namely bust circumference, chest circumference, neck to
ground length, waist circumferencedship circumferencepr apparel sizing development.

The measurements used by researchers vary from case {§gsae P. Ashdown, 1998;
Gupta & Gangadhar, 2004; Hsu et al., 2007; Laing et al., 1998mya et al., 2010; Otieno,
2008; Tsai & Hsu, 201350me measurements are not even defined in the standards, for
examplethe nape tahefront haidine length defined byeazley (1999)To better understand
primary and scondary measurement, the following sgttions focus on measurements defined

in both the standards and scanning software for automatic measuextnaction.

Tablel. Standards considered for primary and secondary measurestent |

Standard Title Scope
ISO 85591:2017 Size designation of clothedPart 1: Anthropometric Clothing
definitions for body measuremes0, 2017b)
ISO 85592:2017 Size designation of clothed?art 2: Primary and
secondary dimension indicatqi$O, 2017c)
ASTM D5219:2015 Standard terminology relating to body dimensior
for apparel sizingASTM International, 2015)
ISO 72501:2017 Basic human body measurements fdirtelogical
design-- Part 1: Body measurement definitions and landm@sq,
2017a)
ISO 72501:2008 Basic human body measurements for technologica
design-- Part 1: Body measurement definitions and landm@se,
2008)
ISO 20685:2010-B scanning methodologies for internationally
compatible anthrapmetric databasg$SO, 2010)

Clothing
Clothing

Anthropometric
Survey

Anthropometric
Survey

3D scan
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2.2.1. Measurementsand landmarks basedon standards

ISO 85591 (ISO, 2017b)I1SO 85592 (ISO, 2017c)and ASTM D5219ASTM
International, 2015)veredesigned specifically for the clothing industry, while ISO 725050,
2017a)wasdesignedor anthropometd surveysISO 85%-1 (ISO, 2017band ASTM D5219
(ASTM International, 2015lefine basic body measurements and landstzased on manual
measuring methodsvhile ISO 8559 (ISO, 2017c)ndicates primary andesondary
measurements for size designation of different garment tijmet. measurements mentioned in
ISO 85591 (ISO, 2017band ASTMD5219(ASTM International, 2015Yefer back to ISO
72501 (SO, 2017a)

Primary and secondary measurements listéichisie3 along with their definitions from
ISO 85591 (ISO, 2017band ASTM D5219ASTM International, 2016 Names of some
measurements are different between ISO 8880, 2017band ASTM D5219ASTM
International, 2015)out their definitions are similar to each other. Landmarks used in primary
and secondary measuremeats definedn Table2 based on 1ISO 8559 (1ISO, 2017b)
lllustrations of whee measureents andandmarksare locatedre shownn Figure10and

Figurell
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Table2.

Definitionsfor landmarks uselly primary and secondameasurements based on

ISO 85591 (ISO, 2017h)

# Landmark Definitionin ISO 85591
1 Bust point most anterior point of the bust when wearing
2 Hip level level of thegreatesprojection at the back of the body (buttocks)
3 Under bustevel level directly below breast when wearing a bra
. midway betwen the lowest rib point and the highest point of the hip bone at the sic
4 Waist level
the body
5 t():r%r\lxt/erri dpgoemt of most anteriopoint of the forehead between the brow ridges in the-saigittal plane
: level of highestvisible point athe junction between the right and left thighs observe:
Inside leg level .
from the back ofubject
Outer ankle point most lateral point of the outer ankle bone (lateral malleolus)
8 :gilg{n s apple most anterior point of the thyroihrtilage
9 Armpit front fold  front fold point of the armpit oarm scydine determined using a scale placedier
point arm
10 Wrist point most prominent point of the bulge of the headlof (prominent bone at the little finge
side of the wrist)
11 Shoulder point mo_st lateral pqnt of the lateral edge of the spine (acromial process) of the scapula,
projected vertically to the surface of the skin
12 Elbow point most prominent point of the olecranon of ulna
tip of theprominent bone at the base of the back efrtbck §pinousprocess of the
13 Back neck point seventh cervical vertebra) in the nsdgittal plane, and projected posteriorly to the
surface of the skin
14 Midsagittal plane antereposterior(front to back) median plane of thedy
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Table3. Primaryand secondargneasuremesforwo me n 6 s baskedootiSOB5HIR (ISO, 2017¢)
Measurement Measurement defition Measurement definition Iar?der:?;?gn
# Measurement Garment type type in 1SO 85591 (ISO, 2017b) In ASTM 5219 (ASTM 85591 (ISO,
International, 2015)
2017b)
1 Bustgirth JacketsSuitsT, SuitsS Overcoats, Primary Horizontal girth measured at Thehorizontalcircumference Bust point
Dresses, Knits, Shirts/blouses, Full bustpoint level around the torso, taken under the
bodies, Undervest, Nightwear, arms and across the fullest part ¢
Swimwear, Bras, Corsetry upper ai the chest/bust apex including the
full body lower portion of the shoulder
blades
2 Hip girth SuitsT,SuitsS Trousers/shorts, Primary Horizontalgirth of the body =~ The maximurrhorizontal Hip level
Skirts, Underpants, Trunk, measured at the hip level circumference around the torso
Leggings, Longjbns, Corsetry taken at the greatest protrusion ¢
lower body, Pantyhose the huttocks as seen from the sid:
Jackets, OvercoatBresses, Full Secondary
bodies, Undervest, Nightwear,
Swimwear (ithout cups), Corsetry
upper and full body, Panty girdle
3 Under busgirth Swimwear (with cups), Bras, Primary Horizontalgirth of the body at Thehorizontalcircumference Under bust
Corsetry uppeand full body (with theunder bustevel around the torso under the arms level
cups) and bust.
4 Waistgirth Corsetry lower body, Panty girdle  Primary Horizontalgirth of the body ~ Thehorizontalcircumference Waist level
JacketsSuitsT, SuitsS Overcoats,  Secondary measured at the waist level arourd the torsdaken at the waist
Trousers/shorts, Skirts, Dresses, F
bodies, Underpants, Trunk,
Nightwear, Corsetry upper affiall
body
5 Height (Stature)  Pantyhose Primary Vertical distancerom the The vertical distance from the -
JacketsSuitsT, SuitsS Overcoats,  Secondary highest point of the head in  crown of the head tthe floor,

Trousers/shorts, Skirts, Dresses,
Knits, Shirts/blouses, Full bodies,
Undervest, Underpants, Trunk,
Leggings, Longjohns, Nightwear,
Swimwear (ithout cups), Corsetry
upper and full body, Corsetry lower
body,

the median line to the ground

taken with subject standing and
without shoes
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Table3. Pri mary and secondary meas dond3O852§8SOf20k7crontinmedn 6 s c |
Measuement Measurement definition Measurenent definition Iar?der:?;ﬁ?in
# Measurement Garment type type in 1SO 85591 (ISO, 2017b) In ASTM 5219(ASTM 85591 (ISO,
International, 205)
2017b)
6 Foot length Stockirgs, kneehighs, Socks Primary Distance fronrear of the heel The straight distance from the -
to the tip of the longest (first prominence othe back of the hee
or second) toe, measured to the prominence of tHengest
parallel toe, taken with the foot on a flat
to the longitudinal axis of the surface without shoes (use stable
foot flat ruler)
7 Hand girth Gloves Primary Maximum girth over the The maximum circumference of -
knuckles the handaround the knuckles
excluding the thumb, taken with
the fingers ogether
8 Headgirth Headwear Primary Maximum, approximately The maximum horizontal Center point of
horizontal,girth of head circumferencef thehead above  browridge
measured aboweenterpoint  the ears
of brow ridge and crossing th
rearmospoint of the head.
Hair shallbeincludedin the
measurement
9 Inside leg length  SuitsT, Trousers/shorts, Leggings, Secondary Vertical distance between the (Crotch height)lhe vertical inside leg level,
Longjohns, inside leg level and outer distance from the midpoimif the  outer ankle
ankle point crotch to the floor, taken with the point
subject standing and without
shoes
10 Neckgirth Shirts/blouses, Secondary Girth of the neck at a point ~ (Mid-neck girth)The horizontal '‘Adam's apple'
just below the bulge at the circumference of the neck, taken point
thyroid cartilage (Adam's approximatey 25 mm (1 inch)
apple) and measute above the neck base level
perpendicular to the
longitudinal axis of the neck
11 Under armength  Shirts/blouses, Secondary Distancebetwea the armpit ~ The distance from the mid armpit front

