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A naive method to calculate velocity∞urses fro皿 recordedtime-position data is to apply a numerI<回l
differentiation. Howev町， it is明 rynoisy since the p田itiondata include measure皿，entnoi田 andit is 

ampl温edby the nu皿ericaldifferentiation. [5] has considered moving average and 3 point digital filtering 

oftim町田itiondata before a 血中len田nericaldifferen祖国ion.In七hese皿ethods，however， it is difficult 
to deter回国阻appropriaten旧由erof points for町'eragi碍阻d/orcut-off丘equencyof a filt町.Actnally， 
the main theme in [5] is to 叫 lorethose p町ame岡田 heuristically.On出 otherhand， [6] has proposed 
the皿 0四 tof deviation of subject's run皿ngvelocity( ADV)剖阻皿dexfor velocity decrement in a 100m 

sprint. It is detined by the配叩皿ulationof the difference between a 5 order polynomial創出.gfor r配 orded
time-velocity da'回阻dFurusawa's theoretical velocity. The latter is gi刊 nby阻白甲onentialfunction 
whose p宙阻etersare rough1y醐 ima七edbased on data. In the analysis of [6]， it has been clar制 thata 
sprint t面目isrelated to a∞mbination of the m阻 i皿.um刊 locity岨 dADV. In this me七hodfor identifying 
velocity change， the validity of polynomial創出gis questionable. 
In this paper， we consider a c世vefitting of noisy distanceトvelocitydata. This c阻 beviewed踊 a
nonlinear regression problem. Especially， we co田 ider回 modela distanc争刊locityproperty by taking 
account of the above皿entionedthr田 phas田. More specifically， our皿odelis a p町田netricnonline町
regression皿odelthat reflects the property of a 100皿 sprint.As a pre-proc氾ssingfor the curve量tt匝g，
we apply a moving average for the velocity data which is obtained by a simple numerical differentiation. 
However， it is j田 tmoderately smoothed so剖 tokeep the皿e岨 shapeof a dist岨昨velocitycourse. 
Th町'efore，the number of points for a moving average is not n田dedto be determined precisely but田
rough1y set to a small value. This is because we fit the pre-proc田sednoisy velocity data by a pre-
determined non1inear function with p町田neters;i.e.也.es皿ootheddistanc←velocity curve is represented 
by the known nonlinear function in the context of a nonlinear regression problem. The function h聞も，wo
components which bear the early阻 dlater parts of a sprint r田pectively.The rapid increase at a sprirr七

start is repr田e凶edby田1exponential func七ion田 inFurusawa's出 eory回 dthe gradual decrease 叫 the
later stage is repr田entedby a polyno皿ialfunction. Therefore， our model can be viewed as an extension 
of analysis匝 [6].The皿.portarr七differen回目 thatour regr田 SlOn皿odel田 structuredto repr田四tthe 
known phases of an entire 100m dash， by which we capture many characteristics of a 100m sprint other 
th回明locityd町田蹴掴恒例 Themodel p町阻ete四回目timatedby七hegradi四 td四回目皿抽odfor 

出ele聞も squ世田 e同in>ation.We also gi明 some阻 alys田 of100m dash b田edon the estim叫eddist即時e-
velocity c町 eand/or the田tin>atedpar回目町. This paper is org阻国d回 follows.In the section 2， 
we describe da同， pr守proc四singof data and a∞nsidered model. In七he間ction3， we give details of 
the par血net町田ti皿ationfor our皿odeldefined in the section 2. In the師同，tion4， we show the fitting 
r田山田dsome叫 .ysisof the 100m sprint based四 the田timateddistance-v;伽町 C町 e阻 d/orthe 
para皿eter.The section 5 is devo担dto conclusions and future works. 

2 N onlinear regression for sprint data 

2.1 Data description 

Fora 100皿 sprint，positions during the dash are recorded per 0.01 [s] by using the laser system (L~四G)[5].
The subjects participated in this record町e皿aleandfe皿alestuderr回 inele:皿.entaryand junior high school; 

i.e. the r阻 geof a召:esof subjec旬 is9-15. The number of total subjec同 is109. The number of subj田岡

for each sex阻 dgrade in school is shown in Table.1， in which， for回目皿.ple，E4 deno回sthe 4th grade of 
elem田taryschool and J1 denotes七he1st grade of junior high school. Here， we only have田 information
on grade皿 schooland do not have an exact irrformation on age. 

