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©  Out-of-sequence  operand  fetches. 

©  Monitoring  apparatus  is  provided  to  allow  out-of- 
sequence  fetching  of  operands  while  preserving  the 
appearance  of  in-sequence  fetching  to  the  processor 

^ o f   a  computer.  The  key  elements  include  a  stack 
^(119)  of  N  entries  holding  the  addresses  of  the  last 
qjM,  where  M  is  less  than  or  equal  to  N,  out-of- 
0)  sequence  fetches.  A  comparator  (103)  is  provided 
CTfor  comparing  addresses  in  the  stack  with  a  test 
{^address.  This  test  address  is  supplied  via  an  OR 
©Qate  (107)  as  either  store  addresses  or  cross-invali- 
Wdate  addresses,  the  latter  being  for  a  multiprocessor 
©system.  The  addresses  in  the  stack  that  compare 
_  with  the  test  address  are  set  as  invalid.  In  addition, 
111 |  all  addresses  in  the  stack  are  set  as  invalid  on  the 

occurrence  of  a  cache  miss  or  serializing  instruction. 
Finally,  a  select  and  check  entry  function  (113)  asso- 

ciates  an  address  in  the  stack  with  the  instruction  it 
represents  and  deletes  the  address  from  the  stack 
when  the  instruction  is  handled  in  its  proper  se- 
quence. 
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POSTING  OUT-OF-SEQUENCE  FETCHES 

The  present  invention  generally  relates  to 
stored  program  digital  computers  and,  more  par- 
ticularly,  to  apparatus  for  allowing  out-of-sequence 
fetching  of  operands  while  preserving  the  appear- 
ance  of  in-sequence  fetching  to  the  processor  in  a  5 
computer  architecture  requiring  in-sequence  fetch- 
ing.  The  invention  is  particularly  useful  in  a  pipelin- 
ed  multiprocessor  system  and  allows  the  achieve- 
ment  of  higher  processor  performance  for  a  given 
processor  hardware  design.  ro 

In  certain  processor  designs,  a  performance 
advantage  can  be  derived  from  performing  certain 
operations  out-of-sequence.  Often  the  programmer 
can  not  take  advantage  of  such  rearrangements  of 
operations  due  to  limitations  that  exist  in  the  se-  15 
mantics  of  the  instruction  set  and  observable  order 
restrictions  that  prevent  unmonitored  rearrange- 
ment  of  operations  from  yielding  correct  results. 

In  tightly  coupled  multi-processor  systems,  the 
possibility  of  deadlock  or  erroneous  results  based  20 
on  arbitrary  out-of-sequence  action  is  well  estab- 
lished.  The  IBM  S/370  architecture,  for  example, 
requires  that  operations  be  done  in  program  se- 
quence  or  appear  to  be  done  in  sequence.  In 
particular,  operand  fetches  should  appear  to  be  25 
done  in  sequence  and  current  processors  obey  this 
rule  by  actually  doing  them  in  sequence. 

It  is  already  standard  practice  in  pipelined  pro- 
cessors  to  check  for  a  certain  kind  of  out-of-se- 
quence  condition  which  can  occur  when  a  fetch  is  30 
made  shortly  after  a  store  instruction.  In  this  case, 
it  is  not  that  the  fetch  is  made  out-of-sequence  but, 
rather,  that  the  completion  of  the  store  occurs  late 
in  the  pipeline.  Hence,  the  result  of  the  store  may 
not  yet  be  reflected  in  the  memory  or  cache  when  35 
the  subsequent  fetch  is  made.  This  condition  is 
checked  by  saving  the  addresses  of  started  but  not 
yet  completed  stores  and  comparing,  subsequent 
fetch  addresses  with  these  store  addresses,  a 
mechanism  called  OPERAND  STORE  COMPARE.  40 
Fetches  that  compare  are  held  up  until  the  store  is 
complete. 

OPERAND  STORE  COMPARE  applies  over  a 
limited  time  interval,  determined  by  the  length  of 
the  pipeline.  When  a  store  reaches  the  point  in  the  45 
pipeline  where  it  is  completed,  the  address  of  that 
store  is  removed  from  the  OPERAND  STORE 
COMPARE. 