front fold point and palm side
of the wrist at a level of the
wrist point

underarm point of the armscye to fold point, wrist
the inner wrist bone, taken with  point
the arm down
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Table3. Primaryandseondar vy

measurements for wo2(EQ&&7c)contmueth i ng based

N Related
Measurement Measurement definition Measurement definition landmark in
# Measurement Garment type type in 1SO 85591 (ISO, 2017b) In ASTM 5219(ASTM 85591 (ISO,
International, 2015) 2017h)
12  Arm length (outer Shirts/blouses, Secondary Distance from shoulder point The distance from the top of the Shoulder point,
arm length) to wrist point. shoulder jointalong the outside of wrist point,
the arm over the elbow to the elbow point
prominent wrist bone, takenitiy
the arm bent (1.57 rad or 90} anc
the hand placed on the hip
13 Back neck to wrist Shirts/blouses, Secondary Distanceacross the shoulder (Cervicaleto wrist length)The back neck
length and down the arm from the  distance from theervicaleover point, shoulder
backneckpoint over the the top of the shoulder joirdjJong point, elbow
shoulder poihand the elbow the outside of the arm, over the  point, wrist
point to the wrist point elbow to the prominent wrist point
bone, taken with therm bent 1.57
rad (90} and tke hand placed on
the hip
14 Weight Pantyhose Secondary Total mass of the body - -
15 Calf girth Socks Secondary Maximumhorizontalgirthof =~ The maximurrhorizontal -
the calf circumference of thiower leg,
taken between the knee and the
ankle
16  Ankle girth Socks Secondary Horizontalgirth of the leg The maximunhorizontal Outer ankle
measured at the level of the circumference of thankle, take point
outer ankle point over the greatest prominence of
the anklebone
17 Hand length Gloves Secondary Di stancefrom the tip of the  The straight distage from the -

middle finger to the most
distal wrist crease

prominence of théongestfinger

to the inner wrist bone, taken
across thgalm of the hanavith
fingers together and palm flat (us
a stable, flat ruler)

Note SuitsT: set of jacket and trouser together; SuitsS: set of jacket and skirt tpeftercardiganssweaters, hirts Full bodies: Overallssurfsuits
wetsuits, Bicycling gear, Fulwimwear, skiwear, br@andbibs
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Figure10. Image illustration for primary and secondary measurentegsd on ISO 8559 (ISO, 2017b)
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Figurell Landmarks foprimary and secondary measuremdiased on ISO 8559 (ISO, 2017h.
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ISO 206851S0O, 2010)s the only ISO standamesignedspecificallyfor conductingan
anthropometrisurvey using 3D scanning technology. No sinst@ndardvas foundn the
ASTM repository. ISO 20688S0, 2010Y¥efers to ISO 725Q (ISO, 2008) However, not all
measurements in 32-1 (ISO, 2008)can be extracted accuratelyfr@D scanned imas.
Based on ISO 20683S0, 2010)

Table4 lists measurements, along with their definitions from 7Z2%50, 2008) that are
most likely to produce good results using 3D body scanneramé&asurementare measureih
four different posturedHjgure12), only measurements measured in stangimgjuresare
included in

Table4. Primary and secondamngeasurementisom Table3 are highlightedn

Table4. Someprimarymeasurementare listedas extractable through 3hole-body
scannershut some are not. One reasothiattheresolution of the 3vholeb o dy s canner
meet the requirements of measuring small measurements such as foot length, hand girth, head
girth and, hand length.HE other reason thatthe 72501 (ISO, 2008)is not designetbr the
apparel industry, it is missing some definitions for some primargaodndary measurements
such asip girth,underlustgirth, under arm length, arm length, back neck to wrist leragid,
anklegirth.

Even though waiggirth is listedas an extractable measurement througwBble-body
scanners I1ISO 206851S0, 2010) the implementation process is questionable because trying to
find thelowest ribs and the upper iliac crest in 3D point cbis challenge More detailsare

discussedhn the following sections.

27



Table4. 1SO 72501 (ISO, 2008)measurements consideredtliwe 3D whole-body scanner
(ISO, 2010)

Measurement Definition in 1ISO 72561 (ISO, 2008) Positiorf

Stature Vertical distancefrom the floor to the highest point of the head (vertex) B
Eye height Vertical distance from the floor to the outer corner of the eye B
Shoulder height Vertical distance from the floor to the acromion B
Elbow height Vertical distance from the floor tdve lowest bony point of the bent elbovw C
Iliac spine height, Vertical distance from the floor to the anterosuperior iliac spine (the mc

; . . - B
standing downwarddirected point of the iliac crest)

Vertical distancefrom the floor to the distgdart of the inferior ramus of

Crotch height : B
the pubic bone
Tibial height Vertical distance from the floor to the tibiale B
Chest depth, standing Depthof the torso measured in the midsagittal planmesosterndevel A B
Bodydepth,standing  Maximumdepthof thebody A B
Chestbreadthstanding Breadthof the torso measured reesosterndevel A
Hip breadthstanding  Maximumhorizontal distance across the hips A
Vertical distance from acromion to the bottom of the elbow bent at a ric
Shoulderelbow length ; ) C
angle with the forearm horizontal
Elbowwrist length Horizontaldistance fronwall to wrist (ulnar styloid process) C
Srhezlgfher biacromia) Distancealong a straight line from acromionagromion A B
Shoulder piddtoid) Distanceacrmoss the maximum lateral protrusions of the right and left A B
breadth deltoid muscles '
Iir;(:)rlzx depth at the Maximumdepthof the thorax at the level of the nigpl B
Forearmfingertip Horizontaldistance from the back of the upper arm (at the elltowh)e c
length fingertips, with theelbowbent at right angles
Neck circumference g;rrcgilljg\g]?rence)f neckat a point just below the bulge at the thyroid A B
Chest circumference  Circumferencef the torso measured at nipple level A
L Circumferencef trunk at a level midway between the lowest ribs and tr
Waist circumference . A
upper iliac crest
L Circumferencef wrist at the level of the styloid processes of the radius
Wrist circumfeence ; A
and ulna, with the hand outstretched
Thigh circumference  Maximum circumference of the thigh A
Calf circumference Maximum circumference of the calf A

Note.The position ID is related to the imagedHigure12.
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9

Standing position A Standing position B Standing position C Sitting position D

Figurel2 Standing and sittinggsitions from ISO 20688S0O, 2010)

2.2.2. Measurements anl landmarks basedmeasirement extraction software

The information provided by ISO and ASTM standards on landmarks and measurement
determinatioron 3D bodydata is not sufficienfGill, 2015). Some companies have been
referring to ISO 7250 and ISO 8589uman Solutions GmbH, 2017a; Size &tre 2017)lt is
commonto seesomevariations orextracted measuremerstween dierent measuring
programs developed by different body scanning compahies section focuses g@rimary and
secondaryneasurement definitior{¥able5) used inautomatianeasurementsxtraction
programs developkby Size Streanand [TCF because they aeasily accessible

Both programs offer more measurements thaselisted in ISO 2068%ISO, 20D). The
[TC]? program allowsheuserto set parameters for someasurementsuch as waist, hips, and
busts o that more variation can be madegramased
only allowsparameteediting to the waisieasurementsut allowstheuserto define new
measurementsased orbuilt-in landmarksFor most primary and secondangasurementst is

possible to find Size Stream and [fT@jeasurementhat are corrggonding to the ISO
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standardsThe mostroublesomaneasuremerns the waisgirth. Thisis because the program

c a rira the waistevel based on the protocdescrbedin thestandardsDepending on the
parameter that iseing setwaistgirth will be exractedat different height level. Another fact is
that all kands related measurements are not applicable in pithgrambecause the default scan

posture(standing position A ifrigure12) is notsuitablefor hand nvestigation

Table5. Measurement definitions in Size Stream and F@dgrams

# Measurement SS definition [TC]? definitions

Horizontal circumference

measured across the bust points Taken along the surface of the body and bridges ove

under thearm pitsandaround the the hollows between the busts.

back.

