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1. Introduction
Berthold Laufcr[1]pointcd out in his monograph that the desire to fly is

as old asi31ankind Hc quotcs from the Biblc:

Oh thatl havc、 vings like a dovc!For thcn、 vould i ny a、vay,and bc at rcst.

As this phrase applauds, our anccstorsヽ vell rcalizcd that thc bird is our

master of night From the da、 vn of aviation to ヽVright brothersi success 、ve

havc tricd to understand ho、v birds fly Although scvcral tillles、vc had straycd

into thc by、vays oflnagical icvitation,baHoons and、 vhat not,、vc came back to

thc royat road in thc cnd Leonardo daヽ ′inci(1452-1519)studiCd thc night of

birds and left sketchcs and notcs,but unfoltunatcly his manuscripts had bccn

hidden until 1797 Around the turn of 19th ccntutt Sir Georgc Caylcy built

hand,launchcd glidcrs. In Caylcy's papcr、 vc ind his comments and sketches

rclated to acrodynanlic forces acting on birds. He kne、 v that, unlike birds,

mankind could Ry only、 vith ttxcd、vings Otto Lllienthal,thc father of 31idcrs,

studicd the tlight ofbirds thoroughly and publishcd his indings as the dcinite

book on bird night[2]He inVestigated how lift and drag work,why atrfoll

needs cambcr, and so on. Thc WVright brothers madc most of Lilicnthal's

hcritage to dcvclop thctr po、vered, manncd hcavier‐than‐air atrcrarl Thcir

controi systcnl,the controvcrsial patcnt,lllillaics hO、v a bird t、vists its、vings to

changc thc flight course Onc hundrcd ycars havc passcd sincc thc Vヽright

Flyer nc、v ovCr Kitty Ha、vk;thc last ccntury may bc ca‖cd thc agc of applicd

acrodynalllics,and its inainstrcam dcpartcd fronl studics of bird flight

Ho、vevcr a linc rcmained uncut From 1930s to carly 1960s e■ lincnt

cthologist Erich von Holst had studied antFnal flight by thorough and unique

expettmcnts After his death in 1962 mttor part Of his work was compiにd in

t vヽo volumc booksi its sccond volumc covcrS lllost ofhis study on anirnal flight

[3]His cOllaboration with an acronautical cnginccr is a classic in this tteld[4]
This paper still providcs a lot ofinsights into zoological fluid dynanlics

Aftcr Vヽorid War II many blologists, applied mathcmaticians, and

enginccrs rcturned to thc ncld oflnechanics on anilna1 locomotion. A partial

list of relatcd works,2g.,Hcrtcl[5],Gray[6],Pcnnycuick[7],Ruppcl[8],

LighthiH[9],Childress[10],and vOgel[H],may COVer thc cady development

of cxternal blofluiddynalllics,、vhich is thc tcrlll cOincd by Sir Jamcs Lighthill

l■lany conferences had also bcen held in this Rcld in this crai see for cxamplc

[12],[13]in partiCular Lighthili was mastcr ofthe suttcct HiS COmmitmentin
this flcld resulted in many valuable papcrs that、vc can rcad no、v in thc fourth

volume of thc collccted works compiled by Hussaint[14]OutcOmes arc

undcrstandings on scale effects,mcchanics of、ving napping,novcl phenomena

like Weis‐Fogh mcchanis■1,and so forth

in 1990s Alexandcr[15]and Tennckcs[16]succCCded in attracting

gcncral rcaders'intcrcst to animal night,whilc Norbcrg[17]and Azuma[18]
sul■linarizcd  broad  kno、vledge on  aniinal  aight for specialists  in  an
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cncyclopacdic lllanncr it is surc that blotluiddynamics gained thc arlll basis as

a SuttCCt Of scicncc,and hcncc confcrcnccs have bccn held tcqucntly,ビg.,
[ 1 9 ] .

Let us compare descriptions on flapping night in thc rcvie、vs by Li3hthill

[20]and Shyyで r r7′[21]Lighthill survcys literaturcs up t0 1990予olll

thcorctical points of vic、v, and hence hc picks up topics rclated to Rayncris

constant circulation modcl with vortcx ring wakc[22],[23].On the Othcr hand,

Shyyビ′α′ dcscribc thc non‐steady,inviscid and flcxiblc lifting surfacc modcl

dcvclopcd by Vcst&Katz[24].As examplcs of the statc― o←the―art in

numcrical analysis of、ving flapping i may add a couplc ofttuH Navier―Stokcs

甘駅

a紺
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lessons sccm to mc a newけ pC Of Cxpcrimcntal tools ThcOdorscn ttnctions
and Rayneris vortcx‐rin3 model,that is analytic models, may be surrcal but

