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Communica2on	
  Delay	
  

Earth	
  

Moon	
  

EM	
  L2	
  

GEO	
  

EM	
  L1	
  –	
  50	
  to	
  65	
  K	
  km	
  Halo	
  

~	
  3.3	
  s	
  round	
  trip	
  

Carpenter	
  2004	
  [2]	
  
Burns	
  2013	
  [3]	
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Communica2on	
  Delay	
  

Earth	
  

Moon	
  

EM	
  L2	
  –	
  50	
  to	
  65	
  K	
  km	
  Halo	
  

GEO	
  

EM	
  L1	
  

~	
  4.2	
  s	
  round	
  trip	
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Communica2on	
  Delay	
  

Earth	
  

Moon	
  

EM	
  L2	
  

GEO	
  

EM	
  L1	
  

~	
  0.4	
  s	
  round	
  trip	
  [3]	
  

•  150	
  m/s	
  per	
  year	
  delta-­‐v	
  [4]	
  
•  Real	
  =me	
  telepresence	
  limit	
  ~	
  0.3	
  to	
  0.5	
  s	
  [5,	
  4]	
  
•  Expensive	
  humans	
  
•  Squishy	
  humans	
  	
  

•  Limited	
  endurance	
  
•  Beyond	
  Earths	
  magne=c	
  field	
  
•  Galac=c	
  cosmic	
  ray	
  exposure	
  risk	
  [3]	
  

~	
  0.8	
  s	
  round	
  trip	
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•  Predic=on	
  	
  
•  Displays	
  [5,	
  6,	
  7]	
  
•  Virtual	
  environment(s)	
  [8,	
  9]	
  
•  Force	
  feedback	
  and	
  bilateral	
  control	
  [10,	
  11]	
  

•  Compliance	
  control	
  
•  Contact	
  force	
  controlled	
  locally	
  increasing	
  delay	
  error	
  
tolerance	
  [5,	
  6]	
  

•  Move	
  and	
  wait	
  [5,	
  7,	
  12]	
  

•  Automa=on	
  and	
  supervisory	
  control	
  [7,	
  12]	
  

Overcoming	
  Delay	
  

<	
  2	
  s	
  [7]	
  

>	
  10	
  s	
  [7]	
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  Pla@orms	
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1.  Go	
  to	
  entry	
  pose	
  
2.  Detect	
  entry	
  
3.  Ac=vate	
  admihance	
  controller	
  
•  Control	
  admihance	
  between	
  
bucket	
  and	
  pile	
  

•  Automa=cally	
  avoid	
  force	
  
concentra=ons	
  

𝑣=𝑘∙( ​𝑓↓𝑇 − ​𝑓↓𝑆 )	
  
4.  Detect	
  maximum	
  bucket	
  curl	
  

5.  Go	
  to	
  weighing	
  pose	
  

Algorithm	
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•  Produc=vity	
  
•  Automate	
  the	
  en=re	
  LHD	
  cycle	
  
•  ↑	
  produc=vity	
  [14]	
  
•  ↑	
  consistency	
  [15]	
  
•  Turn	
  all	
  operators	
  into	
  expert	
  operators	
  [15]	
  

•  Reduce	
  safety	
  costs	
  
•  Distance	
  operators	
  from	
  worksite	
  [16]	
  
•  Work	
  more	
  hazardous	
  stopes	
  [17]	
  
•  Increased	
  sensing	
  [18]	
  

•  Reduce	
  opera=ng	
  costs	
  
•  Tune	
  loading	
  to	
  match	
  hauling	
  equipment	
  [19]	
  
•  More	
  predictable	
  consumable	
  consump=on	
  [17,	
  19]	
  

Why	
  Auto	
  Load	
  on	
  Earth?	
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•  Scripted	
  controllers	
  
•  Several	
  patents	
  
•  Only	
  works	
  in	
  homogeneous	
  targets	
  
•  Most	
  notable:	
  Caterpillars	
  AutoDig	
  system	
  [20]	
  

•  Behaviour	
  and	
  fuzzy	
  logic	
  
•  Based	
  on	
  experimentally	
  derived	
  heuris=cs	
  
•  Unpredictable	
  results	
  when	
  condi=ons	
  change	
  
•  Most	
  notable:	
  Lever	
  and	
  Shi’s	
  CAT	
  980G	
  work	
  [21]	
  

•  Force	
  feedback	
  controllers	
  
•  Impedance	
  ß	
  beher	
  for	
  target	
  shaping	
  
•  Admihance	
  ß	
  beher	
  for	
  bucket	
  filling	
  

Previous	
  ACempts	
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•  Impedance	
  (𝑍)	
  
•  𝑓=𝑍∙(𝑣− ​𝑣↓𝑡 )	
  
•  Requires	
  a	
  target	
  
velocity	
  or	
  path	
  

•  Most	
  notable:	
  	
  	
  	
  	
  	
  	
  
Maeda	
  et	
  al.	
  [22]	
  

•  Admihance	
  (𝑌)	
  
•  𝑣=𝑌∙(𝑓− ​𝑓↓𝑡 )	
  
•  Requires	
  a	
  target	
  
force	
  

•  Most	
  notable:	
  	
  	
  	
  
Marshall	
  et	
  al.	
  [23]	
  	
  	
  
Seraji	
  [24]	
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  →   ​𝑡↓𝑑 	
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ST14	
  Typical	
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Controller:	
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Manual	
  vs	
  AdmiCance	
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•  Why	
  automate	
  
•  Cost	
  
•  Communica=ons	
  delay	
  increases	
  task	
  =me	
  
•  Minimum	
  delay	
  0.4	
  s	
  
•  Mean	
  manual	
  digging	
  command	
  period	
  ~1.6	
  s	
  

•  Produc=ve	
  and	
  consistent	
  loading	
  algorithm	
  
•  Dig	
  =me	
  ( ​𝑡↓𝑑 )	
  ↓	
  39%	
  
•  Payload	
  ( ​𝑀↓𝑑 )	
  ↑	
  39%	
  
•  Work	
  ( ​𝑊↓𝑑 )	
  ↑	
  68%	
  

•  Applicable	
  to	
  mul=ple	
  vehicles	
  and	
  environments	
  
•  ST14	
  FSR2015	
  Paper:	
  [24]	
  	
  

Results	
  and	
  Contribu2ons	
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•  Working	
  mine	
  à	
  Produc=on	
  data	
  set	
  
•  Digging	
  model	
  à	
  offline	
  tuning	
  

•  Auto	
  dig	
  study	
  à	
  dig	
  planner	
  design	
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•  Goal	
  was	
  always	
  dig	
  efficiency	
  not	
  controller	
  stability	
  
•  Access	
  to	
  real	
  hardware	
  (reduced	
  need	
  for	
  modelling)	
  

•  Typical	
  field	
  research	
  issues	
  
•  Sourcing	
  
•  Qualifica=on	
  
•  Calibra=on	
  
•  Breakdowns	
  
•  Weather	
  
•  Comms	
  

Experimental	
  Method	
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