(Hip circumference) Maximum

girth between the Back Waist

Point and Crotch levels.

2 Hip girth (Seat circumference) Horizontal
circumferenceat the most
prominent rear poirbetween the
waist and crotch.

Under bust Horizontal circumferenctaken One option is to measuon a horizontal planpassthe

girth below the bust. underbust points.

(Horizontal waist) Horizontal

circumference beteen small of

backlevel and 4cm above it.

(Narrow waist)Horizontal The shortest circumference around tbrso within the

circumferencdakenat the limits set by theuser defind parameters.

narrowest torso point between tr

chest and hips when viewed fron

the front.

(Subject height) Height from floo

to top ofsubject(hair is seen as a

fisur f aisieciuded. n d

6 Foot length Length from the back of the heel The distance along the center line from thekbafcthe

to the farthest togp. heel to the tip of the toe sticking out farthest to the
front. The line does not run to the tiagthestto the
front but the toés projectecbnto the lineandthe length
is the distance from this point to the back of the heel

1 Bustgirth

(Hips full) A horizontal slice usually measured at the
height whee thecircumferencas the greatest betweern
the crotch and theaist, but the placement of the hips
maybe changedvith the parameters.

(Seat) Taken at the igit where the buttocks protrude
most to the rear.

4 Waistgirth

Height
(Stature)

7 Hand girth - -

8 Headgirth Circumference above the eyes. Thisis measureih a plane that goes through a point
10mm above the eyebrows in the front and a point ir
the back that is farthest from the point in the front.

9 Inside leg (Inseam)Lengthfrom the crotb (Straight down) Can also be used to measure crotch

length pointdown the leg to the floor.  height.

(Crotch height)\ertical distance  (To insideof foot) Follows the inside of the leg like a
from the floor to the Crotch point tape measure would.
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Table 5Measurement definitions in Size Stream and Pli@pgrams continued

# Measurement SS definition [TC]? definitions
: ((;ollar circumference) Negk column (Shirt collar) The measuremeffibr a
10 Neckgirth circumferenceakenapproximately at :
dress kirt collar.
the larynx.
11 Under armength Straight (_j|stance from the armpit poi Coat sl eeve sed. t.
to the wrist.

Arm length (outer Straight distance from the shoulder Coat sl eeve set t.
arm length) point to the wrist. Wristo .
(Sleeve length) Distance from back

12

Back neck to wrist Shirt sl eeve g ever

13 length neck point over the shoulder point to shouldto wrist .
the wrist.
14 Weight - -
_ Maximum leg girth above the ankle The largestircumference between the
15 Calf girth knee and the smallest part of the leg

and below thé&nee. above the ankle.

(Actual ankle circumference)
Circumferencesf the left and right
ankle bones.

(Ankle circumference) Circumference
takenat the averaged tgtit of both
ankle lmones

17 Hand length - -

The horizontal tape measureméaiten
at the average of the inside height and
the outsideheight.

16 Ankle girth

2.2.3. Waist heightlevel

The waistgirth is important to pants, skirts, and dresdéswever, the waist level is not
easy to define in digital dai&trying to follow definitions in the standards because it is hard to
find the rib point(upper limit)and the highegtointof the hip bondlower limit) without
touchingthe body It becomes even hagdto try to find waistevel forplus size peopler others
who do not have a well define waistlirieo overcome thismeasurement extraction programs
have been seeking alternative ways$iding the waist levellnstead of referring tthe contact
method, automated measuremprograms determine the waist relative to surface geometry
which case, smallesif-backis often useds a reference poi(&ill, Parker, Hayes, Wren, &
Panchenko, 20)4Some altenative waist level definitions cdre foundin Table6. Gill et al.

(2014)compared 16 waist levels defined in [f@jith waist level defined by 1ISO 725050,
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2008)and found that the center waist region defined by the standaliecaimickedby the

range between the level of the narrowssnt on thetorso and théevel of a proportional length.

Table6. Alternativewaistlevel definitions

Waist level definition Source
Small of backthe point where the spine had thegestindent when viewed Han, Nam, &
from the side Hwang Shin (2010

Small of back: identified by the curvature of the spine, which createmt |

on the lower posterior torso closest to éheeriorof the body. Gill (2011)
Geometrianean of waistmeanratio of waist height to statet (2%1;';’1 netal,
Geometrianean of waistmeanratio of waistcrotch distance to back neck Han, Nam, &
crotch distance Hwang Shin (2010

Proportionwaist: the center of the central whregion with a proportional
length (such as small of back height minus 4 cm) being the lower limit & Gill et al. (2014)
the narrowesfront point on the torso being the upper limit.

2.3. Methods to measurea body

Measurements used in the appandlustryare required to meet specifiegjuirements
when comparedith otherindustriegGill, 2015). Depending on how bodiese transcribed
Byeet al. (2006ategorized methods used to measuvedy for apparel into three categories,
namely linear methods, multiple probe methods, @odl formmethodsLinear methods refer
to ways of measuring trdistance between two points using tools sudaps measures,
anthropometers, and calipethelinearmethodis the traditional way of measuring a bodpd
it wasused tacollectbody measurements for the first anthropometric survey of women
conductedn the U.S( den & Shelton, 1941)Multiple probe methods refer to a combination
of linear methods with tools that can describe relationships between lines frone#nenethod
Most example®f multiple probe methodgiven byBye et al. (2006i)nclude tools and processes

designed o captur e a body &samgles af suchutools iacudee complek ou et t
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arthrometedescribedy Roebuck (1995)andphotographsised byGazzuolo, DeLong, Lohr,
LaBat, andBye (1992), and Nagamachi (200Bowever,most multipe probe methods remain
in the stage of resear@dmndno suchmethodwas documented tee usedn largescale
anthropometric survey8&ody form methods focus more on information about the surface,,shape
andvolume of the bodyExamples of sucmethodare draping, casting, and body scanning.
Body scanning technology waised irfarge scaleanthropometric surveys suchtag Civilian
American and European Surface Anthropometry Resource (CAESAR), Size UK, Size USA and
National Insitute of Occupational Safety and Health (NIOSBYye et al. 2006; Gupta, 2014)

The following sectionsocus onmanual methasl(examples of the linear methpd
measuring with twalimensional (2D) images (examples of theltiple probe methdgdand
threedimensional (3D) body scanning metsgeéxamples of the bgdorm method) Their
advantages and disadvantages discussedistory ofthe manualmethod researb on the 2D
image methodandstate oftheart of the 3D body scanning methateaddressedBecause most
3D body scanners used in the apparel indusgyoa measurement extractipsoftware
developedor automaticallyextracting body measuremetgsalso coveredMorerecent
technology is fowdimensional (4D) scanning by adding time as the fourth feature. Example of

such commercial 4D scannéssntroducedat the end.

2.3.1. Manual measuring techniqueq1D methods)

Tape measuseanthropometay and calipers have been used to measure human bodies
manually sincghe nineteenth centur(Bye et al., 2006)The apemeasure was firstvailable in
1820 with standardizestale markshatcouldconsistently measure thingsidwell &

Christman, 1974)t originated from stripe used by taitto record length with notchefape
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measures are used to meadangthseither along a straight @curved surfaceAn

anthropometers made up ofods with gales to measure heights while calipers are curved arms
with a pivoting point to measureidth (Roebuck, 1995)t is still easy to find these manual
measuring tools today.