reveal skeletal structurcs of physics bchind the concerned phenomena.On thc

othcr hand,as summaHzed in Shyy cr α′[21],the COntcmporaり trcnd in this

flcld is making for application to artefacts rather than understanding of障lother

Naturc, thcn CFE)is indeed a po、 vcrftli tool to assist cngineers in dcsigning

、ving‐flapping lllachines

Apart from application‐ oricntcd approach, othcr lincs of invcstigation

cxist. For cxamplc wc can hst scvcral literatures rclated to optimization of

wing flapping:[27]― [30];the authors ofthcsc papers 100k for lit distHbution
that maximizcs acrodynamic thrust sutteCt tO thc total lin constraint Thc

prcscnt revic、v follo、vs this line,and l shali considcr bird flight by using thc

kcy、vord, 'optilnizc.' Evolution itself is a scrics of stochastic and ncutral

phcnomena,but survivors have fltted themseives to thc environmcnt to、vin the

competition、vith rivals Thcrefore l cxpcct the paradiglll sho、vn in Fig.l taken

from[31].Even in the fleld of cvolutionary biotechnology enginecrin3 0r

rational design 30CS from top down to the targctcd solution,wh‖c cvolution is

a bottom―up dynanlical systcm lcading to optiinal function i bclicvc that thc

bird optirnizes night tcchniquc to lcad advantagcous  lifc in scvcrc

environmcnts.

Vヽhat i tぃr is to revisit some thought―to―be―solvcd problcms and to re―

exanlinc physics behind thc phcnomcna in yct anOthcr contcxt. In somc

subscctions l lcft scvcral pcculiar techniqucs as opcn questions in Section 2

、vc sho、v that control thcory is a po、verttul tool to analyze spccial night

tcchniqucs used by birds l trcat thc bird as a mass particle and discuss

problems by use of equation of motion of thc bird Scction 3 is uscd to
summarize thc rcvisits and make somc commcnts on ftlture challcnges.

As ttr an cxtcnsivc list of related literatures,I rccommend rcadcrs to visit

Rttners wcb shc[32]whcre thOrough hsts arc opcn tO public and updatcd

fl・equcntly
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2 Soaring techniques

Throughout this scction、vc usc thc convcntional Cartcsian coordinatei″,ダ

and をaxcs corrCSpond to thc dircction of flight,thc horizontal and transvcrsc

axis to!名and the altitude,respcctivcly

2.l Some special techniqucs in static soaring

Therc arc scvcral cnergy―saving tcchniqucs retatively lcss kno、vn and less

trivial amongst static soaring.

Gray[6]wonders

、vhy gu‖s soar on the lcc、vard sidc of a stcamer

He cottccturCd three possibil■ icst use of thcrmal up― currents: usc of

obstructional currcntsi use of stiH air moving 、vith the ship l suppOrt the

second possibility:gulis eniOy ttding wavy air developcd on the lecward sidc

ofthe shipithcy may bc able to dctcctthc invisible、vavc`

Figure 2 sho、vs thc schematic diagram for scagull's、vavc riding Vヽe sha‖

apply the mcchanism ofthe surflng[33]to thC Wavc‐ 高ding gull problcm.Let

us start our analysis from thc following assumptions:(1)a Wavy siope is

moving 、vith a ship at the constant spccd テ1 (ti)thC Vヽavy slopc docs not

changc its surfacc shapc designated by the smOOth ttnctionルヶ(o;(til)thC

coordinate systcm is ttxed to thc mOving wavy siopct(lV)a gu1l of mass tt is

gliding along the、vavy slopc at the relativc spccdそ,in thc tangent Thc singlc

and doublc primes dcsignatc the arst and sccond dcrivativcs with rcspcct to r,

Thc cquations oflllotion in the tangent and thc normal arc rcspectivcly givcn

bv
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υ2sa
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< 0,

、vhcrc/みS,Cっ,ソ,andて,dCnOtc thc air dcnsity,the、ving arca,drag cocfnctcnt,

the gravity accclcration,and lift coefflcient,respcctivcly

Figure 2. Schenlatic diagranl jor gull's 、vavc riding ncar a nloving ship A ship is

sho、vn l10m its stcrn A gull is soaring in thc、vavc devc10pcd lce、vard thc ship rnoving

at thc velocity'1

T o  s t a y  w i t h  a  w a v c  t h c  g u 1 l  o n l y  n e e d s  t o  a t t u s t t h C  l i t  t o  f t l i n l  E q . ( 2 ) . l f
D=O in(1),、Ve Obtain

、vhich constitutcs a nccessatt conditiOn for thc cxistencc of thc steady statc

Therettrc 、vavc riding is possible only on the front side of thc wavc Thc

cquilibrium is stablc if∂D/∂r<O E)iffcrcntiating(1)、vith rcspcct to i one

舞=―〔幾宅幸1+
< 0,

赫 }
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if  ∂でう|―∂tri<0,thcn  ∂υ―∂r  is  icss than a cOnstant valuei  suppOse

υ(て十βr),ヽυ(r)t if the bird is disturbcd to move forward,it is transfcrrcd

fro,l thc rormcr stcady state to another faster stcady statc therei this irnplies

υ(工!十■1)iυ (1ど)tO assure thc stability of the stcady state, and hence

βυ ―βtごくO Thcrcforc the stability condition abovc yiclds

叫 ∂υρυSCD

(1+(И年)2}3/2 ∂伊 7729

> 0.