The p田itionda.祖国 calibratedto be O[m]叫 astar七line;i.e.it四 thereforedist阻田 datafro:皿 astar七
line. It includ田 extrame掴urementdata before st町tand after go叫i.e.it includ田皿inusvalues and 
values that are gr田，terth田1100.Therefore，田 apre-pro四回ng，we n田dto pick up a portion of a 100m 

sprint from this raw data. The extr田七eddata町edeno七edby Xl，・・・，Xn， in wbich Xl is greater tha瓜
阻.dnear田tto O[皿]and Xn is great町出血阻d田町田tto 100[m]. Note th叫 Xland Xn are pOBsibly not 
eq叫 toO[m] and 100[m] respectively. No七eal田 thatthe number of d嗣 isdifferent f，世間hstudent. 
Theminimu皿 value，1st quantile， median，皿e阻， 3rd quanti1e阻 d皿B.Xlmu皿 valueof the nu皿berof data 

are 1215， 1414， 1533， 1547， 1656 and 2143 r田:pectively.By田 in甚thenu皿b町 ofdata， we can calculate 
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a sprint time by O.Oln[s] since the measure皿entint町四1is O.Ol[s]. The皿皿凶田nvalue， 1st quantile， 
皿edi阻， me阻， 3rd quantile阻dmax凶田n咽lueof sprint times are 12.15， 14.14， 15.33， 15.47， 16.56 and 
21.43 r田pecti刊 ly

Let Zi， i = 1，... ，n be阻 1田 t叩.taneo国間loci.tyth凶 iscalculated by z， = (均一均一1)/0.01，where 岡
田tXo = 0 approxi皿蜘ly.Th函isa sin:脚num回叫differentiation.We then have {( X" Zi)， i = 1， . . • ， n} 
副 da句 fora dis七回ce-veloci勿cu四e的 mayinclude measurement errors and such errors may be田中胆ded
皿 calculatingi田 t阻.taneOU8sp田dsby田 inga difference appr阻皿ation.This 1四.dsto a large vari阻 ce

of Zl，.・・，Zn' Therefore， we considerむosmooth those by applying a local a刊 r噌時・ Le七Mbe a positive 
integer tha七determine阻 inter咽1for averaging; i.e. width of window for averaging. We define y， 
by the mean of Zi-M，...，Zj，...，z'HM，匝 whichwe exclude Zk for k < 1皿 dk>n.We也enhave 
{(x"抗)，i= 1，...，n}回 da七a五ora d田tance-veloci旬 C世 vethat char師団zesa 100皿 sprint.If M is 
small then the calculated刊 locityis very no函y.Conversely， if M is large then data is squashed and is 
close to a constant function. The purpose of smoothing here is to suppr田sa large variance of velocity 
data阻 da smooth distanc争 velocitycurve is identified by using curve創出g.Therefore， M 回no七needed
古obe pre口selydetermined if iむismoderate for suppre田ingnoisy data. In this re踊 on，we choose M = 5 
thronghout th泊paper.The exa皿pleof data for M = 5 is shown by gray do回 inFigure.1. 

2.2 島I[odeldescription 

In this paper， we∞nsider to estimate a dist阻 ce-velocitycurve under a nonIin 回.rregr田sionmodel. Th盟
国 aCurVEト五ttingprobl，田nusing a nonline町 function.For七hepurpose， we白血tdiscuss the choice of the 

no凶田町五mctionhere. 
As argued in [1]， a 100皿 sprint国皿ainlydivided皿加 thethree pha田sthat町eacceleration ph剖 e，

皿aximalsp田dph田eand sp田dm副n岡田島田 ph田町 e.g.s田 [2]for皿oreprec師団，tegoriza七ion.These 
phases correspond七oearly， middle and later s岡高eof a 100皿 dash.Existence of these phases町e配 tu叫ly
found in our data shσwn匝 F泡ure.1，in which velocity may 同eeplyincre沼田恒也eearly to middle p町七
of spr泊t田1dal皿os'七flator gradually de口easein the皿iddleto later pa吋 Thistrend田 co皿皿onfor叫l

data while， of course， the details町 edifferent dependin菖onthe subject sprinter. We then for皿ulatea 
di前回ce-velocitycurve by出esum of two funcもions出品 repr田entthe early to middle andもhemiddleもo
later part of a 100m sprint respectively. More precisely， for a p田itionX， our no叫匝e町田g四国ionfunction 
田 definedby 

!a(x) = 9a， (x) + 9a，(X)， 

9a， (x) = a'3 [t叫(官)]""，
9a，(X) =向 2(ネ)""

(1) 

(2) 