Because it is cheap abddy measurement®mmonly measuredre either length or
circumferencevalues thetapemeasure i®ne ofthe mostosteffectiveways for customers to
measurghemselves at homg&ven digital tape measures have been developed to help read and
record measuremesetlectronically( DAPuzzo, 2007) However existing manual methods tend
to focus on onglimensionhdata anchave trouble captung complex body informatioXGill,

2015) The time cost to manuglmeasure a bodg relativelylong andto measureccurately
requiresahighdegree of skil(Bond, 2008) There exist garments developed to helpake
manualmeasurements in a more efficient wWays 2002/0166254 Al, 2@&). Most manual
measuringprocessn anthroponetricsurveyshasbeen replacelly threedimensionabody

scanning

2.3.2. 3D scannes

Compared tahetapemeasurethethreedimensioml (3D) scanner has a relatively short
history. The 3D scanning technology has been used in the apparel industthesi890sto
capture body information. trreatesa digital 3D representation of the surface of the body and
makes it possible to derive mermeasurement data thidne manual method@Bye et al., 2006;
Gill, 2015; Loker et al., 2008; Weng 2007) Most 3D scanners usedtime apparefield
nowadaysare embeddedith theactive 3D imaging technique, which introducedfiaral

illumination to projectines,spots, stripes, or patterns onto a sdereapture a digital
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representation of #hscenedy implementing the triangulation principlBrouin & Beraldin,
2012) Examples of suckcanners arffTC]?0 s -19B thfraredwhole-bodyscanner([TC]?,
2017a)and Human Sol uwholebodygcanhvekHumasn SdluaogaseGmbH,
2017b) An alternative appixch ofactiveimagingimplementghe timeof-flight principle,

which measures distance by calculating the traveling time slleéyween outgoing and reflected
wave(Koch, Pears, & Liu, 2012An example of such sensotis the Microsoft Kinect 2.0
sensol(Lau, 2013) Besides from the active 3D imaging technighe, ¢ther type of 3D imaging
techniques is called passive 3D imaging, which forms 3D shmgsesl on images of the
ambientlit scene along, witout the help of projection of light patterns onto shengKoch et
al., 2012) Examples of apps use this technolagglude TRNIO (TRNIO, n.d.)and SCANN3D
(Smart Mobile Vision, n.d.)Both aps are designed for static ebf and scene scanning and
have not yet benused intheapparel industry to scan people.

Depending on the light source, a thdimensional (3Dactiveimaging scanner came
categorizednto thewhite light scanneitheinfrared light scannethelaserlight scanner, anthe
millimeter wave light scannéDaanen & Ter Haar, 2013; Istook & Hwang, 20@é&pending
on the patterns of the projected light, a 3D active img@canner can bmategorizeds aspot
scannerastripe scanner, araistructured light scannébrouin & Beraldin, 2012)Depending
on the number of project@ensor sets used in the system, a scanner can be categorized into
eitherthe multiple-view system (which has multig projectorsensor sets capturitige scene
simultaneouslyr in sequeng or a single moving system (which hasiaglemoving project
sensor set that goes around sheneandcapturesat different times{Drouin & Beraldin, 2012;
Se & Pears, 2032Multiple-view scanning systems are usually set in the format of scanning

booths so that both scanned subjects and scanning devices remamtstatite body
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information isbeing capturedlhere are also some portable 3D body scanners that have multiple
prgectorsensoisets but require the subject to rotiteapture360 degreeslhe sngle moving
systemis usuallyused inhandheld scannersn which case either the scanrstbjector the
scanning device moves wheapturing the body informatioMultiple-view 3D whole-body
scannergincluding some portable scanners using multiple projes#osor set3)sed in the
apparel industry and moving 3D scanners (refetwedhandheld3D scanners) that can
potentially be used to scarhuman bodwrediscussedhn the sulsections.

In addition toexamples of 3D scanners, software desigonexktract body measurements
is also coveredutomatically Thisis important because evémrough3D body data is available,
for most cases, it is converted into edinensional1D) measurements befdoeing usedn the

apparel industryHowever this maychangdn the future.

2.3.2.1. Multiple-view3D whole-body scaners

Multiple-view 3D whole-bodyscanners (commonly called as 8Dole-bodyscanners)
refer toactivescannersvith multiple projectorsensorsetsthat capturehewhole-body
information when the subject remains in a static posiure.3D whole body scanning technique
has been adopted the apparel industry to collect body measurements which have been used in
multiple waysas summarized in the previous secti@@sl, 2015). It hasalso changed the way
apparel produds developedsuch a withdesignng in 3D (Browzwear Solutions Pte Ltd.,
2016; EFI Optitex, 2017and potentially influences how clothing can interact with customers,
such awith onlinevirtual try-oninterfaceq TRNIO, n.d.; Virtusize, n.d.)The first generation
of commercial 3Dvhole-bodyscannershatemergednto the market inhe 1990swere rather

bulky, expensive, and had low resoluti@aanen & Ter Haar, 20133ince then, the technology
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hasbeen improvea lot, andsomebodyscanner companidgsom thatagehaveevenfaded away
(Daaner& Ter Haar, 2013; Daanen & van de Water, 198Xamples o8D whole-body
scannecompanieghat arecurrently activein the market ar8@dMD, Cyberware, Human
Solutions GmbH, Size Stream, and [f@ecause scanning speed has been increasing, one can
now find portable scanners that have fewer projestmsor sets and capture the subject faom
differentande in series on the market. They are branded as portable scanners but share the same
principle andechnology as th#ultiple-view 3D whole-bodyscanners. Examples of such
scanners are TC26s mobi(htps://eveovstyka.eom)/ Then d St ykuods
increasing scanning speed and quality atsi&efour-dimensional (4D) scanning possible with
the fourth feature being tim&he 4D data can besad to evaluate thelatiorshipbetween
clothing and body while moving. An example of such scaimtitre 3dMDIlody.u System
developed by 3dMDTable7 gives an overview of identifieMultiple-view 3D whole-body
scannersimages of somecanners cabe foundin Figurel3, andsomeoutput examplesan be
foundin Figurel14.

Most 3D body scanners offer color mapping fumttwvhichmakes it possible to do 3D
printing with color. For some scanners, éxtamplethe Size Stream scanner, the color function
canbeturnedonandfof t o protect the subjectébés privacy.
Table7 use active 3D imaging technique with light sources sudyasafelaserlights, infrared
lights, andwhite lights. Because it i®ptics basetechnology, materials with high reflectiveness,
such as metal accessories and glasses, are not suitalglartehile being scanned. The time it
takes to capture data is usually less than 10 seconds for scanning booth$ 40ds80onds for

portable bog scanners such as the Stykttps://www.styku.con)/Scanner and the TEIOR
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Mobile Scanner. Their error ranges are usually less than 5 mm. The footprint needed for most

scanners falls within theangeof 17 5 ne.

Figurel3. Examples of 3D whokdody scanners

38



A. 3dMDbody System B. 3dMDbody.u System C. IlIDBody Scan D. Whole Body Color 3D Scanner
by 3dMD by 3dMD by 4D Dynamics. (Model WBX) by Cyberware

y

"
s

v

E. VITUSbodyscan F. S820 G. Styku Scanner H. TC2-19B Scanner I. TC2-105
by Human Solutions GmbH by Size Stream by Styku by [TC]2 by [TC]2

Figurel4. Examples of data exported from 3D whbledy scanners

Oneadvantagef the multiple-view 3D wholebodyscanners is that the 3D data collected
through the scannedsfer novel and revolutionized ways of analyzing and understanding the
body and its relationshi p themamwa mdthodBalgstewhi ch ¢
et al . Apuzd® 2007Gill, RE@ELS; Istook, 2008; Song & Ashdown, 201Zhe 3D whole
body scannersanprovide comparable measurements to the manual mbtiat a way faster
speedBougourd, Dekker, Ross, & Ward, @D).

