
 
早稲田大学大学院情報生産システム研究科 

 
 
 
 

博 士 論 文 概 要 
 
 
 
 
 
 
 
 

論  文  題  目  
 

Te m p o r a l  M a p p i n g  a n d  Te m p o r a l  P r e d i c t i o n  
b a s e d  U l t r a - l o w  D e l a y  O b j e c t  Tr a c k i n g  

C o m p u t i n g  A r c h i t e c t u r e  f o r  V i s u a l  
F e e d b a c k  S y s t e m  

 

 
 

申  請  者 
 

Tingting HU 
 

情報生産システム工学専攻 
画像情報システム研究 

 
 
 
 
 
 

２０２３年 ４月  



2 

  Vi sual  feedb a ck  system,  whi ch  comb ines  vi r tual  ( computi ng )  a nd real  
spa ces by  sensi ng the s ta tus  o f  real  spa ce  a nd feedb a cki ng va l ued  
in forma ti on  to  real  spa ce a f ter  v i sual  process i ng  i n  vi r tual  spa ce,  dra ws 
increa s i ng  at tenti on  i n  f i el ds  such  a s  rob oti cs ,  fa ctory  a utoma ti on  (FA) ,  
and enterta i nment .  Obj ect  t ra cki ng ,  whi ch  i nc l udes  ta rget  detect i on  a nd 
t ra cki ng ,  i s  one o f  the most  import ant  v i sua l  process i ng  techniq ues  for  
real - t i me a ppl i cat i ons.  On the o ther ha nd,  the cha nge i n  rea l  spa ce  
conti nues  whi l e  v i sual  process i ng i s running i n vi r tua l  spa ce ,  ma ki ng  the  
ul t ra -l ow  de la y  cr i t i cal  t o  hi ghl y  i ntegra te  real  a nd v i r tua l  spa ces .  Among  
va r i ous  vi sual  process i ng a rch itectures ,  FPGA-ba sed s t rea m a rch itecture  
i s the  one that  i s  poss i bl e t o  a ch i eve  b oth compl ex  spa t ial  process i ng  a nd  
de la y l ower  than  1  ms whi l e  sui ta b le  a l gor i thms a nd a rch itectures  a re  
needed.  There fore ,  the  FPGA-ba se d u lt ra - l ow  de la y  obj ect  t ra cki ng  
algor i thm a nd a rch i tecture  b ecome i mporta nt .   
  FPGA-ba sed s t rea m a rch i tecture  a c hi eves  ul t ra -l ow de la y  b y  per formi ng  
vi sual  process i ng  whi l e  t ra nsmit t i ng  the  i ma ge  da ta  f rom the  sensor  to  
the processor  i n a  fu l l y  p i pel i ned wa y.  The compl ex spa ti a l  process i ng i n  
the  ob ject  t ra cki ng  al gor i thms ha s  al wa ys  b een  a  probl em,  preventi ng  
ob j ect  t ra cki ng  f rom b ei ng  i mpl emented wi th  ful ly  pi pe l i ned a rch i tecture .  
Here  int roduces  three  representa t ive  compl ex  spa tia l  process i ng.  Spat ia l  
mul ti - ra nge  sea rch  process i ng ,  whi ch  per forms the  same process i ng  for  
d i f fe rent  pa ra meters  a nd sel ect s  the  resul t  wi th the  most  su itab l e  
pa ra meter,  ex i s t s i n ta rget  detect i on .  Lots o f  resources  a re  req ui red  due  
to  the  ex tens ive  process i ng  per f ormed i n  the  spa tia l  doma in  fo r  
wi de -ra nge  pa ra meter  sea rch .  Dependent seq uenti al  process i ng ,  whi ch  
per forms two  dependent  process i ng  i n  a  seq uenti al  wa y,  exi s t s  i n  ta rget  
t ra cki ng .  The  dependent  re la ti on  for  two  process i ng  per formed i n  a  l o cal  
spa tia l  a rea genera tes  not  onl y  h igh  resource  costs  b ut  a l so  hi gh  del ay.  
Spat ial  i t erat ive  process i ng,  whi ch per forms the sa me process i ng  
i t era tive ly  wi th  the  output o f  the  previ ous  process i ng a s  the  i nput ,  ex i s t s  
in  ta rget  t ra cki ng .  I tera ti ve proce ss i ng o f  a  la rge amount o f  spa ti al  
process i ng  not  onl y  consumes  expensive  resources  b ut  a l so  ca uses a  
s igni f i ca nt del ay.  On the  o ther  ha nd,  the d i f ference  between  the output  
s ta te  f rom v i rtua l  spa ce  a nd the  t rue  s ta te i n  the  real  spa ce  ca used b y  
de la y rema i ns ,  a lb e i t  g rea tl y  reduced b y  ul t ra - l ow de la y process i ng .  
Espec ia l l y  fo r  ta rget  t ra cki ng,  the d i f fe rence  i nt roduces  t ra cki ng  errors .  
  To so lve the a b ove prob l ems a nd a chi eve ul t ra -l ow de la y ob ject  t ra cki ng  
a rchi tecture ,  t emporal  ma ppi ng  a nd tempora l  predi ct i on  a re  proposed  
ba sed on h igh  temporal  reso l ut i on chara cter i s t i cs  o f  the u l t ra - low  del ay  
system.  Tempora l  ma ppi ng  ta kes  a dva ntage  o f  the  sma l l  di f fe rence  
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between  success i ve  f rames  o f  a  sequence  ta ken at  the  hi gh tempora l  
reso l ut i on,  si mpl i fy i ng and reduci ng the amount o f  process i ng i n  the  
spa tia l  domai n  b y  mapping  a  l a rge  a mount  o f  process i ng per formed i n  the  
spa tia l  doma i n  to  the  temporal  doma i n.  Tempora l  predi ct i on  ta kes  
a dva ntage o f  the  detai l ed mov ing  i n forma ti on ca ptured a t  the hi gh  
tempora l  resol uti on ,  compensa t ing  for  cha nges  due  to  movement  b y  
predi ct ing  cha nges  i n  the  temporal  doma i n  usi ng  a  predi ct i on  mode l .  
Combi ni ng  these two methods ,  the a forement i oned prob lems a re  so lved .  
  Thi s d i sserta ti on i s  o rga ni zed  a s  fo l l ows .  
  In  Cha pter  1 ,  the  b a ckground o f  the  d i sserta ti on  i s  descr i b ed,  i nc l udi ng  
the wi desprea d a ppl i ca ti ons o f  v i sual  feedba ck  systems,  the i mporta nce o f  
ob j ect  t ra cki ng ,  the  i mporta nce  o f  the u l t ra - l ow  del ay,  the  probl ems,  and  
the concept  o f  proposa l s .  Furthermor e ,  the  ta rget  a nd orga ni za ti on  o f  thi s  
d i sserta t ion  a re  shown.  