In  the  prior  art,  U.S.  Patent  No.  4,484,267  to 
Fletcher  describes  a  hybrid  cache  where  some  50 
cache  lines  are  handled  as  store-in,  i.e.,  main 
memory  update  deferred,  and  the  other  lines  are 
handled  as  store-thru,  i.e.,  main  memory  imme- 
diately  updated.  Hitherto,  caches  have  been  either 
all  store-in  or  all  store-thru.  How  each  line  is  han- 

dled  is  determined  dynamically  and  marked  by  a 
flag  bit  in  the  cache  directory.  The  bit  is  reset,  for 
example,  by  a  cross-interrogation  hit. 

U.S.  Patent  No.  4,189,770  to  Gannon  et  al. 
describes  a  bypass  arrangement  whereby,  on  a 
cache  miss  for  a  variable  field  length  operand,  the 
operand  is  sent  directly  to  the  Instruction  Unit 
without  waiting  for  the  entire  line  to  be  transferred 
from  the  main  memory  to  the  cache.  Gannon  et  al. 
are  not  concerned  with  the  operation  of  the  cache 
and  teach  nothing  about  out-of-sequence  fetches. 

U.S.  Patent  No.  4,435,759  to  Baum  et  al.  de- 
scribes  a  monitoring  system  for  capturing  and  re- 
cording  events  in  the  operation  of  a  processor. 
Among  the  events  captured  are  the  addresses  of 
instructions  and  cache  misses. 

U.S.  Patent  No.  4,400,770  to  Chan  et  al.  is 
concerned  with  means  for  detecting  and  handling 
cache  synonyms.  Cache  synonyms  arise  because 
caches  are,  for  speed  and  convenience,  typically 
addressed  in  a  way  that  is  partly  direct  and  partly 
associative.  Caches  are  divided  into  sets  of  lines, 
e.g.,  four  lines  per  set,  and  the  sets  are  directly 
addressed,  as  is  a  conventional  memory.  Selection 
of  the  appropriate  line  within  the  set  is  done  as- 
sociatevely,  that  is,  by  matching  the  given  address 
with  the  line  addresses  stored  in  the  cache  direc- 
tory.  In  the  S/370  architecture,  which  has  address 
translation,  the  untranslated  low  order  bits  (12  bits) 
of  the  given  address  are  used  to  directly  select  the 
set,  while  some  portion  of  the  translated  high  order 
bits  is  used  to  associatively  select  the  line  within 
the  set.  However,  as  the  number  of  sets  in  the 
cache  is  increased  to  make  the  cache  bigger,  there 
will  not  be  enough  untranslated  low  order  bits  to 
select  the  set,  and  it  will  be  necessary  to  use  some 
of  the  translated  high  order  bits.  Now  there  can  be 
synonyms;  i.e.,  two  or  more  translated  addresses 
that  can  actually  lead  to  the  same  real  memory 
location.  Such  synonyms  need  to  be  detected  and 
handled  for  a  number  of  reasons.  Chan  et  al.  teach 
how  to  find  these  synonyms.  On  a  cache  miss, 
Chan  et  al.  provide  a  means  for  generating  all  the 
possible  synonyms,  i.e.,  trying  all  possible  com- 
binations  of  the  translated  bits,  and  checks  the 
cache  directory  for  the  presense  of  any  of  the 
synonyms.  Any  of  several  actions  may  be  taken  on 
the  detection  of  a  synonym. 

It  is  an  object  of  this  invention  to  provide  a 
means  which  allows  the  achievement  of  a  signifi- 
cant  performance  advantage  in  certain  processor 
designs  by  allowing  operations  to  be  performed 
out-of-sequence. 

It  is  another  object  of  the  present  invention  to 
provide  a  simple  mechanism  which  can  identify  the 
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hazards  associated  with  out-of-sequence  opearnd 
fetching. 

It  is  a  further  and  more  specific  object  of  the 
invention  to  provide  a  mechanism  which  allows 
hazards  associated  with  fetches  made  out  of  the  5 

 ̂ normal  conceptual  sequence  to  be  more  efficiently 
detected,  thereby  facilitating  improved  performance 
in  a  multiprocessor  system. 