However,the 3D wholebody scanneis not perfectBecause it is aoncontact
technique, the touching method useditd measurementsuch as waist height and shoaid
tip, is notpossible influencingmeasurement accuracy to some exftook, 2008) Thewhole-
bodyscanners are more expensareitakemore spacéhan toolsusedfor manualmethods
which make them not applicable for daily dsecustomergGill, 2015). Researclalsofound

that some dbjects are not comfortableith seeing images of their scaf@rogan et al., 2017;
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Loker et al., 2004)in addition because most3Dwheleody scanners donodt see
clothing, subjects are asked to take off their outerwear when being scahrsdatings up

privacy concernsf both the scanning process and usthefdatgGrogan et al., 2017; Loker et

al., 2004) A scaming apparatugouldpotentiallybe added to solvile privacyissue by

covering the body. Howevehe involvement othe scaming apparatugould change the

measurements and makes it difficult to maintain consistency between different studies and

surveys(D. Kim, LaBat, Bye, Sohn, & Ryan, 2015)
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Table?.

List of Multiple-view wholebody scanners available on the market

Product Company Type Technology Speed Accuracy Footprint

color . sec <0.5mm -
s Dooor OPIEEEST oomssec <05
3dMDbody.u System Optics based 0.17 seqer i
(3dMD, 2016b) 3dMD 4D color technology 3Dframes ~ O-7MM
I(L:BBSSXafnﬁig 2015) 4D Dynamics 3D color - 4 secs - 1.7m*1.7m
Artec Shapify Booth
(Artec Europe, 2017¢) Artec Europe 3D color - 12 secs - -
Whole Body Color 3D Scanner .
(Model WBX) Cyberware 3D color Optics based < 20 secs - 261 m*2.35m
(Cyberware, n.d.) technology
LPW-2000 Hamano Engineerin
(Hamano Engineering Co., Ltd., Co.. Ltd 9 9 3p - 5 secs 1 mm 0.85m*0.6m
2016) v

Human Solutions
bodyscan

VITUS . GmbHand 3D color Laser technology, 61 10secs <1mm 5 e
(Human Solutios GmbH, 2017b) VITRONIC safe for the eyes
SS20 . Infrared Depth .
(Size Stream, 2017) Size Stream 3D color Sensor <4 secs 5 mm 14m*1.1m
SCUVEG 4 .
(Spacevision Inc., 2017) SPACEVISION INC. 3D - 0.5 sec <2mm 24m*24m
(Ssti’)'ffusggrl‘gfr Styku 3D portable \'\g"ros"ﬁ Kinect  30i 40secs 251 5mm  2.57m*1.68 m
&?CZZ]%Q 28017a) [rer® gaDpabIe of 4D grgg:j peph 1 sec 1 mm i
TC2-19RMobile Scanner 2 Infrared Depth .
([TCJ2 2017¢) [TC] 3D portable Sensor 30 cs 2 mm 1.77m*1.02m
-(Egé-]%OSONb) [TC]? 3D color White Light 3 secs - -
SYMCAD I Telmat Industrie 3D In-depth senso 17 1.5secs 0.15%i 1.5% -

(TELMAT Industrie, 2017)

technology
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2.3.2.2. Handheld 3D scanners

The handheld 3D scannierusually embeddedith a single 3D imaging system, either
active or passive. It forms 3D models by stitching scanned sn@géer in 3D or 2D formats)
from different angles at different times together. It istaaled bythe handof the user or robotic
arms to go arounthe scanned target for data collection. The handheld scanner is portable and is
mostly designed to capture scenes and obj€hisis because it takes time to go around the
target toobtaininformation from different angles. Scanniagtatic target givea betterresult
thanscanningalive subjectdue toerror involved with movements.

Some examples of commercial handheld scanners available on the ararkstedn
Table8. Figure1l5 shows applications for some scanramndFigure16 showsimages of somef
handheld scanner®ependig on the technology and accurattg pricesof different products
vary a lot. Soméandheld scanners are even moggeasive thamow-cost3D whole-body
scannersBecause the focus of this research is on home use body measuring sdhgion
following discussion is mainly about handheld scanners less than $1,000.

The introduction of th Kinectsensoia decade ago hasspiredmany researchers to
explorescanning people with this devidbanks tats costeffectivenesand open source
characteristi¢Cui & Stricker, 2011; Tong, Zhou, Liu, Pan, & Y&0Q12; Weiss, Hirshberg, &
Black, 2011) However, because of the low resoluti@40 by 480 pixelspffered by the Kmect,
the scannedesultsof a single Kinect is not satisfactof@ui & Stricker, 2011)To g« better
resuls, Tong et al. (2012)isad more than oa Kinect cameravhich sharesasimilaridea of
multiple-view scanning systemblicrosoft has upgraded Kinect to Kinect2 which uses time of

flight instead of structured light whidh usedn Kinect. Kinect2 isdesigned to have higher
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resolution andviderview angle than Kinech{tp://zugara.em/howdoesthe-kinect2-compare
to-the-kinectl).

The next group of handheld scanners that are more expensive than the Kinect sensor, but
still in an affordable price raye forhomeuseincludesthe Sens' scanner and the Occipital
StructureSensor The StructureSersor is designed to be an accessory for phonegsaraipad in
IOS and Android systems. Similar to the Kinessor, the Structure sensor comes with
Strucure software development kit (SDK) with hitgvel application programming interfaces
(APIs) that developersandesign and buil their own applicationswith. However, the Structure
sensor isnostsuitable forscanningpbjects and scenes if only osensolis used

SCANIFY is a handheld scanner branded tgitaat forthe 3D capture of continuous
surfaces with smooth curvature and varying color or textures such as human form, fabrics, stone,
wood, plants, flowers and other organic obj€Etsel 3D Technologies Limited, 2017
However,some objectsnaynot be suitable for scanning with SCANIFY such as objedts
cavities or protrusionverydark objeds, monacolor objects, reflective or shiny objects,
transparent objects, and objects with sharp edges and cdéfigenrg17 lists situationsn which
SCANIFY is suitable and not suitabl@ne can find that the aaner is not suitable for scanning
either the human body or animals.

Depending on the speed of the scanner and size of the scanned target, the time used to
scan varies. Generally, it ta& several minutes to capture a human size object with a handheld
scanner, while it takes only seconds using a multipeav 3D whole body scanner. The handheld
scanner is better aapturingoccluded areas, such as armpit and crotch areas on the hunyan bod
compared to the static multipleew 3D body scanners, becauseahbe movedaround the

body at arbitrary angles. However, scanning cavities is still an issue for 3D scanners based on the
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triangulation imaging method. Most handheld scanners can eagilors and3D printingis
listedas a benefit for most handheldasoersSome programallow users to define and measure
parameters manually. Howevenne of the handheld scanner found on the market has related
software to automatically extract bodyasurements from the scans, even though it is possible

to import scas into software developed for 3khole-bodyscanners.

A. SenseTM by 3D Systems Inc. B. Artec Leo by Artec Europe

E. FastSCAN II by Polhemus F. SpectraTM 3D by Vorum Research Corp.

~ 2 '
af .
’
: N }
|
NN Y A4
E

& -7}

Figurel5. Examples of applications of handheld scanners
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A. SenseTM by B. Artec Leo by C. Artec Eva by D. Artec Space Spider by
3D Systems Inc. Artec Europe Artec Europe Artec Europe

= - r 2

e

E. Go!SCAN 3D by Creaform F. HandySCAN 3D by Creaform G. MetraSCAN 3D by Creaform
ra

H. SCANIFY by I. Kinect V2 by
Fuel 3D Technologies Limited Microsoft

J. Structure Sensor by K. FastSCAN II by L. EinScan-Pro+ by ~ M. SpectraTM 3D by
Occipital Inc. Polhemus SHINING 3D Vorum Research Corp.