(3) 

where a = (α"a2) is a p町 ametervector in which a， = (α11，向島町3)and a2 = (α2"α22)' Under 
阻 appropriatechoi田 ofal， 9al is a皿onotoneincreasing function with steep change町oundx '" 0阻 d
s叫urat田 fora large x. On the 0出erhand， under an appropri剖echoice of a2， 9a2 is a mono七Qnedecreasing 
function with a gradual change. 9a，阻 d9a， is therefore exp町出dto repr田entveloc均 changesat the 
early to middle and the middle to later part of a sprint respectively. No七ethat， in this repre田且国土lOn，
凶 er副 ionbetwe四 bo也 functionsmay be small; i.e. 9a， shows s皿allch町J.gein the early stage and 9a， 
盟副皿田tco田 ta且皿thelater stage. We will s田 laterthat this is true in actual fitting of data. According 

百hle.1: The number of subjects for each臨血dage (gr油 inschool) group 
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to七heknown c剖egorizationof a sprint ph田町 90.1mainly repre田ntsa velocity change fro皿配田leration

ph国 eto皿a皿malSp田dphase and ga， mainly repr園田臼avelocity change from皿a且 malSp田 dph剖 eto 
皿aintenancephase. The i皿port阻 tpo皿t泊thatthe entire velocity ch皿 ge田 representedby sum of七hese

two essential ∞mponen回thatplay own p町旬.Ino七herwords， distance-velocity curve恒decomposedinto 
伽 ome皿 ingfulcompone由 It田 worthyto no回 thatst田plncre四 inthe e町 lypart is repre田 E阻dbyan 

exponent凶勿pefunction田 in(2) and gradual decrease in出ela七erparもisrepresented by a polynomial 
type function回 in(3). Also， we e皿ploya linear阻 dno叫田町paramete四 inboth of ga.叩 dga，. Th醐
配'eneeded for a fine tuning of a di前回ce-velocitycurve 叫出eearly to middle and the middle加 la七世
parts r田pectively.In other words， th田 eare used for avoiding biased regression curve in esti皿ation.In 
ga.皿 dga" the position， x， is divided by lOO for a normalization. An田町npleof estirnated ga.， ga， 
and fa町eshown in Figure.l， in which ga.岨 dga， are found to be mainly田edfor fitting data in the 
early and later p町tr田p副 vely田 desired.The details of par阻同町田t回 ation田 edfor obtaining the 

C町 V田 inFigure.l will be pr田entedin the next section 

We address some阻 narkson parame-七回 of (1). 

• al is related to a velocity increase in the early旬皿iddlep町田 ofsprint. a'3 is the hight of ga. 
and represents hisjher ideal皿岡田.umspe吋批 decaysduring a lOOm d田hdue七ophysicaljmental 

l凶 tatio田 thatis repre阻凶by9a2 in our皿odel.The皿叩皿.umvelocity given by皿阻.，Ia(x) is 
deter皿inedby the balance betw田 nth田etwo functions. Since the d田aydue to ga，皿aybe s皿all
in the early p町tof sprint，α13 may well appr皿 imatethe maximu皿 veloci町出品 isknown to be 
related加阻overall sprint time[l， 31.α11 (> 0) and a，2(> 0) deter凶 nea slope shape of 90.1 阻 dis 
exp配 tedto characterize a velocity increase in七heearly p町tof sprint. Ifα11 is large andj orα12 18 
smallthen七heslope is 1町ge，出llB，90，1 st田plyapproach田 to1. Note七ha七thisdoes not ne明田町ily
imply a high acceleration after a sprint同町t.It is al即時l剖ed加 α13in addition toα11田ldα12・

-α22(< 0) determines a degree of velocity decrease since ga，(X) =句2for x = 100. On the other 
h皿 d，a21 (> 0) controls a slope shape of ga，・Bothof向1and句2are related加 avelocity decrease 
in the middie to later p町tsof sprint，泊 whichthere恒anin胞，ractionb前W田nthe皿.For位田nple，
if a21岨 da22町'emoderate values then ga， gradually decreases. If a21 is large under a fixed a22 
then the slope of decrease of ga， is small. Onもhe0もherhand， ifα22 is large under a fixedα21 # 0 
then the slope of decrease of ga， is 1町ge.

3 Parameter estimation 

We here ∞nsider to ap附 theleast叫U町田 methodfor剖 i皿atinga dist阻 ce-velocitycurve by (1). The 
皿e皿 ofsquared errors is deftned by 

制)=;会e?同
e包(a)= Yi -fa(町).