That is‐thc equilibritim is stable only on the concavc surfacc ofthe、vave

lf thc_qull kccps thc samc position rclativc to the ship on thc llloving、vave

front,thc ftDHo、ving rclation must holdi

Using thc ttrst linc of Eq(3),onc Can climinate/ズ,C′7777θ frOm the nrst line of

Eq (4)i subStituting Eq (5)into that relation,somc algebra leads us to

(叫)2

< 0

This rangc corresponds to possiblc glidc angles,and thc lo、ver bound is around
-35°

Thcrefore gu‖s can soar stably on a lo、ver part ofthe front sidc of a、vavc

to go、vith a ship for a long distance

Ships arc also a sourcc ofthings to eat for scavcnging birds

Vヽc sha‖movc onto thc ncxttopic:

Storlm petrels are kno、vn to 、valk on the sea surfacc by bringing

aerodynalnic and hydrodynatlic forces undcr control

This technique is called sca―anchor soattng(see fOr cxamplc[15])Withers

[34]analyZes the付 lm and calculatcs thc power rcquircmcnt of sea― anchor

soaring 4ヽechanically dctailed analysis sho、vs thcrc arc lo、ver bounds about

wind spccds for stablc soattng[35]Figure 3 shows the schema ofsca‐ anchor

soaringi thc storm pctrcl of rnass ln stays aloft against thc wind of spccd〔r and

、valking on the、vater at spccd ,ア Thc vcltical fbrces lllust bc in equilibriunl:

( 4 )

１

一
２

＜

一携<町

(予'4')2
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午ヽ―t‐1,1:●:,11●●1

Figure S.Schcmahc diagram ttr sca― anchor sOaring,redrawn十 Om 1351 A bird is

soaring icc、vard in hOttzOntal、vind、vith its itct in thc sea All thc Sorccs acting on thc

bird arc shO、vn Notc thc dircction of〔メand ,1

; ρ(υ
一y ) 2 s Q = 御 み

To fly undcr this condition,thc bird needs thc、vind ttstcr than that rcquircd at

thc maximum lli coefttcicnt Cinu、  .Letthis lowcr bound ofthc wind spccd be

こイん'ビStali speed
Thc horizontal forccs arc also in cquilibriunl:

;Дy一yヅJ律ぁ十す考宝)=わノら,

、vhcrc C′ス1,2, JR,ρttl, 月, and (ちで dcnotc zcro―lift drag cocfFicicnt, thc 、ving

cfflcicncy,thc aspcct ratio of thc、ving,thc 、γatcr dcnsity,thc、vcb arca,and

、vatcr rcsistance coefflcicnt,rcspectivcly.

F i r s t  w c  s h a l 1  l o o k  f o r りi n  C a s e  o f ご′= ( ′`は; s O l v i n g ( 7 ) w i t h  r C S p c c t  t o

' 名W C  S u b s t i t u t c  i t  i n t o ( 8 ) a n d  t h C n  s O l v c  t h a t  w i t h  r c p c c t  t o け:

十1万裁猛律駒十熱)
Vヽe can discuss the equilibrium in thc fo1lo、ving manncri clinllllating(舟′ f10111

(8)by usC Of(7),wc haVC

2例β

ρSCぅm.x
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ao(y一 y)2+al(げ 一y)~2=by2,

whcrc句=ρS(ちぁ|・-2,αl=2竹デダ|がeTァRandわ=ρ″4て■/2
G i v e n 弘W e  s o l v c  E q . ( 9 ) W i t h  r c s p c c t t o  k  S u p p O s c  w e  p l o t  e a c h  s t d e  o f

Eq (9)against,l the lct―hand side diverges sharply at rr=`r,、vhilst thc right‐

hand sidc is a parabola;and hcncc note that the equilibrium cxists、vithin the

range of l′c(0,こ,D in thiS range there are thrce possibilities:(9)has tヽVO,onc

or no roots.Thc existencc of thc cquilibrium is assured if thc、vind spccd is

faster than that in casc of one root We dcnne 〔た as the 、vind spccd that

gives the singlc root to(9) When thc curve on thc lcft‐hand sidc of(9)has

only onc point in coimmon 、vith thc curvc on thc right―hand sidc of(9),thC

slopc is aiso shared thcrc Thcrcforc wc takc the nrst dcttvative of(9)with

rcspcct to ,1

-28。
(υ

-7)+2al(y_7)~3=2bレ
(10)

L c t  u s  s o l v c ( 9 ) a n d ( 1 0 ) W i t h  r c s p c c t  t o ,アa n dですA t c r  s o m c  a l g c b r a , w e

o b t a i n

(9)

中卜ω院劫lb 4oO十)lb―砕18oO十窃

lf〔1,<げ ,thcre are two equllibria Thc cqutlibttum at smallcr/is stable.

