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AdministraPve	  Notes	  

•  Midterm	  1	  
– 50	  minutes,	  in	  class,	  October	  12	  
•  I	  won’t	  be	  there,	  but	  Alex	  will	  

– Chapter	  1,	  Appendix	  A,	  Chapter	  2.1-‐2.3	  
•  Good	  test	  taking	  strategy	  

– One	  page	  crib	  sheet	  
•  Use	  both	  sides	  
•  Produce	  it	  however	  you	  like	  
•  Hand	  it	  in	  with	  your	  exam	  
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Last	  Time	  

•  Technology	  scaling	  ⇒	  bigger	  branch	  predictors!	  
•  Branch	  PredicPon	  Schemes	  
– 2-‐bit	  predictor—local	  history	  

– CorrelaPng	  predictor—global	  history	  
– Tournament	  predictor—both!	  
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Today	  

•  Dynamic	  Scheduling	  
– Chapter	  2.4	  
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Why	  of	  Dynamic	  Scheduling?	  
•  Hardware	  rearranges	  instrucPons	  to	  reduce	  stalls	  
– Maintaining	  excepPon	  behavior	  and	  data	  flow	  

•  Handles	  cases	  compilers	  can’t	  
– Undecidable	  dependencies,	  e.g.,	  memory	  references	  

•  Does	  100(R4)	  =	  20(R6)?	  
– Unpredictable	  delays,	  e.g.	  cache	  misses	  

•  It	  simplifies	  the	  compiler	  	  
–  Code	  compiled	  for	  one	  pipeline	  can	  run	  efficiently	  on	  
another	  

•  Supports	  hardware	  speculaPon	  (Chapter	  2.6)	  
–  Extends	  dynamic	  scheduling	  to	  expose	  addiPonal	  ILP	  
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The	  Idea	  

•  Allow	  instrucPons	  behind	  stall	  to	  proceed:	  
DIVD F0,F2,F4 
ADDD F10,F0,F8 
SUBD F12,F8,F14 

•  Enables	  out-‐of-‐order	  execuPon	  	  
and	  allows	  out-‐of-‐order	  complePon	  
– Recall:	  what	  does	  this	  imply	  for	  excepPons?	  
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Two	  stage	  issue	  
•  Simple	  pipeline	  
–  InstrucPon	  Decode	  (ID)	  stage	  to	  checks	  for	  hazards	  

•  Dynamic	  scheduling:	  split	  ID	  into	  two	  stages	  
– Dispatch—Decode	  instrucPons	  and	  check	  for	  
structural	  hazards	  

–  Issue—Stall	  on	  data	  hazards,	  read	  operands	  when	  
they	  are	  ready,	  send	  instrucPons	  to	  FUs	


•  In-‐order	  dispatch	  
– All	  instrucPons	  are	  dispatched	  in	  program	  order	  
–  InstrucPons	  can	  then	  bypass	  each	  other	  during	  issue	  
⇒	  out	  of	  order	  execuPon!	  
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Tomasulo’s	  Algorithm	  (TA)	  
•  For	  IBM	  360/91	  (before	  caches!)	  
•  Goal:	  high	  performance	  without	  special	  compilers	  
–  Small	  number	  of	  floaPng	  point	  registers	  (four	  in	  the	  360)	  
– Opportunity	  for	  compiler	  scheduling	  was	  limited	  

•  Key	  idea:	  dynamic	  hazard	  detecPon	  and	  eliminaPon	  
–  Track	  availability	  of	  instrucPon	  operands	  (RAW)	  
–  Rename	  registers	  in	  HW	  (WAR	  and	  WAW)	  

•  Why	  Study	  a	  1966	  Computer?	  
–  The	  descendants	  of	  this	  have	  flourished!	  
– Alpha	  21264,	  HP	  8000,	  MIPS	  10000,	  PenPum	  III,	  PowerPC	  
604,	  …	  
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Register	  renaming	  in	  TA	  