Figurel6. Examples of handheld scanners
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Table8. List of handheld scanndsensoravailable on the market
Product Company Technology Speed  Accuracy Price
SenséV
(3D Systems Inc., 2017) 3D Sysems Inc. - 30fps 1 mm $399
Artec Leo
(Artec Europe, 2017b) Artec Europe VCSEL 80 fps 0.1 mm $25,800
Artec Eva Flash bulb
(Artec Europe, 2017a) Artec Europe (no laser) 16fps 0.1 mm $19,800
Artec Space Spider
(Artec Europe, 2017d) Artec Europe Blue LED 7.5fps 0.05mm $24,800
Go!SCAN 3D White light
(CREAFORM, 2017a) CREAFORM (LED) - 0.1 mm $30,000
HandySCAN 3D 0.03 mmi 0.04 $50,M0-
(CREAFORM, 2017b) ~ CREAFORM Laser - mm $100,000
MetraSCAN 3D
(CREAFORM, 2017a) CREAFORM Laser - 0.03 mm $50,000
SCANIFY Fuel 3D Obtics based
(Fuel 3D Technologies  Technologies teghnolo - $799.99
Limited, 2017) Limited 9y
KinectV2 .
(Microsoft, 2017) Microsoft Infrared 30 fps - $99
Occipital Structure .
Sensor Occipital Inc. ggﬂﬁsogased - - $379
(Occipital Inc., 2017) 9y
FastSCAN Il
(Polhemus, 2017) Polhemus Laser - 0.18 mm -
EinScanPro+ White light 0.05 mmi 0.3
(SHINING 3D, 2016) SHINING 3D LED i mm $4,999
Spectré" 3D Vorum Research
(Vorum Research Corp., Blue light - 0.1 mm $799.99

2017)

Corp.

Note:theaccuracy isneasuredbased oratestof static objects.
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FigurelZ. Yes 6s and Nods f o(Fud 3Ddecinblidgimd Linited,2@ld)n n e r

2.3.2.3. Measurement extraction programs for 3D bodganners

Most 3Dwhole-bodyscanners come with programs that can extract body measurements
aubmatically.For example, the Size Stream scanner comes with the Size Stream Studio to
measurdody automatically and also providaoptionfor manual measuringexamples of body
measuremdrextraction softwarare listedn Table9. Thecommonflow of automatidbody
measurement extraction from 3D data is to first locate landmarks and then measure lengths,
widths, and girths based on taadmarksMeasurement standardsereferencedvhen defining
how tolocatetheautomated landmarkteong, Fang, & Tsai, 2013Howeverbecause
palpation is not applicabte 3D data, there existsdifferencebetween theomputerizd
landmark locationandlocatiors used in manual methods of measuren{&iotchi &
Mochimaru, 2011)The algorithm behind automatic body measurement extrastmften
viewed agheintellectualproperty of the scanner company and there exists littletliteran

how these landmarlere locaed commercially(Gill, 2015) There is academic researchrmw
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to locatelandmarks using a computer, most of which involvesogess obegmenhg a body

into regiongH. Han & Nam, 2011; Jo et al., 2014)

Table9. Automatic body measurement extraction software

Product Company Website
3dMDvultus 3dMD http:/Awww.3dmd.com/3dmeystems/#vultus
Softwae
DigiSize Cyberware http://cyberware.com/products/software/digisize.html
Anthroscan Human Solutions http://www.human

GmbH solutions.com/fashion/front_content.php?idcatt&lang=7

Size Stream Studic Size Stream http://www.sizestream.com/
Styku app Styku http://www.styku.com/bodyscanner

[TC]2 Scanning

[TC]? https://www.tc2.com/tc29b-3d-body-scanner.html
software

2.3.3. Measure through 2D images

Two-dimensional (2D) imagingechniques hae been exploreds aralternativefor body
measuringand deriving body measurememisoth academic research and commercial
applicationgDaanen & Ter Haar, 2013)he 2D images used here refersmagestaken with
2D cameras with no depth informatidfront and side imagesemost commonly capture®ne
way ofusingthese images is form threedimensional (3D) modelsased orsilhouette
information Saito et al. (2012)ysed a parameterized model for constructing the 3D shapes
(Figurel8). Seo, Yeo, and Wohn (2008¢veloped a method to map images to a
parameterized deformabhmodeldeveloped from 48D body scanswWatson and Evan&VO
2013/175228 A1, 2013artitiors the 2D images into segmentations @naduce probaility
maps representing the subjdtthenfinds theclosest3D body model from a database based on
the probability map and extracts body measurements from the 3D body (fFigdet19). Some
research focuses dimding key pointgFigure20) from and measuring-igure21) in the front

and side imag@.in & Wang, 2011, 2012)The extracted measurements furtierused to

48



predict noAameasurable measuremestgh as the circumference measuremesitsy simple
linear modelgGazzuolo et al., 1992; Meunier & Yin, 2000; WO 2012/066555 A2, 201R)
help figure out the real scale in an imageerence objects such as QWO 2012/066555 A2,
2012)are includedn theimage

Measuing a body with 2D images is a relatively cheap solution when compared with 3D
whole-bodyscannersThe accuracy of theesuling measurements is acceptafiiéeunier & Yin,
2000) However,mostof theimage analyzing researbtlas beerconducted ofimageswith thea
very cleanbackground so thahebodysilhouettecanbe extractedorrectly. A black
backgroundvas usedn Lin, andWang's (2011¥tudyandgreenbackgroundvereused inSeo et
al.'s (2006study. This, howeverjs hard tareplicateintheu s er 6 s Alsa,itolget | i f e .
measurements that are close to the body, imagedto be takenwhen subjects are wearing
their underwearThisbr i ngs up cust omer 6 s(Grogametat, 2008, o0 n

Loker et al., 2004)

Input Silhouette Processing
Torso silhouette Result

model a "

parameters
optimization *

iy > e b A&
SR 1 §
P 5 Rt 9

Model silhouette
Deformable model construction

Figurel8. The frameworkof a simple system for 3D torso shap{i&aito etal., 2012 pl).
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Figure20. Feature points detected from front and sidages(Lin & Wang, 2011)
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Figure21l. Body measurement extraction from 2D imafleas & Wang, 2012)

2.3.4. Measuring apparatus

Many austomers are not comfortabiéth beingmeasuredvearingtheir underwear
especiallythrougha smartphonéGrogan et al., 2017; Loker et al., 200Measuring apparatuses
have been devel oped t o sandtuassisthamedswingegacedss pr i v a
Some measuringpparatuselave beemlesigned to help locate the measurementgxXample
the bodysui(Figure2?2) invented by LiebermanfUS 2002/0166254 Al, 2002Some measuring
apparatuselave been developed to extrgarment measurements, #xamplethe measuring
shirt (Figure23) inventedby FenimorgUS 2015/0081468 Al, 2015Some measuring
apparatuselave been designéd work with imaging technologies, faxamplethe elastic
measuring suifFigure24) developedy (elasizer, 2017)0thermeasuringapparatuselave
beenembedded with circuits tapturemeasurements based on signal changeexXample the

selfmeasuring garmenEi{gure25) invented by Like A Glove LtdCogper & Slobodkin, 2015)
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Depending on itsharacteristics, the apparatus may or maynfiitencethe shape of the body.
Theapparatugan also be designéashionaby to include both functional aratanding features
(elasizer, 2017)

Examples of commercialized 2D image solutions are the ZOZO system
(https://zozo.com/us/eifFigure26) and the ELASIZER systenhttp://www.elasizer.con)/ The
Z0OZO sysem requires 12 images to be taken from the subject wearing the desigradda/o
garment that has dots locatedrallind the body. Bgtitching the images together, the ZOZO

system is able to generate 3D models of the scanned users.