(4) 

(5) 

For皿inimiz皿g(4)， we usually apply an iterative opti皿四国ionalgorithm st町七edwith appropriate皿itial
valuesforp町岨.eters.The most basic阻 dsimple non-∞nstrained op'七imization皿ethodfor mini皿凶g(4) 
is the gradi叫 d田 C四 tmethod wl帥 is皿 iu四回目alupdate proc袖 ueof a para皿 e七日vector[41.We品

fine a p町阻e匝r明 ctor叫 thekth s出pin the procedure by a(k) = (α11(k)， a12(k)， a'3(k)，α21(k)，α22(k)). 
The gradient descent method starts仕'oma rando皿lychos田 i国tialv田回ra(O) and rep四国

α(k) =α(k -1) ηd.a(k -1) 

。s叫 (α)1
d.a(k -1) = ~-;:'\'一|

υu. la=a(k-l) 

for k = 1，...， K， where K is the凹皿berof repe七itions，ηisknown田 astep size 皿 d

as.叫 (a) (as.四(a)as.叫 (a)as，四(a)as.四(a)aSw(a) ¥ 
aa -"  aa11 ' aα12 ' aα13 ' f)1句1' a向2) 

(6) 

(7) 

(8) 
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By (1)， (2) and (3)， dS.叫 (a)/dac阻 becalculated as 

。s日 (α)_ 2α13α12ι 
1 - Ye山岡町，，-1(αl1U，)τ8an n ~ -. --. - ，--...... --." coshOII(all同j

dSw(α) _ 2α13ι 
Q_ 一一て一):向ga，(x，) log (回h(α11u，)) 
UU12 .，11 i=l 

dSw(α)24  
1 二=-::: ) ~e，ga，(町)
UU13uz: 

。九(α) 2ι 
1 二=-::: ) ~ e，ga， (X，) log (叫)
・1nt=1

dS.凹 (α)24
1 二=工)~ e，ga， (町)
a24=1  

(9) 

(10) 

(11) 

(12) 

(13) 

where Ui =町/100. The resulting es七imateof α， denoted by a， is obtained by a = α(K)， where 
高=(高"a2)，高1= (宙U，a121古13)皿 dゐ=(a21，a22). 
The resulting function fo.皿aywell capture a distance-velocity c世 veburied in data by the gradient 
d園田叫 methodwhile i七皿aynot be guara品田dth叫 ther田ulting9a

1 
and 9a

2 
are r田pectively田tim叫ed

もorepr田entcu町田 ofもheearly to middle p町t加 dthe middle to 1品目 p町古 ofsprintj i.eもoplayもheir
proper rol田.Fortunately， we c阻 expectand， indeed， have experi皿entallyconfumed that a parameter 
vector converg'目白 adesired solution when we set initial p町田田七ervalu田 roughlyaround a desired 
solution. It is not diffic叫tsince shapes of underlying dist阻ce-velocitycurve of all subjects are roughly 
s回世l町 bu色町edifferent in details. Since the degree of f回edomof our nonlinear model is small compared 
with the number of data and七hegradient descent method恒notso powerful method， a large variation of 
皿odeloutput may not occur in it町叫ionif model output have already captures a rou甚hshape of data. We 

here do not need a global minimum solution出品 strictlyminimizes S，叫 (α)butdon田da local minimum 
solution at which the resulting model is interpretablej i.e. 9at and 9a2 are r田P田 tivelyresponsible for 
repr四 enting七heearly to middle and七hemiddle to later p町tof sprint. Fortunately， in七hene:剖 section，
we c阻蹴也叫 thisd目立edsolution is叫 uallyobtained by using the gradien七d世間国皿ethodgiven in 

(6)血 d(7). 

4 Results 

4.1 Results of parameter estimation 

In the parame'岡田timation，we田ta(O) = (5，1.5，7，1， -1)踊阻 initialvector， K = 5000副 thenumber 
of repetitions阻 dη=0.01国 astep size. No胞 thata(O)旭set七obe a rough appro泊 nationof a dist臨時
velocity cur刊 buriedin data. The transition of the r田idualme阻 squareerrors (RMSE) for all subjects 

during the repetitio田 of出egradien七descenもmethod田 depictedin Figure.2， in which the vertical ax目
白山ownin log acale. In all cases， the e町ors町esmoo主hlycon¥'町geduntil the maximum iteration. Note 
th前七hesolution obtained here may no古bea global minimum and may be a local凶 nimum.Ho'隅~ver，

the i皿port阻 tpoin七回 th叫七hesolution gives a田lati刊 Iygood fitting七odata and函 interpretablein 

analyzing a 100皿 spr皿t.It should be no加 that，in the p町田net町田主i古田，tion，α11> 0，α12> 0，α13> 0， 
a21 > 0阻 dα22< 0 were satisfied for all subjects. In F培町e.1，we show阻 e剖皿ple0ぱfe田st也凶18叫，te吋dcurv刊e 
(伸七也hi肱ckl加i泊回n田，e)wi抽七也ht附woe田8酷曲t

g仇'a2f伽b位rvelocity de氾口r回配 inthe 1胤a剖.te町rp町七t.In F日i伊伊1r問e.1，da叫七aar，問e叫s回oshown by the gra:匂.ydωot胞s.wi叩己 c岨
量findt出ha叫七 data町'ewell fi白t国dby the resulting cu町民 inwhich the two四皿.ponents町'eproperly esti皿ated