"k  By  monitoring  the  relevant  processor  activity 
that  occurs  between  the  actual  fetching  of  the  ro 
operand  and  the  point  when  the  operand  would 
normally  be  fetched  including  stores  generated  by 
the  processor,  cross-invalidates  (Xls)  generated  by 
other  processors  and  elements,  processor  cache 
misses,  and  serialization  events  within  the  proces-  75 
sor,  the  hazards  are  exposed.  Thus,  relying  on  the 
processor's  ability  to  maintain  cache  coherency 
and  OPERAND  STORE  COMPARE  for  the  usual 
pipeline  induced  hazards,  the  mechanism  de- 
scribed  will  extend  the  hazard  monitoring  to  out-of-  20 
sequence  operand  prefetching. 

The  subject  invention  applies  over  an  arbitrary 
time  interval  determined  by  the  size  of  the  fetch 
stack  provided  by  the  designer.  It  applies  to  truly 
out-of-sequence  fetches  and  handles  not  only  the  25 
effect  of  stores  but  all  other  events  that  could 
cause  an  out-of-sequence  fetch  to  be  observable.  A 
fetch  can  be  out-of-sequence  in  two  ways.  It  can 
be  made  earlier  than  its  proper  place  in  the  pro- 
gram  or  later.  It  is  earlier  fetching  that  can  provide  30 
a  performance  gain  and  with  which  this  invention 
deals. 

The  central  element  of  the  invention  is  a  stack 
containing  the  addresses  of  fetches  that  have  been 
done  out-of-sequence.  These  addresses  remain  in  35 
the  stack  until  the  instruction  that  caused  the  fetch 
is  handled  in  its  proper  sequence.  Another  element 
is  a  comparison  means  by  which  all  valid  ad- 
dresses  in  the  stack  are  compared  to  a  test  ad- 
dress  and  a  signal  issued  indicating  compare  or  no  40 
compare.  The  addresses  of  all  store-type  instruc- 
tions  as  well  as  all  cross-interrogate  addresses 
from  other  processors  (in  a  multi-processor  sys- 
tem)  are  used  as  test  addresses.  If  any  of  these 
addresses  signal  "compare",  then  the  correspond-  45 
ing  fetch  address  is  marked  as  invalid. 

Two  other  events,  a  cache  miss  or  a  serializing 
instruction,  present  the  possibility  that  many  of  the 
out-of-sequence  fetches  may  be  invalid.  For  these 
events,  the  entire  stack  is  marked  invalid.  The  50 
action  taken  by  the  processor  for  invalidated  ad- 
dresses  will  depend  on  the  particular  way  that  the 
processor  is  making  use  of  out-of-sequence  fetch- 
ing.  The  purpose  of  the  invention  is  to  provide  an 
alert  signal  to  the  processor  when  corrective  action  55 
may  be  needed.  When  there  is  no  alert  signal,  e.g., 
no  address  marked  invalid,  the  processor  is  as- 
sured  that  the  associated  fetches  could  not  have 

been  observed  as  out-of-sequence  and  that  the 
results  obtained  will  be  as  correct  as  if  the  fetches 
were  in  sequence. 

Elements  of  the  invention  are  as  follows: 
1  .  A  stack  of  N  entries  holding  the  addresses 

of  the  last  M,  where  M  is  less  than  or  equal  to  N, 
out-of-sequence  fetches. 

2.  Comparison  means  for  comparing  ad- 
dresses  in  the  stack  with  a  test  address. 

3.  Means  for  setting  invalid  those  addresses 
that  compare  with  the  test  address. 

4.  Means  for  selecting  store  addresses  and 
cross-invalidate  addresses  as  the  test  addresses. 

5.  Means  for  setting  all  addresses  in  the 
fetch  stack  as  invalid  on  the  occurrence  of  a  cache 
miss  or  serializing  instruction. 

6.  '  Means  for  associating  an  address  in  the 
stack  with  the  instruction  it  represents  and  for  de- 
leting  the  address  when  the  instruction  is  handled 
in  its  proper  sequence. 