•  WAR	  and	  WAW	  hazards	  
   DIVD F0,F2,F4   DIVD F0,F2,F4 
   ADDD F6,F0,F8   ADDD S,F0,F8 
   SD  F6,0(R1)   SD  S,0(R1) 
   SUBD F8,F10,F14  SUBD T,F10,F14 
   MULD F6,F10,F8  MULD F6,F10,T	  
•  Renaming	  using	  ReservaPon	  StaPons	  (RS)	  
– Dispatch	  instrucPons	  to	  an	  RS	  entry:	  new	  dst	  name!	  
– Get	  operands	  as	  early	  as	  possible	  
– Track	  which	  other	  RS	  entries	  produce	  needed	  results	  
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MIPS	  FP	  using	  Tomasulo’s	  Algorithm	  
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Three	  Stages	  of	  ExecuPon	  

1.  Issue—get	  instrucPon	  from	  FP	  Op	  Queue	  
– When	  there’s	  a	  free	  RS	  (no	  structural	  hazard),	  issue	  
instrucPon	  and	  send	  operands	  (renames	  registers)	  

2.  Execute—operate	  on	  operands	  (EX)	  
– When	  both	  operands	  ready,	  execute;	  
	  if	  not	  ready,	  watch	  Common	  Data	  Bus	  for	  results	  

3.  Write	  Result—finish	  execuPon	  (WB)	  
– Write	  on	  Common	  Data	  Bus	  to	  all	  waiPng	  units;	  	  
mark	  reservaPon	  staPon	  available	  
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Load	  and	  Store	  ExecuPon	  

•  Loads	  and	  stores	  require	  two-‐step	  execuPon	  
•  Load	  and	  store	  issue	  
– Compute	  the	  effecPve	  address	  

–  Issue	  to	  the	  load/store	  buffer	  
•  Load	  and	  store	  execuPon	  
– Load:	  execute	  as	  the	  memory	  unit	  becomes	  available	  

– Store:	  have	  to	  wait	  for	  data,	  too	  
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OperaPon	  and	  Data	  Movement	  

•  OperaPon	  bus:	  data	  +	  desPnaPon	  	  
•  Common	  data	  bus	  (CDB):	  data	  +	  source	  
– Broadcasts	  64	  bits	  of	  data	  +	  4	  bits	  of	  FU	  source	  addr	  
– Write	  if	  matches	  expected	  FU	  (produces	  result)	  

•  CDB	  implements	  forwarding	  and	  bypassing	  
– Results	  transmi@ed	  from	  one	  FU	  to	  another	  

– Adds	  one	  cycle	  of	  latency	  between	  producing	  and	  
consuming	  instrucPons:	  results	  available	  in	  WB	  only	  
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Tomasulo	  Example	  

•  Schedule	  the	  following	  code	  

L.D   F6,34(R2) 
 L.D   F2,45(R3) 
 MUL.D  F0,F2,F4 
 SUB.D  F8,F2,F6 
 DIV.D  F10,F0,F6 
 ADD.D  F6,F8,F2 

•  Latencies:	  ADD	  2,	  MULT	  10,	  DIV	  40	  
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Tomasulo	  Example	  

Clock	  cycle	  	  
counter	  

FU	  count	  
down	  

Instruc3on	  stream	  

3	  Load/Buffers	  

3	  FP	  Adder	  R.S.	  
2	  FP	  Mult	  R.S.	  



Tomasulo	  Example	  Cycle	  1	  



Tomasulo	  Example	  Cycle	  2	  

Note:	  Can	  have	  mul3ple	  loads	  outstanding	  



Tomasulo	  Example	  Cycle	  3	  

•  Note:	  registers	  names	  are	  removed	  (“renamed”)	  in	  Reserva3on	  
Sta3ons;	  MULT	  issued	  

•  Load1	  comple3ng;	  what	  is	  wai3ng	  for	  Load1?	  	  