In Cha pter  2 ,  a i mi ng a t  a n  ul t ra -l ow de la y ta rget  detecti on ,  t empora l  
t empla te  predi ct i on-ba sed keypoi nt  ma tchi ng  i s  proposed.  Keypo i nt  
ma tching -ba sed ta rget  detect i on ,  whi ch cons i s t s o f  fea ture detect i on  a nd  
feature  ma tch i ng ,  i s  one  o f  the  popul a r  ta rget  detecti on  a lgor i thms.  
Ha ndl ing  scal e  cha nge  i s  one  o f  the  most  chal l eng ing  ta sks .  The  
convent i onal  method [ I EICE,  2 01 3 ]  proposed  the  mult i - t empla tes  method,  
whi ch  ha ndl es  s i ze  cha nge  b y  prepa ring  mul ti p l e  t empla tes  wi th  va ri ous  
s i zes  for  fea ture  matchi ng a nd sea rches  for  the templ a te wi th  the  b est  
ma tches .  Wi th a  l a rge -sca l e o f  spat ia l  process i ng per formed i n  the  spat ia l  
doma i n,  l o t s  o f  resources  a re  needed for  FPGA impl ementa t ion .  G iven  tha t  
the scal e cha nge  occurs  conti nuously  i n the v i sua l  system wi th  the  hi gh  
tempora l  resol uti on ,  i t  b ecomes  p oss ibl e  t o  predi ct  the  s i ze  o f  the  
templa te  for  the  nex t  f rame  us i ng  the  current  ex i s t i ng  ma tchi ng  resul t s .  
The  proposed method ma ps  the  fea ture -ma tchi ng  process i ng  for  va r i ous  
s i zes  o f  t empla tes  i nto  the  temporal  doma i n  b a sed  on  the  temporal  
t empla te  predi ct i on ru l e ,  s ign i fi ca ntl y  reduci ng the compl ex ity  that  ex i s t s  
in  the  fea ture  ma tchi ng .  The  proposed method i s  i mpl emented a s  a  
pra cti ca l  system by  i ntegra ti ng  a  hi gh -speed camera  a nd an  FPGA.  
Ha rdwa re  eval ua ti on  shows tha t  the  proposed method i s  ca pa bl e  o f  
ha ndl i ng  a  wi de  ra nge  o f  sca l e  cha nges  (11  templ ates )  a t  a  l ow  resource  
cost  (<8 0 %) .  Addit i ona l ly,  i t  a l so  shows tha t  the  des igned ta rget  detect i on  
system i s  ca pa bl e  o f  sens i ng  a nd process i ng 10 00  fps  seq uence  
(Reso lut i on :  6 40×3 60 )  wi th  a  del ay  o f  l ess  tha n  1  ms / f rame.  
  In  Cha pter  3 ,  t o  a ch i eve  ul t ra - l ow  del ay  ta rget  t ra cki ng  with  hi gh  
real - t i me  a ccura cy,  t emporal  predi ct ion-ba sed pa ra l l el  moti on  est i ma t ion  
and tempora l  i t era tive  t ra cki ng a re  proposed .  Di f ferent ia l -b a sed ta rget  
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t ra cki ng esti ma tes the moti on between  two i mage pa tches ba sed on  
der iva ti ves  o f  i ma ge i ntens i t i es .  Esti ma ti ng b oth  t ra nsl at i on a nd ro ta ti on  
cha nges  i s  cruc i al  i n the  pra cti cal  a ppl i ca ti ons .  The  conventi onal  method  
[CVIM, 200 3 ] est i mates  the  t ra ns la t ion f i rs t ,  a nd ro tat i on i s  est i ma ted  