、vhilst the other is unstablc.ヽVc sha‖discuss stability bclo、v

According to ヽ Vithcrs' data [34], ヽ VilSOnis storln pctrct rycで α″′rゼざ

0ごβα′7'C″F has inodcratc、ving arca rclative to their、vcight but iargc、vcb arca:S

=0017[m21,7'r7/S=193[N/m2].andイ =00008[m2]using these data and thc

typical valucs for cocfRcicnts,、vc cstilnate thc lo、vcr bounds of、vind spccd for

Wilsonis storm pctrcl:〔々=189[m/s];〔
ケ
=4.79[m/s]SincC〔

ケ>てた,the StOm

pctrcl can al、vays make most of sca中 anchor soaring in thc 、vind strong

enoughto support its、veight by thc acrodynanlic ll丘.Figurc 4 summarizcs thc

argulllcnt on thc stability of the equilibriunli the upper insct sho、vs 、vatcr

rcsistancc and aerodynalnic drag curves, labellcd R and 五), rcspcctivcly; the

schcma belo、v sho、vs thc balance bct、vccn rcsistance and drag increasing ,1

thc bird expcricnccs icss aerodynalnic drag and more、vatcr rcsistancc.Hcncc

thc bird is hcld back to the equilibrium Dccrcasing レi thc bird expcricnccs
morc acrodynamic drag and lcss、vatcr resistance Hcnce the btrd is hcld back

to the equilibrium Thereforc thc cquilibrium is stablc.ヽVhcn the、vind blo、vs at

〔す=〔|んthe petrers velocty to thc watcrチ
ア
is as slow as O.256[m/s].It iS casy

for thc petrel to、valk back to its ttndings streanling a、vay at such a slo、v speed

b(8aO十 b)



intrOdLiCtiOn tO sOmc optilllal tcchniqucs in bird soarin3 225

1サll i夕tiⅢⅢl l、11■

凄
ヽ

Figure 4.Stability Or sca_anchor soaring‐rcdrawnオ Om [35J Lowcr portion ofthis
ngurc sh。、vs thc cquilibrium (in thC middlc 01｀thc uppcrinsct)and tヽヽo disturbcd statcs
ln the ngLlrc D and tt dcsignate aerodynamic drag and hydrodynamic rcsistancc,

rcspcctivcly A possiblc rclation bct、vccn rcsistance and drag is sho、vn On top 01 t`his
tigulc

Somc insccts arc known to bccomc half airbornc on watcr surface[36]It is

apparcnt that thesc illsccts adopt thc samc technique as sca―anchor soaring To

summarlze

in thc 、vind blo、ving faster than  the  storm pctrcl's  stali  specd,

hydrodynanlic and aerodynamic forccs al、vays bccomc in cquHibriuna to

support thc small、vcbbcd bird alott at vc空/sman spced to thc、vatcr

in thc cnd ofthis subscction l shall loinpllC SOmc pcculiar tcchniqucs that

are not yct annotatcd by theoreticians.

As studicd by Wtthcrs&Timko[37],skimmcrs makc nlost ofthc ground

effect to ftcd、vith thcir scissors,likc bills Thcy fced thcnlsclvcs on the、ving

、vith thc undcr inandiblc skiminin3 thC｀Vatcr. Skilllmers can flap thcir、vings

powcr的 lly Duttng skimming thcy cllioy enhancemcnt oflii and rcduction of

induccd drag at thc samc tiFnC Oヽ Ving tO thc ground cffect,so thcy tlap thetr

、vings inter■littcntly Vヽithcrs なと Timko concludcd the hydrodynanlic drag

acting on thc mandible ts ncgligiblc, but skiinincris fcct somctilllcs dab thc

water  Thcrcforc it is ncccssary to cOnsider both hydrodynamics and

acrodynalllics ofthc skilllnling flight.

Diving birds arc hcavy and hcncc thcy rcly on thc ground cffcct to somc

cxtcnt, because that rclaxcs the po、 vcr requirement as discussed in dctail by

i姦斬多
まう| ■1 【1 1 r  t i l 、卓1 , 1
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Rayncr in[38]Other interesdng obsettation is diving petrel's undcrwater

night[39]i duttng foraging these birds glidc in thc watcr ncar the surface To

do so the lift must act do、vn、vard. In this situatiOn thc ground effect in the

water would repelthe birds千om thc sea surfacc

Prions arc birds having spccializcd bilis 、vith comb―likc lamcHac in thc

upper inandible、vith、vhich thcy付ltcr‐fccd copepods Thetr fccding tcchniquc

is somcthing spccial[40]:

some use a peculiar tcchniquc callcd ⅢhydroplaningⅢ, in 、vhich the bird

rests lightly on the、vatcr and uscs its feet to skiin s、vitly over the surface,

、vith its 、vings outstrctchcd, and the bill or even thc 、 vholc hcad

submcrgcd.