With  reference  again  to  the  prior  art,  there  is  a 
superficial  resemblance  between  the  directory  of 
any  cache,  see  for  example  the  above-cited  patent 
to  Fletcher,  and  key  element  (1  )  above,  the  stack  of 
M  addresses,  in  that  both  have  addresses  in  their 
entries  and  both  have  valid  bits.  However,  the 
addresses  in  the  cache  directory  are  addresses  of 
lines  held  in  the  cache  array,  while  the  addresses 
in  the  stack  are  the  addresses  of  out-of-sequence 
fetches.  In  other  words,  the  purpose  is  very  dif- 
ferent.  Key  element  (2),  the  comparison  means,  will 
be  present  in  any  cache;  however,  in  a  conven- 
tional  cache,  the  comparison  is  expected  to  find  a 
"compare"  for  most  test  addresses,  i.e.,  cache 
references,  while  for  the  subject  invention  the  com- 
parison  will  infrequently  find  a  "compare".  Again, 
the  uses  are  different.  Key  elements  (3)  and  (4), 
invalidating  addresses  in  the  stack  that  match  store 
and  cross-invalidate  addresses  have  a  counterpart 
in  the  caches  of  multi-processor  systems.  In  such 
systems,  stores  and  cross-invalidates  from  other 
processors  in  the  system  may  cause  invalidation  of 
directory  entries.  Key  element  (5),  means  for  invali- 
dating  the  entire  stack  on  the  occurrence  of  a 
cache  miss  or  serializing  instruction  is  not  in  any 
known  prior  art  cache,  Fletcher  and  Chan  et  al.  in 
particular,  since  a  cache  that  did  this  would  seldom 
have  very  many  valid  entries  and  would  therefore 
be  of  no  use.  Key  element  (6),  means  for  as- 
sociating  an  address  in  the  stack  with  the  instruc- 
tion  it  represents,  is  not  present  in  any  known  prior 
art  cache,  and  in  particular  Fletcher  and  Chan  et  al. 
cited  above. 

The  foregoing  and  other  objects,  aspects  and 
advantages  of  the  invention  will  be  better  under- 
stood  from  the  following  detailed  description  of  the 
invention  with  reference  to  the  drawings,  in  which: 
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Figure  1  is  a  block  diagram  of  a  mechanism 
for  posting  and  monitoring  out-of-sequence  fetches 
according  to  the  invention; 

Figure  2  is  a  block  diagram  showing  in  more 
detail  the  distributor,  compare  and  stack  structure 
of  the  mechanism  of  Figure  1  ; 

Figure  3  is  a  block  diagram  showing  in  more 
detail  the  check  entry  function  and  stack  structure 
of  the  mechanism  of  Figure  1  ;  and 

Figure  4  is  a  logic  diagram  showing  the  logic 
of  the  check  entry  devices  in  Figure  3. 

Referring  now  to  the  drawings,  and  more  par- 
ticularly  to  Figure  1,  there  is  shown  a  mechanism 
for  posting  and  monitoring  out-of-sequence  fetches. 
For  each  fetch  that  is  made  out-of-sequence,  an 
entry  is  posted  to  the  stack  119.  Each  entry  101 
consists  of  the  address  from  which  the  fetch  was 
made,  an  identifying  tag  for  the  instruction  asso- 
ciated  with  the  fetch,  a  full/empty  bit  (to  denote  the 
presence  of  an  entry),  and  a  valid  bit.  When  an 
entry  is  made  to  the  stack,  the  full/empty  bit  will  be 
set  to  Full  and  the  valid  bit  will  be  set  to  Valid.  The 
stack  consists  of  a  certain  number  of  hardware 
registers.  At  a  given  moment,  some  registers  may 
not  have  entries.  These  will  have  their  full/empty  bit 
set  to  Empty.  On  the  other  hand,  if  an  entry  comes 
into  the  stack  and  all  registers  are  already  Full, 
then  there  is  an  overflow  condition,  and  the  over- 
flow  line  121  is  activated,  signaling  that  information 
has  been  lost.  The  overflow  signal  on  line  121  is 
supplied  as  one  input  to  OR  gate  109. 