us ing  the  i ma ge  patch  tha t  ha s  b een  wa rped i n  a ccorda nce  wi th  the  
est i ma ted t ra ns la ti on .  The data  dep endency -b a sed seq uentia l  process i ng  
int roduces  i ntermedi ate  process i ng ,  l ea di ng to  s igni f i ca nt  de la ys  i n  
a ddi t ion  to  resource  expendi tures .  The proposed method b rea ks  the da ta  
dependency  b etween  t ra nsla t i on  a nd ro ta t ion  est i ma t ions  by  ma ppi ng the  
data  dependency  i nto t empora l  doma in  ba sed  on  temporal  predi ct ion ,  
a l l owi ng the  t ra ns la ti on a nd ro ta t ion  est i mat i ons per formed i n a  pa ra l l el  
wa y.  The  i ndependent  process i ng s tyl e avo i ds  the  probl ems ca used by  
intermedi a te process i ng .  High  a ccura cy over  the  sub pi xe l  l eve l  i s  usual ly  
req ui red  for  prec i se  l o ca ti on .  The  conventi onal  method [CVPR,  199 4 ]  
a ppl i es  N ewton-Ra phson  i t era t ion  to d i rect  a  more  a ccura te  mot i on  
est i ma ti on .  However,  the  la rge  numb er  o f  i t era ti ve  process i ng  per formed  
on the spa ti al  domai n  resul t s  i n  si gni f i ca nt  resource  costs  i n  a ddi t i on to  
de lay.  On the  o ther  ha nd,  the ta rget  conti nues  mov i ng  whi l e  the  t ra cki ng  
process i ng  i s  runni ng,  ma ki ng  the  t ra cki ng  error  depend not  on l y  on  the  
image process i ng i t sel f  b ut  a l so on the de la y.  The proposed  method ma ps  
the spa tia l  i t era ti ve  moti on  est i ma ti on into the temporal  doma i n to avoi d  
the  l a rge  numb er  o f  spa t ia l  process i ng ,  a nd predi ct s  the  moti on  tha t  
occurs  dur i ng the t ra cki ng  process i ng  ongoi ng to reduce  the t ra cki ng  erro r  
ca used b y de la y.  The  proposed  methods  a re  i mpl emented a s  a  pra cti cal  
system by  i ntegra ti ng a  hi gh-spee d ca mera a nd a n FPGA. Al gori thm 
eval uat i on shows tha t  the  propos ed method a chi eves  sub pi xel  l evel  
real - t i me a ccura cy,  a nd outper form s o ther  rel ated  methods .  Ha rdwa re  
eval uat i on shows tha t  the des igned ta rget  t ra cki ng  system supports  
sens ing a nd process i ng  1 000  fps  seq uence (Reso l uti on:  6 40×3 60 )  w i th a  
de la y o f  l ess  tha n  1  ms/ f rame ,  a nd costi ng  resources  l ess  tha n  20 %.  
  In  Cha pter  4 ,  the  overal l  di sserta ti on  i s  summa ri zed ,  a nd the  future  
works  a re descr i b ed .  To  rea l i ze u l t ra - low de la y ta rget  detect i on  a nd ta rget  
t ra cki ng ,  temporal  ma ppi ng a nd temporal  predi ct i on b a sed al gori thms and  
a rchi tectures  a re  proposed.  Both  proposed ta rget  t ra cki ng  a nd detect i on  
systems a chi eve de la ys  o f  l ess  tha n  1  ms/ f ra me  when process i ng  a  1 000  fps  
seq uence  wi th  a  resol uti on  o f  64 0×3 6 0.  
    