2 . 2  D y n a n l口c  s o a r i n g

Mutton bird is one of Mao高
's delicacies its scientinc name is P研

″″s

g/ホビ′ィド,that is Soo呼 shearwtter in the 19th ccntuり Ntture article the

corrcspOndent with the initials R A [41]caliSめ ′ο/77ビ冴θα r72冴α″?″″nts,or

Brown‐ browcd mollymawk,as mutton bird Thc sizc of this mollymawk is

somc、vhcrc in bct、vcen Vヽandering albatross E)iomcdca cxulans and Sooty

shcanvatcr This corrcspondent describes observations of sailing night,、vhich

is now known as dynainic soaring.Latcr Rttlcigh[42]corrCCtly suggcsts that

soaring、vould be possible in thc non‐uniforlll、vind in 1920s ldrac‐supportcd

by thc Frcnch govcrnment,had studied dynalnic soaring cxperirnentally in the

nclds(scc fOr example[43]and the cOmmcnt[44])ThiS Study providcs

dctailcd data that support Reylcighis suggestion:

albatrosses soar up、vind、vard and Blide do、vn icc、vard in thc、vind shcar.

ldrac[45]reported two pattcrns of aight path in dynamic soattng:one is a

ngurc of s,and anothcr is a flgure of α .Evcn Prandti[46]dcscribCS his

obscrvation on the dyna■lic soaring of sca birds on the occasion of his ship trip

from Yokohama to Honolulu and wondered how it is possible.Jamcson[47]

records thc flight pattcrn ofthe albatross that had fo1lo、ved his battlc cruiscr for

tcns of hours without nappin3・ COne[48]explains dynamic soattng by

dividing into four phascs and using two― dimensiOnal argument Vrana[49]is

the flrst to usc the variational principlc to solvc the thrce‐dilllcnsionai night of

dynalllic soarin3 but obtained the unreatistic and alinost t、vo‐dimcnslonal

solution This mislcading result seems to arisc from the assumption that thc

total cnergy rclativc to the 、vind, deflned iatcr in this subscction, must be

constant.Wood[50]conductcd thc numcrical analysis on thc two― dimcnstonal

modcl by tritt and crror.Wilson[51]pointS Out thc possibiliけthat albatrosscs

makc lllost of wave draft dcvcloping along thc ocean、vavc to takc oR Shcr、vin

[52]tricd tO apply dynamic soattng to manned aircraft but thc discussion there
is thc usc of thc non―steady 、vind, ,c., gust sOaring dcined later in this

subsection
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It is Suzuki[53]―[56]that COnductcd thc most thorough thcOrctical study
on dynanlic soaring Hcrc r will introducc his thco,y in English for thc arst

tlmc

Albatross's pOSition and vclocity to thc ground arc rcspcctivcly dcnotcd by

r=(r,y,2)and u,whilc thc wind shear is,without a loss of gcncraliけ,giVCn

b y  W = ( ル1 0 , 0 ) .
Lct us gct startcd from thc basics of soaring in the wind.Firstly、 vc sha‖

introduce thc tirncdcrivativc obscrved by a soaring bird along with thc arcざ of

its tlight―path:

十 ( u ・▽)

十lul&

Thc instantancous changc in thc kinctic cncrgy ofthc bird is givcn by

い 司 ・
甲

If this ts iarge enough to compensate for thc dissipation duc to acrodynanlic

drag and thc loss of gravity,potcntial cncrgy,it is possiblc for the bird to soar

continuousiy without napping its wings. lf among the tcrms of thc timc‐

dcrivativc ofthc kinctic encrgy abovc

い響 >軋
thcn thc、vind supplics cncrgy lo thc bird There arc t、vo posstbilitics if

_竹
母粋

を>0,

thcn thc gust,thc instantancous changc in thc、vind,bccomcs the source ofthc

energy;we call the soaring technique using this cffectttr″ざチざθr7′・ル″g.
lf

一alul讐>軋

thcn thc wind shcar bccomcs the source of encrgy; 、vc ca‖ the soarilig

technique using the cttect due to the wind shcar均 ″α初た ざοα′・rrlg ovcr thc

∂

一仇
∂

一勧

一一　

　

〓

Ｄ
一助



228 Takcshi Sugillloto

occan thc、vind shear has a naturc,河,イ/″1>0;thercforc in a t、vO―dilllensional

case,the criterion above affords a silmple strategy:

Soar up、vind、vard Glidc do、vn lcc、vard

This isjust what Reyleigh[42]suggCStS and ldrac obscNcd
Lct us move onto thrcc dirncnslons, From no、v on, 、ve concentrate to

consider dynanlic soaring alone,and hence、ve assume

to clinlinate the effect due to gust soaring.ヽVc also assumc、vithout a loss of

generality

″ = 1 7 1 2 )

Figurc 5 sho、vs thc coordinate systems.Vヽe shall introduce t、vo framcs to

dcscribc the motion of a bird ttying in a shearcd、vind The onc is thc frame r

i x e d  t o  t h c  g r o u n d . T h c  o t h c r  i s  t h e  f r a m e  R = ( x } 1 均付X e d  t O  t h C  b i r d  w i t h

its origin at thc ccntrc ofgravitt ofthe bird Thc latter frame,which dcscttbcs

Figurc S.C00rdinate systems iOr dynamic sOaring ′rhe origins arcど丘)rthc framc r and

に'lbr thc rl・atlle R ・I hc grOund nrame r is successively rOtatcd around thc axcs thrce tilllcs:

r()tation()fr ar()1lnd r‐axis i80 dcgrccs to obtain thc upsidc do、vn nrame r。:rotation or r。

aroundる 一axis b),thq angic 、 t00btain thc framc rti rOtatlon of rt around 7-a、is by thc

angic θ to()btain thc framc r21 rOtaton of r2 arOund砲‐axis by thc anglc 17to obtain thc

ll‐ainc li、cd tO thc biltl R Dctailcd dcscttptlon is sumlllarizcd in Appcndix A

０

〓
∂Ｗ
一勧
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thc attitude of the bird, is callcd an attitudc coordinatc sct. The framc R is

bcing drifted away舟om thc origin ofr.The transformation matrix T ofvcctors

in the frame rto those in R is given by

T=(概灘;告液骨絋ぷ,=ま骨だぞ難:監督, β

β

ｍ
　
ｏｓ

．
Ｓ‐

ＣＯＳ

ＣＯＳ

一
　

一

Scc Fig 5 forthe Euler anglcs χ,

matrix Then,in tcrms of the bird

rclativc to the ground is、vritten as

u = T ~ 1 ・v  t t  w .

β α a n d  A p p c n d i x  A  f o r  d c t t v a t i o n  o f t h i s

velocity v relativc to R, the bird velocity

In thc frame flxed to the ground,the equation ofinotion of a bird ofrnass

殉 is givcn by

句器=号+駒g,             (1幼

w h e r e ぅd c n o t C S  t h c  a c r o d y n a m i c  f o r c c  a n d  g = ( 0 , 0 , ‐o ) i S  t h C  g r a v i けf o r c e ・

Sincc thc matrix T mcrcly transforlns components Of vcctors in frame r to

those in frame R,the fo1lowing is trivial

T・拳=島T, u t

例島T・u=f+砲T・g.             (13)
Hcrc,f=T 号

=(一
D,0,一 と ),Where the componcnts D andと dcnotc drag and

lift,rcspcctivcly.

The aerodynamic forccs are、vritten in the conventional forlll as

D主;川中(■%十熱),
あ=;川VFS a
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Wc shall dcnnc s(r),thC path rclative to thc wind,by

均=克とTちの正

Then r(r),thC path obscrvcd in thc ground framc,is givcn by

けぃrwo位1

rばHTttJ=充↓卜V献

Lct us considcr

免 0 = ;切 l u。1 2 _ ;働卜ω) 2 +句%

the margin of the total encrgy bct、 vccn the prcscnt and initial conditions

obscrved in thc ground frame, whcre z dcnotcs thc diNcrcnce betwcen thc

initial and present altitudcs

T a k i n g  t h c  i n n e r  p r o d u c t  o f ( 1 2 ) w i t h  u , W C  t h c n  i n t c g r a t c  i t  w i t h  r c s p c c t  t o

r with the aid of(11).ThC rcsult is

仰ru:)dr=rぼ1)ぼ-10dプ十rlT l・9・wd′十仰rg・u位′(lo

The let,hand side of(14)is cqual tO

抽州2_;引tl101名

、vhich is thc margin of the kinctic encrgy bctwecn the present and initial

conditions

Thc fo1lo、ving rclation is trivial bccause of thc naturc of the ortho30nal

transformation mttrix T

( 1 5 )

Thcrefore the arst tcrm on thc right‐hand side of(14)corrCSponds to thc loss

of cncrgy duc to thc acrodynanlic drag

Thc sccond tcrln on thc right―hand side of(14)can be rc、vri“cn by usc of

( 1 2 ) a s
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r何
1・9・wdメ=克

↓
lrr3器―陶g)・Wdメ

=胸rw,静y,

b c c a u s c  w 上宮 T h e  t h i r d  t e r m  o n  t h c  r i g h t ‐h a n d  s i d e  o f ( 1 4 ) i s  c q u a l  t O - 7 7 7 o Z .