Figure22. The stretch bodysuit developed for preparing cuditted clothing(US
2002/0166254 Al, 2002)
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Figure23. Measuring shirt for conveying measuremedfutS 2015/0081468 Al, 2015)

7
Figure24. The elastic measuring suit fromasizer(elasizer, 2017)
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Figure25. The selfmeasuring garment using circuftSooper & Slobodkin2015)

Figure26. The ZOZO bodyneasuremergystem (https://zozo.com/us/en)

2.4. Data mining techniques
Witten, Frank, Hall, and Pal (201dgfine data mining asnautomatic or semiautomatic

process of discoveringatterns in dataAs illustrated inFigure27, theprocessf data mining
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includes (1) anunderstandin@f business (investigiaiy business objective and requirements)
(2) understanding data (expiog data to see if it is suitable feurther processing)3) data
preparation (procesg) raw data to meet thequiremenbf modeling &gorithms) (4) modeling
(figure out hidden relationshipgp) evaluation (estimatg performance of the modeBnd(6)
deployment (usg the modelYWitten et al., 2017)The data preparation and modeling steps are
usuallyiterative.

Data mining is an interdisciplinary area and has incorporated manydgeehlrirom other
domains Figure28), within which statisgts and machine learning have been adopted mostly for

the process of data preparation, modeling and evalu@gtidtan, Kamber, & Pei, 2012

AStatistics studies the collection, analysis,

(J. Han et al., 2012, p. 24 statistical model is a set of mathematical functions built from
random variables and their associated probability distributiboan beused to describe a
collection of data, mine patterns and understanditickerying mechanismsjrawtheinference
and verify the data mining results Han et al., 2012However, scaling up a statically method

over a large data set is often challengiflgatis why machine learningas becomeopular.

Mitchell (1997, p. 2defines machine learning algorithmrsaa comput er pr ogr am

from experience E with respect to some class of tasks T and performance measure P, if its
performance at tasks in T, as measured by P,
nature of the feedbadkutput)to lean from, Russell and Norvig (201@ategorizd learning

into three groups, namely supervised learning, unsupervised learning, and reinforcement
learning.Unsupervised learningdens patterns frortheinput with no eplicit feedback(output)

An example of suchlearningmethod is clustering. Unsupervised learning lepatterndrom

inputoutput pairsandsuchpatternscan map from input toutput An example of such
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learning method is classification. Reinforcemt learning learngatterndrom a series of rewards

or punishments. An example of suelearningmethod is the Markov decision procedétten et

al. (2017)suggestdthat one should not put too much effortrying to draw a dividing line

between statistical learning and machine learning because there is a continuum of data analysis
techniques.

The focus of this section is to expldezhniques used for data preparation, modeling, and
evaluation processof data mining. Both statistical models and machine learning algordhens
discussedBased on the purpose of this stusiyecified topicsinder each processve been
selectedor discussionThe data preparation sectifotuses mainly onnderstanding the data
prepardt for modeling.The modeling sectiofocusesmainly onregressionrbm supervised
learning. The evaluation sectifocuseson sampling methods and performance snees At the

end of this section, some popular pythitata miningAPls are introduced

Business
understanding

- Data
understanding

Data
preparation

Deployment

Modeling

Figure27. The Ife cycle of a data mining projefVitten et al., 2017, p. 29)
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Information
retrieval
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Applications .
computing

Figure28. Data minirg adopts techniques from many domdihsHan et al., 2012, p. 23)

2.4.1. Data preparation

In the data preparation process, researchers first explore the data to get a general
understandngof the déa and then preprocess the data so that it is ready to be used. To
understand the data, one neédg to study the attribute typeapply statistical description®
the datavisualize the attribute distribution, andmputedata proximity(J. Han et al., 2012)
Thedatapreprocessingtepis included to help improve the quality of the data and the eftigien
of the minng processilt involves data cleaning, data integration, data reduction, and data

transformatior(J. Han etal., 2012)

2.4.1.1. Dataexploration

J. Han et al. (2012)Jefines an attribute as a data field thatespnts a chacteristic or
feature ofan instance/data object/data point/example/sariipkeydivide attributes into nominal
attributes ¢ategories with no meaningful orglebinary attribute¢a nominal attribute with only
two categorie} ordinal attributegvalues vith the meaningfulorder but unknown magnitugle
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and numeric attributggneasurable quantity represented in integer or real vallles)humeric
attributes came further dividednto intervatscaled fneasured on a scale of egsale units,
such agempeaturein Celsiug and ratio scalefiith an inherent zerpoint, such aseight)
attributes Another way of organizing attributes is to divide them into discrete attributes and
coninuous attributes, which is ustmldetermine whether regression or clasation algorithms
are usedor modeling.Data caralsobe representeid other formatssuch agyraphs, which are
not the focus of this study.

Statistical descriptions are used to get an overall picture of the data, to itieatify
propertiesof the dataand to highlight potential noise and outliédsHan et al., 20120
measure the central location of data distidnytmeasures such as mean, median, mode, and
midrangecanbe usedTo measure the dispersion of the dat@asures such as range, quatrtiles,
interquartile range, boxplots, variance, and standard deviiune usedTo inspect the data
visually, plots sich as quantile plotgiuantilequantileplots, histograms, and scatter plots ban
used

Data visualizabns aregraphical representations aimitggcommunicate data clearly and
effectively. Somepproacksof data visualizatiomrepixel-oriented techmjues(Figure29),
geometric projectiotechniquegFigure30), iconbased techniqud§igure31), andhierarchical
and grapkbasedechniquegFigure32) (J. Han et al., 2012)

Measures of data proximity amaportantfor outlier detection and machine learning
models such as clustering and classification. Proximity measuré® camputedor eithereach
attribute type or a combination of attribute types. Depending on the attribute types, different

methods Bouldbe wsed For examplethe Jaccardoefficient should be used for asymmetric
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binary attributes, while Euclidean, Manhattan, Minkowski, and supremum distances are designed

for numeric attribute§J. Han et al., 2012)

T

(a) income (b) credit_limit (¢) transaction_volume (d) age

Figure29. Pixeloriented visualization of four attributes by sorting all customers in income
ascending orded. Han et al., 2012, p. 57)

Figure30. 3D scatter plot
(https://enwikipedia.org/wiki/Scatter_plot#/media/File:Scatter_plot.jpg)
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Figure31. Chernoff faces (each face represents-aimmensional data poinf). Han et al., 2012,

p. 62.
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on guns in wake of Las
Vegas shooting spree

Exclusive: Russian-linked
Facebook ads targeted
Michigan and Wisconsin

Las Vegas Gunman's Criminal
Father Vanished From Sons' Lives

‘Blade Runner 2049" In La:
Already a Hit on the Concert
Fashion Runways Met a New Tl

Stars pay
tribute to rock
legend Tom
Petty

Tom Petty's
Wisdom and Will
Transformed
American Music
Forever

Kim Cattrall slams
Sarah Jessica
Parker and gossip

mill surrounding

Sex...

Like It or Not,
Baseball's Instant-
Knockout Game
Seems Here to Stay .

Chiefs unanimously
take top spot in AP
NFL Power Rankings

|s Tom Brady blaming
the refs for the Patriots

= loss to the Panthers?

T Tt

Flush with a new Nobel,
the LIGO team parties at
Caltech

Forget Mac versus PC, or iPhone
versus Android — the next great

" battle is...