Tomasulo	  Example	  Cycle	  4	  

•  Load2	  comple3ng;	  what	  is	  wai3ng	  for	  Load2?	  	  



Tomasulo	  Example	  Cycle	  5	  

•  Timer	  starts	  down	  for	  Add1,	  Mult1	  



Tomasulo	  Example	  Cycle	  6	  

•  Issue	  ADDD	  here	  despite	  name	  dependency	  on	  F6?	  	  



Tomasulo	  Example	  Cycle	  7	  

•  Add1	  (SUBD)	  comple3ng;	  what	  is	  wai3ng	  for	  it?	  	  



Tomasulo	  Example	  Cycle	  8	  



Tomasulo	  Example	  Cycle	  9	  



Tomasulo	  Example	  Cycle	  10	  

•  Add2	  (ADDD)	  comple3ng;	  what	  is	  wai3ng	  for	  it?	  	  



Tomasulo	  Example	  Cycle	  11	  

•  Write	  result	  of	  ADDD	  here?	  

•  All	  quick	  instruc3ons	  complete	  in	  this	  cycle!	  



Tomasulo	  Example	  Cycle	  12	  



Tomasulo	  Example	  Cycle	  13	  



Tomasulo	  Example	  Cycle	  14	  



Tomasulo	  Example	  Cycle	  15	  

•  Mult1	  (MULTD)	  comple3ng;	  what	  is	  wai3ng	  for	  it?	  	  



Tomasulo	  Example	  Cycle	  16	  
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•  Just	  wai3ng	  for	  Mult2	  (DIVD)	  to	  complete	  
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Faster	  than	  light	  computaPon	  
(skip	  a	  couple	  of	  cycles)	  



Tomasulo	  Example	  Cycle	  55	  



Tomasulo	  Example	  Cycle	  56	  

•  Mult2	  (DIVD)	  is	  comple3ng;	  what	  is	  wai3ng	  for	  it?	  	  



Tomasulo	  Example	  Cycle	  57	  

•  Once	  again:	  In-‐order	  issue,	  out-‐of-‐order	  execu3on	  and	  out-‐of-‐
order	  comple3on.	  



The	  same	  code	  with	  staPc	  scheduling	  
•  In-‐order	  issue,	  in-‐order	  execuPon	  and	  complePon	  

L.D    F6,34(R2) 
 L.D    F2,45(R3) 
   1x stall 
 MUL.D    F0,F2,F4 
 SUB.D  F8,F2,F6 
   9x stall 
 DIV.D  F10,F0,F6 
 ADD.D  F6,F8,F2 
   39x stall 

•  Latencies:	  LD	  1,	  ADD	  2,	  MULT	  10,	  DIV	  40	  
•  Total	  58	  cycles	  (55	  cycles	  above	  +	  MEM	  +	  2WB)	  



Drawbacks	  of	  Tomasulo’s	  Algorithm	  
•  Complexity	  
–  Large	  amount	  of	  hardware	  
–  Each	  RS	  contains	  an	  associaPve	  buffer	  
– Many	  associaPve	  stores	  to	  buffers	  at	  high	  speed	  
–  Complex	  control	  logic	  

•  Performance	  limited	  by	  Common	  Data	  Bus	  
–  Each	  CDB	  must	  go	  to	  mulPple	  funcPonal	  units	  	  
⇒	  high	  capacitance,	  high	  wiring	  density	  

– Number	  of	  funcPonal	  units	  that	  can	  complete	  per	  cycle	  
limited	  to	  one!	  
•  MulPple	  CDBs	  ⇒	  more	  FU	  logic	  for	  parallel	  stores	  

•  Imprecise	  interrupts!	  
– We	  will	  address	  this	  later	  



Next	  Time	  

•  More	  Tomasulo’s	  Algorithm	  
– Loop	  example	  

•  Dynamic	  memory	  disambiguaPon	  
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