加 playもheirown roles. As impo巾凪 exa皿pl田， we show d叫a阻 destimated curv田 for出efastest and 
slow国主 sprinte:四 inFigure.3 

For checking a degr田 offitt皿g，we calcula岡 themultiple correlation coeflicients (MCCs) between 
fitted valu田 andvelocity data for all subj回国. The皿inimu皿 value，1st qu担 tile，median， mean， 3rd 
qu阻.tile阻 dm盟国国nvalue of MCCs are 0.806， 0.920， 0.944， 0.933， 0.955皿 d0.971 resp配 tively.Since 
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the s皿all朋tMCCs is 0.806 tha七issufficiently large， this confums th剖 the聞もi皿剖edcurve fits data well 

for almost all subj回 s.In Fignre.4， we sh四 estimateddis'七阻ce哨 locityc田 V田 that説明 thes皿叫1蹴
阻 dlarg'田tMCCs. The curv田 apparently五tdata well even for the smallest MCC c田e.For the small田t

MCCca風 wec岨配ean accidental change at the middle p町tof sprint in data. This is a reason for阻

avoidable fitting error while the MCC is still relatively large; i.e. it函0.806.Note thst we may not need 

もotake account of over-批tinghere since出enumber of d叫ais sufficiently larger than出enumber of 

adju8table皿odelparame主erSji.e.the nu皿berofp町田nete:四 i8fi刊阻dthe nu皿berof data i8 larg'町古han

a色hous阻 d.1古古田;ybe impor七即時 tono幅七ha七古hecorrel叫ioncoefficient between MCC and sprint ti皿e

国一0.8.Therefore， data of a 8ubject wi七ha be七terspr皿.ttime c阻 bewell fitted by our model. In other 
words， our model is more suitable for relatively fast sprinters. Slow sprirr胞団皿ayt田 dto show somewhat 
ir担割l町 p叫白血踊蹴n泊 F単rre.3(b)岨 dalso Figure.4 (b). Thi8 p叫ternc阻 rrotbe capt世 edby our 
皿odel.As s四 nin later， subjects in elementary school naturally tend七oset a slow sprint ti皿e皿 dit may 
be difficuIt to expect a regular (wel】modeled)sprint for some subj配 ts.

4.2 On  estimated distance-velocity curve 

In Figure.5， we show scatter plots between a sprint time阻 dso皿esprint char配 teristi四 thatc血 be
calcuIated仕0皿田ti皿叫edcu阿国.

• In Figure.5 (a)， we sh阿 thes阻，tterpl叫 bet隅印刷ntt皿 e阻 d皿砿凶umvelocity th叫 18ap-
proxi皿叫elycalcuIated by a m副皿umvalue皿 {Ia(u): u E U}， where a is the ob回 ned酬 mator
岨 dU = {0，0.1，0ム...， 100}; i.e. a s問U阻 cefrom 0 to 100 by O.l[m]. This皿aybe an acceptable 
app阻凶ionsince fa is a smooth flll1ction and U is s岨.cie吋 de田 ein [0，10同.In Figure.5 (司，
we 四n配 e七ha七themaxi皿umvelocity is highiy correlated with a sprirrt time. This r田ultsays that 

a sprinter with high皿aximumvelocity tends岡田ta bet加r8print time. Th担f配 tis well known in 

generalj S田 e.g.[1，3]. 

• A position at which the皿axi皿U皿 velocityis achieved is c岨 edby velocity maximizing position here. 
It is approxima胞，lyob七ained田 u'at which fii(U) is m位 imi田 don Uj i.e. m阻叫ufa(u) = fii(が).
In Figu見 5(b)，鴨池町 the8catter plot be岡田:nsprint time阻 dvelocity ma血 i血 gposition. 

We can s田七ha七correlationbetween them is high. Ind田d，the correl叫ioncoefficient between出e
velocity皿axi皿izingposition and the皿aximu皿 velocityis 0.73. This impli田七ha七，幽 anatural 

consequence， it七池田 alon甚distanceto achieve the皿盟国m皿 velocitywhen it函 high.Thi8 c岨

be apparently understood by comparing the fastest and slow田tsprinter's cu何回 inFigure.3. Note 

thst正thevelocity皿ax面lizingp田 itionis large then the period at which acceleration is positi四国

long. Therefore， the period of p佃 itiveaccelera七ionmay be rela七edもoa sprint time 

• We define the velocity decrease by the皿e阻 ofgii， (u) for u E U. This is closely related to ADV 
in [6]. The veloci勿 decreaserepresents a degree of sp田ddown mainly in the later p副 ofsprint. 