In  addition  to  the  overflow,  there  are  four  kinds 
of  events  that  must  be  monitored,  since  they  may 
cause  an  out-of-sequence  fetch  to  be  incorrect  or 
at  least  create  a  possibility  that  such  fetches  are 
incorrect.  The  first  kind  of  event  is  a  store  that  is 
logically  earlier  than  the  corresponding  fetch.  If 
such  a  store  is  made  to  an  address  from  which  an 
out-of-sequence  fetch  was  made,  then  clearly  the 
fetch  did  not  get  the  correct  new  value;  i.e.,  the 
fetch  was  made  before  the  store  was  done  al- 
though,  logically,  the  fetch  should  be  after  the 
store.  The  addresses  of  such  stores  are  supplied  to 
the  OR  gate  107  and  then  to  the  distributor  105  to 
be  compared  by  comparator  103  with  all  addresses 
in  the  stack  119.  If  an  address  in  the  stack  com- 
pares  with  a  store  address  and  the  associated 
full/empty  bit  is  Full,  then  the  associated  valid  bit  is 
set  to  Invalid.  As  will  be  seen  later,  an  entry  that  is 
both  Full  and  Invalid  may  require  subsequent  cor- 
rective  action. 

Figure  2  shows  in  more  detail  the  structure  that 
checks  for  a  store  that  is  logically  earlier  than  the 
corresponding  fetch.  Fetch  addresses  are  stored  in 
a  plurality  of  registers  122  which  comprise  the 
stack  119.  The  address  for  each  register  is  sup- 
plied  a  corresponding  comparator  circuit  124  of  the 
comparator  103.  Each  comparator  124  receives  the 

store  address  via  distributor  105  and  OR  gate  107. 
If  there  is  a  compare  output  from  one  of  the  com- 
parator  circuits  124,  i.e.,  the  fetch  address  in  one  of 
the  registers  122  is  equal  to  the  store  address, 

5  then  an  invalidate  output  is  supplied  via  an  OR 
gate  126  to  set  invalid  the  valid  bit  128  for  that 
register. 

The  second  kind  of  event  is  a  cross-  interro- 
gate  action  from  another  processor.  These  ad- 

10  dresses  are  also  supplied  to  the  OR  gate  107  and 
then  to  the  distributor  105.  The  actions  taken  are 
the  same  as  for  store  addresses.  The  third  kind  of 
event  is  serializing  instructions,  for  which  the  ar- 
chitecture  requires  that  all  previous  instructions  be 

15  entirely  completed  before  the  serializing  instruction 
is  completed.  For  this  event,  all  entries  in  the  stack 
119  must  be  invalidated.  The  occurrence  of  a 
serializing  instruction  is  supplied  to  OR  gate  109, 
shown  in  Figure  1,  and  the  output,  on  line  123,  is 

20  supplied  to  the  OR  gates  126  to  cause  all  valid  bits 
128  to  be  set  to  invalid,  as  shown  in  Figure  2. 

The  fourth  kind  of  event  is  a  cache  miss.  We 
choose  to  invalidate  all  entries  on  a  cache  miss  by 
supplying  the  cache  miss  indication  to  OR  gate 

25  109.  Strictly  speaking,  a  cache  miss  may  or  may 
not  cause  difficulty  with  out-of-sequence  fetches 
and  it  should  be  possible  to  decide  whether  a 
given  miss  will  require  corrective  action.  However, 
we  try,  for  performance  reasons,  to  make  cache 

30  misses  infrequent  so  we  do  not  lose  much  by 
invalidating  on  all  misses.  Finally,  if  the  stack  119 
has  an  overflow,  we  choose  to  invalidate  all  entries. 