Best Buy Pixel
2 Pre-Orders
May Come
With Google
Home Mini

Yahoo says all three billion accounts
hacked in 2013 data theft

Figure32. Newsnap generated on October 3, 2017 (http://www.newsola.com/#/us/)
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2.4.1.2. Datapreprocessing

Because realvorld data is not perfeatlatamining aims to deal with missing values,
smooth out noise, identify outliers, and correct inconsistencies in th@ddtn et al., 2012)
Methods to deal with missing vakimclude(1) deleting the instanc€?) filling the missing
value manually(3) usingaglobal constant to fill in the missing valuyd) using ameasure of
central tendency thil the missing valueor (5) using the mosprobabé value(determined with
regression, infereneleased tools, or decision tree induction) to fill in the missing v@uEan et
al., 2012) Methods to deal with noise includenoothing by bin means, smoothing by bin
medians, and smoothing by bin boundarkgre33). Binning is a method partitioning sorted
data into groups/bins. Within eabn, local smoothings performed

When the data is in high dimension, data reduction techniques are often used ta obtain
compressdrepresentation of the ttawhile minimizing the loss of informatiqd. Han et al.,
2012) Commonly used data reduction techniquegBrdimensionality reduction (such as
wavelet transformg2) principal components analys{8) attribute subset selection, and attribute
creation),(4) numerosity reduction (ugbe parametricor nonparametric model to generate
smaller representations of the aatand(5) data compressiofd. Han et al., 2012)

Data transformation aims to consolidate the data into formsrinajpgropriate for
mining (J. Han et al., 2012Approacheso data transformation af&) smoothing (binning,
regressn, and clustering)2) attribute construction (construct new attribu(8),aggregation
(constructa data cube for data analyaismultiple abstraction levelg}4) normalization (scale
attribute to a smaller range such as [0, 1] ahd1]), (5) disaetization (replace numeric
attributeswith interval or conceptual labels), af@) concept hierarchy generation for nominal

data(Figure34) (J. Han et al., 2012)

61



Sorted data for price (in dollars): 4, 8, 15, 21, 21, 24, 25, 28, 34

Partition into (equal-frequency) bins:
Bin1: 4,8,15

Bin 2: 21,21, 24

Bin 3: 25, 28, 34

Smoothing by bin means:
Binl: 9,9,9

Bin 2: 22,22, 22

Bin 3: 29, 29,29

Smoothing by bin boundaries:
Bin1: 4,4, 15

Bin 2: 21,21, 24

Bin 3: 25, 25, 34

Figure33. Binning methods for data smoothify Han et al., 2012, p. 90)

($0...51000]

[(SU...SBUO] } [($200...$400]] [{$400...S600]] [(%600...3800]} E%OU...S I U(J()ﬂ
($0... ||($100... ($200...1[($300... ($400...]{(5500... ($600...| | ($700... ($800...[|($900...
$100] || $200] $300] || $400] $500] [| $600] $700] || $800] $900] || $1000]

Figure34. A concept hierarchy for the attribute prige Han et al., 2012, p. 112)

2.4.2. Modeling

There are many ways to defim@deling.From theaspecbf statistical learning,
modeling is estimating function f, that represents the systematic information that input variables
(Xs) provideabout output variable (Y(James, Witten, Hastie, & Tibshirani, 201Bepending
on whether Y valueare includedn the original data, modeling can be divided into unsupervised
learning and supervised learnitgnsupervised learningnds models from unlabeled data,
which has no classification or categorization informafmurtput)in the observations.

Unsupervisedearning is used to answer questions such as whether it is possible to discover
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subgroups among tlabservationand whéeher there exists an informative way to visualize the
data(James et al., 20).3f theY valueis includedin the original data, #thmodeling process is
called supervised learninbp supervised learning, for each instance/observation, éxéss a
response/outpuheasurement Y associated with the predictor measurements X(s). Supervised
learning algorithms analyze the training dama produce functions that map X(s) to Y. Such
functionshelp understand the relationship between X(s) and Y (inference) and preelistdab
values for future instance/observations (predict{dajnes et al., 2013)

Most statistical learning modeling can be chardzed as either parametric models or
nontparametric modelingependhg on whethertheassumptions made to the modeP.arametric
modeling requires the researcheatsumehe form of the function (f). It then estimates
parameters in thieinctionbased on the given data. Because parametric modeling reduces the
problem fromestimatingf down toestimatinga set of parametg, the modeling process has
become simpler. Howevedepending on the model chosen by the researcher, there are chances
that the generated functialves nomatch therue unknown function or the generated function
is toocomplcatedto model the relatiaghip (called overfitting)The norparametric modelig
does nomakeanexplicit assumption about tHanction Instead, iseeks solutions thgetto the
data point as close as possilld&ample of nofparametric modelingrethe K-Nearest
Neighbors algothm and theegression Splined his helps solveproblems related tthe
assumptiorof the modelHowever it increaseshe chance of overfittingJames et al., 2013)

Because of the nature of this research, this section focuses on discussing regression
methods in supervised learning algoritHomear methods are mainly discussed in this section,
even though much research has corre¢ed orthe nonlinearmodel.Thisis becausdinear

models areasierto interpretand sometimes have better accuracy thanlinear model§James
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et al., 2013)A goad reference to help determine which machine learning model to use

depending on the data type and s&zehownin Figure35.

scikit-learn

algorithm cheat-sheet
I[lilDrE

regression

classification -m
svC &) wuh;ﬂw
Iy it
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']

i nor
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| @
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Figure35. Scikit-learnmachine learning algorithm chestteet

Regression is a supervised machine learning approach. It deals with situations when the
responses are qualitative variables, whioh referredo as continuous variables.i$ a process
of estimating relationshfpbetween the input/dependent variables (predictors or Xs) and the
output/independent variable (observation or Y) and generating models that can predict the value
of the independent variable for a new instance. $ygdundamental linear regression
techngues are simple linear regression and multiple linear regression. These linear models can
be extended to polynomial regression, regression splines, smoothing splines, local regression,
and generalized additive modab accommodate some nlimear situatims but to maintain as

much interpretability as possibleechniques such as subset selection (idgngfa subset of
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predictors) shrinkage methods (coefficients are shrunken towards zero using methods such as
ridge regression and the lassdimension rduction (projecting p predictors to a-timensional
subspace where M<pand step functions (convery) a quantitative variable to a qualitative
variable by cutting the range of a variable into K distinct regioas)oe used to improve the
modeling proces Underlying assumptions plagportantroles in regression algorithm@ames

et al., 2013)

Simple linear regression and multipileear regressiorSimple linear regression predicts
output Y with a single predictor Xquationl), while multiple linear regression predicts Y with
more than oneredictorXs (Equation2). The most common approach to estimate coefficients
¢ A M HA )isthe least square approach, which minimizes the residual sum of square (RSS)
(Equation3). Hypothesidests, such asdtatisticand fstatistic are commonly used to test

whether therexists any relationship betweerfsXand Y.

w T T T Equationl.
O 1T 1T 1O E 1 & T Equation2.
YYY o Equation3.
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Polynomial regression and regression splines. Polynomial regression extends the linear
models by allowing powers of the predictasai¢h aso andd® ). Regression splines combine
the effect of polynomial regssion with the step function. Regression splines first divide data
into regions using the step function, then build polynomial regression within each regions, and
finally join these polynomials at the region bound@igure36) (James et al., 2013)

Smoothing splines and local regression. A smoothing spline is similar to a regression
splineexcept the smobing spline minimizes a residual sum of squares criterisatiesubject
to a smoothness penalames et al., 20)1.3Results fronthe smoothing splineare illustratedn
Figure37. The local regression allows the regions to overlap.

Generalized additive models (GAMSs). These eis@rovide a framework for allowing
nonlinearfunctions of the predictor84ultiple linear regression model extended with GAMs to
allow for anonlinearrelationship is given icquationd. Using GAMs can potentially make

predictions with more accurat@ames et al., 2013)

— Nafural Cubic Spline
—— Cubic Spline

250
|

Wage
100 150 200
| | |

50
|

Age

Figure36. A cubic spline and a natural cubic spline, with four regions, fit to a sobgie
Wage datdJames et al., 2013, p. 274)

66



Figure37. Smoothing spline fits the Wage dé¢fames et al., 2013, p. 280)

®w I Qd Md E Qo - Equationd.

2.4.3. Model evaluation
Model evaluation helps determine which model taubedfor a particular problem
(Witten et al., 2017)Dependingon the size of the available data and thata type of the

prediction, different sampling methods and performance measures beauseéd

2.4.3.1. Sampling method
Because models are often usegredict future results, the performance of a model on
the training data@annotbe used to estimate itstéwe performanceAn extreme example is that
an overfitted model may performell on the trainingdatduti t i s bi aseagocand won
predicton onfuturedata.When the data size is large, it can be divided into the training data, the

validationdata, and the test data so that models can be optimized and evdlbatedining
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