It i8 e岨 lyunder8tood thst the 8ubj田twith 8mall ab801ute value of the velocity deロeasepo田ibly

produc閣 abetter sprint ti皿e.In Figure.5 (c)， we show the scat胞rplot be岡田nsprint ti皿e阻 d
velocity decrease. We c阻 findthat也，eveloci古ydecreas田 forall subject8 take negative valw田.It 

i皿pliesth前向issuccessfnlly esti皿atedto play its role in characterizing a d副h;i.e.to四presentthe 

velocity decrease in the later p町tof 8pr皿.t.Basically， there田 alarge negative correlation betw田 n
averaged velocity decrease and sprint time. This函notablefor sprint町8with high velocity decrease 

田正dpoor sprint time while this does not apply for f:舗も spri叫ers.This point will be discussed in a 

l叫町 section.

• Let i' be a data index at which estimated velocity is maximized; i.e. fii(X，.) = max，壬伝nfii(X，). 
Of CoU四e，it is close to七he皿a垣皿U皿 velocitycalcuIa回dabove. We ∞>llsider七oapproxi皿ately

calculate七heaccelera七ion叫均 by(fii(向)-fii(X'-1))/0.01 for i = 2，...， n since me回世ement
interval is 0.01[8]. Then七he蹴時eof approxi皿蹴 accelerationup to叫 ievingthe皿砿皿四

velocity on data poin胞 isgiven by (fii(X川 -fii(X1))/(0.01(i' -1)). This repr田ents血 averaged
acceleration at early p町tof sprint阻 dmay especially determine a st町tperfor皿ance. We call 

this value by 8tar七acceleration.In Figure.5 (d)， we 8h棚 thescatter plot be七weenspri回世田阻d
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start acc叫町副ion.As s田E 皿 Figure.5(d)， the correlation be何田n七hesprint time and the st町七
郎田島rationis high. Therefore， we c阻 sayth叫阻郎田lerati旧n叫 earlyp町tof spri叫 affectsov田叫l
sprint time， or， a sprin胞rwith a better sprint七imesho咽 agood p町formance叫 thesprint start. 

• On the other hand， by (1)， we c岨 calculatea deri四 ti四 ofa dist阻佐velocityc世間by

a'3 t叫ーHa"(a11x/100) ， a21a22 {_11 nn¥-l+町
fよ(x)= ョ +-:'::. (x/10W'+a". (14) 

100 ∞sh.(如何100) 100 

This阻 a柑 ocitych田1gera七ein t町田Bofapos岨onchan伊.Since we have 

dJa(x(t)) _ dJa(x(t)) dx(t) 
dt - dx(t) dt' 

(15) 

(14) is aもinIedepending link∞efficie叫 betweenvelocity and acceleration. This c阻 bea ch町a酷ρ 
te町叩r

∞卿e岨蜘蜘血島耐伽.ci自i語e叫凶醐sbetween s叩甲刷p戸戸rin削tt凪凶臨e阻副dJ，必占仰ω(作ωu的)a叫古 eacb u E U;パi.息e.前 e帥 fixed u E U， correla七ion
∞efficient betw田 nsprint tim園田dvalues of J，占(u)for all subjects is 叫 .culated.We c佃 S田 that
the correlation coefficients near the spr皿tst町七 isvery close to -1. Since the velocity皿onotoni-

c叫lyincreases for a while after the sprint start，隅 definestart velocity incre蹴 r蹴 byJ，よ(u)at 
u = O.l[m] which is a p田 itionjust aft町 aspri回目art.The start velocity incre醐国enaturally 
repre配脚 aquality of sprint st町t.In Figure.6 (b)， we show a scatter plot between sprint time 
and start velocity increase rate. We c阻 seethat the start velocity incr四回 rateactually highly 

correla胎dwi古ha sprint time. A large s七町tvelocity increase r剖eimplies a good perform回目 of
start dash. Therefore， this resuIt say富山athigh quality of start dash produces a better spr泊ttime 
副 expected.

The inIportar叫poi凶 hereis th叫 ournonlinear regression model 田pturea smooth distance-velocity 
curve well in which出 properti田町ehighly related to a sprint perfor皿阻ce阻 dare皿.terpretable.

4.3 On estimates of parameters 

In Table.2， we show the皿eanand standard deviation of the estinIat田 ofp町田町七ers.In七hetable， we 
also show the correlation coe:血cientsbe'岡田E 田ti皿atedparame'旬rsand a sprint ti皿e.