In an thc ttght‐hand side of(14)is reWrittcn in thc fo‖ owing forFni

汗
f ' V d メ 十 例

r W ・ : 伊
d メ ー 胸 θ広

Therefore onc rcachcs that

軸 =;引 ull 1  2 _ ;刺u1 0 1 1 2 +碗解

主rf・VJ十陶rW・:伊dメ,
The arstterm on the right‐hand sidc in the last cxpress10n(17)correSponds to

thc cncrgy loss due to the aerodynalnic drag. Thc second tcrm dcnotes the

cncrgy brought by thc、vind,but its mcaning is ambiguous.This ter■l contains

u,、vhich involvcs w,so thC Cross term of w or thc、vind‐ground intcraction is
involvcd Thercfore this tcrm docs not rcprcscnt the purc cncrgy gain from thc

、vlnd.

Suzuki[53],[56]intrOduced a more sophisticatcd cncrgy index,

ど刑 =;例瑚 F一; r r b  V l酬
2 +碗%

、vhich hc callcd the margin ofthc total cncrgy rclative to thc、vind`

Considcr thc、vork duc to the bird motion relativc to the、vindぅ and one
rcachcs that

駒rぃ一wl:伊dプ=句r(T‐・v)・静『
=拘r(Tl・v)・吉チ(Tl・v tt w)dプ
= 抽 引

2 _ ;姉
O r十 砲

r律
‐・

ぅ
。
挙

d土

This ieads us to

( 1 7 )
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珈 圭
;引瑚 F_;m v l酬2+砲レ

=rf・vdプー角rぃ・ぅ・挙d'
The flrst term on the right‐hand sidc in thc last cxprcssion(18)

cncrgy loss duc to thc acrodynalllic drag,while thc sccond tcrm

cxpresslon of thc cnergy extracted frolll thc、vind.

Thc formalism for the optimal dynamic soaring is to maKimize

βA(け)= 律!う。等dち

( 1 8 )

is again thc

ls an cxact

rttv位―例r ( 1 9 )

whcrc rrdCnotcs thc free terminal time,suttcct tO the equation of motion(12)

a n d  t h c  i n c q u a l i t t  C O n s t r a i n t , 0 ≦Q ( r ) ≦Q " t s  a n d  t t i n ≦女r ) t O  a v O i d  d i v e

into the sea.

The statc vartables are the hcading angle χ(r),thC pitch anglc ar),thc

flight spced v(r)|,and thC thrcc compOnents of the position vector,Ir),ダ(r),

and々 ),Whilc thc control variables are thc roll angle l_xr)and the lit

c o c f f l c i c n t  Q ( r ) .

initial conditions upon all thc variablcs are givcn at xO)=名コin,V`hilc thc

t c r m i n a l  c o n d 比l o n s  a r e  f l ・e e  c x c c p t  g i v e n  χ( r / ) , 父4 / ) = 0 , a n d 女4 / ) = 為i n .

Thc important thing is thc introduction of ttL(r),nOtど (,(r),bCCause birds

are in the、vind not on the ground ヽ /rana assumcd亡 A(r)tO be cOnstant Thatis

、vhy his solution seems unrcalistic.

Suzuki[53]soiveS the entirc problcm poscd above upon many differcnt

initial conditions by thc variational principle and numcrical intcgration and

flnds inany night paths pretty silnllar to the flcld observations.He uses data of

Wandcttng albatrossi碗 =9.0[kg],S=05[m2],/R=18;thc pronlc of thc

shcarcd、vind is givcn by a powcria、v as

ｚ

一
１０一〓〃

that is, the

C l ) 0 = 0 0 0 8

Figure 6

while Fig,7

wind speed at the rettrence hcight″ = 10[m]iS-6.9[lll S];

sho、vs S‐type flight pattcrn rcproduced as a solution forどH(r/),

sho、vs α‐呼pe flight pattern of a solutlon; these constitute the
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Figure 6, S―type rlight patht thc Optimal s01ution to(19)fOr a｀Vandcring albatrOss、

rcdrawn ttom[53]i物 =90[kg]、 ざ=05[m2]A cr、 =0 0081lmportant conditions

given arc xO)=I(ィ/)=何/2,食0)=Rィヵ=0,and女0)=イr/1=‰in

optiinal sotutions、vith thc idcntical initial and terlninal conditions,but S‐type

is the global optiinum;thcsc arc vc■/sirnilar to those observed by ldrac in the
occan Thcrc arc lots of different flight pattcrns in bct、veen these t、vo; thc

optilnum solutions transit from α―type to S‐type flight pattems smoothly

dcpcnding on thc combination of I(0)andぇ!(rr),thC dircction to thc、vind.