• As s田nmτable.2，α13is found to be the m田tcorrelated p町田net町 tosprint time， in which 
correlation coefficient旭verycl国 eto-1.α13is a hight of ga， and，出.uS，appr田加山ヨsthe maxinIum 
velocity since the in丑uenceof 942 upon 941 is Bmall in the early p町tof a dash. Therefore， we can 
say出品 α13repr，田en相 acharacteristics of a 100m sprint asもhemaximum velocity does 

• a12 nonlinearly con七rolsa slope of velocity incr四回justafter a sprint st町七.If a'2 is皿1alIthen the 
velocity increase tends加 best田psince 0くも阻h(u)< 1 for u > O. As s田nin Table.2， correlation 
between a12阻 dsprin七七四.eis rel叫i刊 lyhigh. This i皿pli田 thata slope of velocity incre掴 enear 
the sprint 前町tis not 剖eepfor a subject with a be悦町 sprint七ime.N ote that七hisdoes no七皿ply

a smalI st町tacceleration for such subject since S'七町tacceleration is determined by all of a11，α12 
and a，3. ActualIy， large acceleration at early stage of sprint produces a better spr泊ttime田 S田n
in Figure.5 (d). Ifα12 is smalI副知盟国gethen the veloci町田町e回日 st田P岨 dthem皿皿m
velocity is 1町 ge.This皿aybe an ide泡1sprint. However， Table.2 says七ha七th盟国difficultin g四 eralj
i.e. a velocity increase after sprint 同町ももendsもobe mild for a fa品 spri叫er.Th泊maybe dueもo
physical constr国n旬

On the 0もherhand， correl叫ionbetween α11 and sprinももimeis low. Therefore，α11 may not be 
田sentialfor a sprint time while it contributes as a c沼田t田1tfor deter皿皿匝ga basic slope shape 

common for all spr皿ters.

• Both of a21阻 da22 control velocity decrease from the middle to later part of sprint. As匝Table.2，
th田eparame師団町'ewell correla七edwith spri叫 time.If a21 is large七hena velocity decre閣 eis 
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Table. 2: The s国，tistics回latedもO'e凶imat田O'fp町田neters.

Mean 
S.D. 

CO'rrelatiO'n CO'ef. 

α11 α12 α13 

small until 100m. This may cau田 abe悦ersprint古凶eand cO'rrelatiO'n cO'eflicient is actually high in 

the nunus directiO'n. On the O'ther hand， if主heabsO'lute value O'f a盟国 smallthen， again， a velO'city 
d町reaseis small. This may alsO' ca'田 ea better sprint ti皿eand correlatiO'n coeflicient泊 actually

high in the nunus directiO'n again. Th田eresults fO'r a'2 and a22 cO'rrespO'nd tO' the r田ultfO'r the 
velO'city d田四国eshown匝 Figure.5(c) 

4.4 PCA for estimates of parameters 

We apply PCA(principal compO'nent阻 aly四)fO'r estimates O'f the par町田畑v同 Qrsa excep古α11which 
抱nO't田sentiallyrelated tO' a sprint time. The c世田lativevariances O'f the 1st， 2nd， 3rd岨 d4th principal 
cO'mpO'nent8 are 0.737， 0.929， 0.968皿 d1.000 respectively， in which the first tWO' principal∞ mponents 
皿aybe fO'und tO' be suflicient fO'r explai即時thegi刊 nd叫a.The factO'r IO'adings町esho問 1in Table.3， in 
which， fO'r四回1ple，PC1 indic温旭日hefir8t principal compO'nent. In the table， we c皿 S田 thatthe first 

principal cO'mpO'ne此(PC1)rel叫ivelyrelates tO'α12阻 da'3 which d国errr血 e90.1'もh田，もheprO'pe凶i田O'f
the early回皿iddlepart O'f sprint. By the fa瓜O'rIO'adings， there町epositive correlations betw田nPC1 

岨 d出ebO'曲目もimates.This implies七hatα12andα13 are large if PC1 scO're泊 large.Th町'efore，for a 
subject with a large PC1，也e皿ax回国nvelO'city is large and velO'city incre園出 afterthe sprint s'七町t面
自 ep.Thus， a 8ubj回 witha large PC1 scO're七endstO' 8h四 abetter perfO'rm皿 ceat the 四 lytO' middle 

phase O'f sprint. That皿ayr田ult泊 abet七ersprint ti皿e.On the O'ther h皿 d，by Table.3， the secO'nd 

principal co皿ponl阻 t(PC2)mainly relat田 tO'向1阻 da22 which de'加盟国e90.2' thus， the prope比四O'f

velO'city decrease inもhenuddle tO' la加 p副O'fsprint. We knO'w出品 ifa21 is I町ge阻 d/O'r1句21is small 
then velocity decrease is B皿all.TherefO're， velO'city decrase田 s皿allfor a sprinter wi七ha large PC2 8回目.

In Figure.7 (a)， we ShO'W the s∞ re plo古O'fPCA，皿 whicha number ShO'Wing the O'rd町O'fsprint time 
旭plO'ttedat the cO'rrespO'nding cO'O'rdinate. In the figure， we c阻 S田 thata sprint七imestrO'ngly depends 

O'n也 efir剖 principalcompO'nent; i.e. scO're O'f PC1 is large fO'r a subject with a better sprnt time. This is 
CO'田isten七withthe abO've discussiO'n based O'n七hefactO'r IO'adings O'f PC1. On the O'ther hand， in Figure.7 
(b)， we 8h棚田tima加dc町田fO'rthe 11th f，蹴倒8ubject(dO'ttedline)副 4thf，副田t8ubject(sO'lid line). 

As easily fO'und， the 4th fastest subject exhibits a better perfO'r皿anceat the early stage O'f sprint but a 

pO'O'r performance at the later stage∞皿.pared七0'the 11th fo師団st8ubject. NO'te that， O'f course， the 4th 
fastest subject ShO'WS a be抗er加価1perfO'rmance. A negative value fO'r出escore O'f PC2凶 pli，田 alarge 
velO'city decrease幽 discussedabove based O'n factO'r IO'adingS O'f PC2. If we restrict O'ur attentiO'n tO' the 
tO'p 10 sprinter， velO'city d目立'ea間 isrelatively large. TherefO're， they tend tO' ShO'W excellent perfO'四1血 C田
at the early七0'nuddle 回ageO'f sprint but dO' pO'O'r perfO'r皿ancea七thenuddle 加 laterstage描 anexample 

O'f the 4th fast田t8ubject in Figure.7 (b). However， fO'r spriu胞r8with IO'W PC1 8∞r田， negative PC2 

τ'able. 3: F，前回rIO'adings O'f PCA fO'r e8ti皿atesO'f paramet町S.

α12 a13 
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scores t田 dto imply a worse total sp:討凶 t凶，eji.e.出eorder according to sprint ti皿e七ends加 belarg'町
for subj町七witha negati四 S∞，reof PC2. Therefore， we c阻 saythat， for slow sprinters， velocity decrease 

皿aybe an田sent凶 f配 torfor a total甲 inttime. This also found匝 Figu皿 5(c)， in wh凶甲'Int七i皿e
tends to be correlated to velocity decrease especially for slow sprinters. Note七ha七m倒 tof slow sprinte四
belong to a low age group. For those subj町民四locitydecre岨 e皿aybe notably ca田 edby consump七ion

or fatigue 

5 Conclusions and future works 

In this paper， we prop岨eda nonlinear regr田sionmodel for estimating a di叫阻田-veloci勿 curveof a 

100皿 sprint.The nonlinear function匝 our皿odelis composed of a su皿 oftwo functions which represen七
a velocity incrl白血皿theearly stage of 100m sprin七回lda velocity decrease in the later s岡高erespectively. 
The forrn町 functionis an exponl阻 tialfunction to repr田enta rapid speed incre副 eat a sprint start and 

the latter function is a polyno皿ialfunction to represent a gradual decre回edue to fatigue in a la七百 S七時e
of sprint. We apply this model岡田alyzecollected LABEG d叫aof stud四国田 elementaryand junior 

high school under an appropria同 pre-pro田 ssingsuch踊 amoving average. The model parame胞rsw国
estima胎dby the gradient descent method for the le岨，tsquares estimation. As a result， we con企画ed
古hatthis model can well repr四四.tthe distanc守velocitycurve of the collected d叫a.By七heanalysis 
b副 edon the estimated curves， we cl町泊edthat the maximu皿 velocityis七he皿os七回po目白曲 factorfor 
det町凶ninga 100m sprint time. This is con四回tw抽 thewell known speculation; e.g. [1， 3]. We山o
found that配 celerationin the early S'七時eand velocity decrease in the later stage is also related to the 
100皿 spr国.tti皿e.Further皿ore，we皿.troduceda derivative of the estimated velocity curve and found七ha七

it's value 叫 JUSもば回ra sprint s同吋 ch町 acterizesa sprinももimewell. Fortunaもely，we confirmed出国主he
sinular insights町eob凶 nedalso by est凶 atedpar阻帥町四lu田.Th泊isbecause the para皿etersin our 

皿odelingrefl.ect七heprope凶yofe田hph田eof a 100m sprint directly. In古hen日<tchall田ge，we will apply 
our nonlinear regrl田 sion皿ethodfor a top athlete. We will山 oco田 iderthe development of a method for 

皿 proving阻 athlete'sp町forrnan田 byapplyin甚theanalysis b田edon our no叫inearregre田ionmodel. 
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