One ofthc most intcrcsjng indings is that the global optimum ofどヵ(rFj is
alinost identicat to the local optiinum dcttncd by the problcm to lllaxirnize

拳=粋にυO「1

SuuieCt tO(12).Thc bird cannot know α β″′θガhOW tO maximizc thc total
energy gain in onc cyclc of tlight. ヽVhat the bird can do at bestis ttving to
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χ [ m l

Figure 7. α_typc night pathi thc solutiOn to(19)fOr a、vandering albatross,redrawn

from[531:阿 =9,0[kg],S=05[m2J,ch=0 008fimportant condijons given arc x(0)

= | 【( r / ) = 7 2 , 女0 ) = 女r / ) = 0 , a n d 女0 ) = ″( r / ) = 布i n

maxtinize the cnergy gain at cvcり inStancei that is the local optilnization
shown abovc

Suzuki trcats a bird as a particic,so it、vould be necessaE/tO CXtcnd the

theoり using a rigid body modcl at lcast for inorc undcrstanding and applying

to arteねcts Nottebaum&Gocbcl[57]study thC applicabiltty of dynamic

soaring to the flight technique for gHdcrs,and thc author、vould likc to bclicvc

in thcir prospccti in thc ncar futurc dynalllic soaring、vili bccomc avallablc for

manncd alrcrat,

3 Concluding remarks
Thc present revic、v、vas a quick glilmpse at somc lcss kno、vn topics rclatcd

to optirnal tcchniqucs in bird aight Btrd flight keeps on providing the、vide

variety ofriddles to bc solved in thc ftlturc.
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One of the keys is feathcrs Feathcrs play many rOlcs: ho、v primarics can

gcneratc so much lift and thrust,ho、v covertS prevent scparation,thc role of

、ving tip slots is stiH an Open questiOn, asymlllct,y Of Vanes also necds

thorough cxalllination,etc.A ll these things are not yet、ve‖undcrst00d.

Vヽe should also pay attention to thc linkagc bet、 vccn mechanics and

physiO10gy. This is thc Reld 、vhcrc external and internal bionuiddynanlics

mcct togethcr.

Yet anothcr itne of ne、v study may go to cc01ogy Diffusion process is

closcly relatcd to nock dynamics of birds[58],[59].It WOuld be intcrestng to

look for a bttdge from heuristics ofわο′泳 [60],[61]to cCO10gic】diffusion

problemsi the 3ormcr is a bOttom‐up approach,、vhilc thc latter is a top‐do、vn
approach  in thc ocean, foraging flights of sca birds prOvide ccological

difftlsion problcm and arc strongly linkcd to metcoro10gical pattcrn forlllation.

Btrds ofpassage are also the obicctS Ofthis line ofstudy

Novel deviccs and tcchniques makc neld observation more quantitative

and accuratc  Hence cxperiincnts reveal the ne、v facts that 、vili bccome

chaHcnges for theoreticians to cxplain 、vhy and hO、v. ヽヽ′e、vlll leam a lot Of

lcssons from bird night

i would like to thank Susumu Kobayashi for his valuable comments on my

Srst drat

Appendix A.Transformation from the frame rlxed t。

the ground to the frame rlxed to the bird

Thc frame Sxed to thc ground is cxpressed by r=(r,7,力 ThC framc nxcd t。
thc bird is cxprcssed by R=c、】1る.

First 、vc rotate r around tr―axis 180 degrees to Obtain the upside do、vn

framc rO:

r 。= F 。 ・r ,

、vhcre

F 。= ( 1 号 1 」

1

No、v、vc shan dcscribe thc three proccsscS Of talking thc Eulcr anglcs.ヽVe

rotate ro aroundる‐axis by thc angle x to obtain thc framc rl:

ヽ

ｌ

‐

ｉ

′

／

r l = F l ・ r 。,
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where

F2=(t樹;|モ督8)・
しastly、vc rotatc r2 arOund的‐axis by the anglc θto obtain the frame R:

R = F 3 ・ r 2 ,

、vhere

F3=(1ゴ!告島:|!,)・
Thcrcforc thc matrix T transforming iom r to R is given by

T = F 3 ・ F 2 ・F l ・F 。,

Or

昨(酬焼海:軌翻鞘錨骨慾ケ=盛鞄)
Vヽc dcrivc thc rclation bctwccn thc angular vclociけvCCtOr p in thc framc

R  a n d  t h e  a n g u l a r  v e l o c t t i e s  o f t h e  E u l c r  a n g l e s ″, θ a n d  β i n  t h e  f 0 1 l o w i n g
manncr

Ω = F 3 ' F 2 ' F . ・ωl 十F s ・F メ ω2 + F 3 ・ω3 ,
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whcrcの1=(0,0,〃),の2=(0,θ,0),andの3=(β,0,0)HenCe wc obtain

Ω = T り ・り,

、vhcrc

a n d の= ( β, θ, ″)
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