Entries  are  made  to  the  stack  at  the  time  that 
out-of-sequence  fetches  are  made.  Entries  are  re- 

35  moved  from  the  stack  when  the  associated  instruc- 
tion  becomes  "in-sequence";  i.e.,  when  it  becomes 
the  instruction  currently  being  decoded.  Note  that 
the  definition  of  when  an  instruction  becomes  in- 
sequence  depends  on  the  organization  of  the  pro- 

40  cessor.  Since  the  processor  is  not  part  of  this 
invention,  we  simply  refer  to  the  "current"  instruc- 
tion.  The  tag  of  the  current  instruction  111  is  ap- 
plied  to  the  Select  and  Check  Entry  function  113. 
The  entry  with  the  corresponding  tag  is  selected 

45  and  its  full/empty  bit  and  valid  bit  are  read.  If  the 
entry  is  both  Full  and  Valid,  then  there  is  no 
problem  with  the  out-of-sequence  fetch  and  no 
correction  will  be  needed.  This  outcome  is  sig- 
nalled  on  line  115.  If  the  entry  is  Full  and  Invalid, 

so  then  there  is  a  problem  with  the  out-of-sequence 
fetch  and  some  corrective  action  will  be  needed  on 
the  part  of  the  processor.  This  outcome  is  signalled 
on  line  117.  The  type  of  corrective  action  to  be 
taken  depends  on  the  design  of  the  processor  and 

55  is  not  part  of  this  invention. 
Figure  3  shows  in  more  detail  how  the  signals 

on  lines  115  and  117  are  generated.  Again,  the 
stack  119  comprises  a  plurality  of  registers  122 

4 
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containing  fetch  addresses.  Associated  with  each 
fetch  address  is  a  valid  bit  128,  a  full/empty  (F/E) 
bit  120,  and  a  tag  118.  It  will  of  course  be  under- 
stood  that  the  fetch  address,  valid  bit,  full/empty  bit 
and  tag  may  all  be  in  one  register.  The  division 
shown  in  Figure  3  is  merely  an  aid  in  conceptualiz- 
ing  the  nature  of  the  data  stored  in  each  of  the 
registers.  The  full/empty  bit  120  supplies  a  signal 
indicating  whether  its  corresponding  register  is  full 
or  empty  and  the  valid  bit  128  supplies  a  signal 
indicating  whether  the  fetch  address  in  the  register 
is  valid  or  invalid.  These  signals  are  supplied  to 
check  entry  logic  125.  The  tag  118  for  each  ad- 
dress  is  supplied  to  a  corresponding  comparator 
circuit  130.  All  of  the  comparator  circuits  130  re- 
ceive  the  tag  111  of  the  current  instruction,  and 
depending  on  which  comparator  circuit  proivdes  an 
output,  i.e.,  the  tag  of  the  current  instruction  is 
equal  to  the  tag  of  one  of  the  fetch  addresses 
stored  in  a  register  122  of  the  stack  119,  the 
corresponding  check  entry  logic  125  will  be  en- 
abled  to  provide  an  output  either  on  line  115  or 
117. 

Figure  4  shows  the  check  entry  logic  125  as 
comprising  AND  gates  132,  134  and  136  and  an 
OR  gate  138.  AND  gate  132  recieves  a  signal  on 
line  129  from  the  valid  bit  128  indicating  that  the 
address  is  invalid,  a  signal  on  line  127  from  the 
full/empty  bit  120  that  the  fetch  address  register  is 
full  and  an  enabling  signal  on  line  131  from  com- 
parator  circuit  130  to  produce  an  output  on  line  117 
indicating  that  the  fetch  address  register  is  full  and 
invalid.  AND  gate  134  is  also  enabled  by  a  signal 
on  line  131  and  recieves  the  same  full  signal  on 
line  127  but  receives  a  valid  signal  on  line  129  to 
produce  an  output  indicating  that  the  the  fetch 
address  register  is  full  and  valid.  AND  gate  136  is 
also  enabled  by  a  signal  on  line  131  but  recieves 
an  empty  signal  on  line  127  from  the  full/empty  bit 
120  to  produce  a  signal  indicating  that  the  fetch 
address  register  is  empty.  The  outputs  from  AND 
gates  134  and  136  are  combined  in  OR  gate  138  to 
produce  on  line  115  a  signal  indicating  that  the 
fetch  address  register  is  either  empty  or  full  and 
valid. 

Of  course  there  are  instructions  that  do  not 
involve  fetches,  such  as  the  Register-to-Register 
(RR)  instructions  in  S/370  architecture.  For  these 
instructions,  we  have  assumed  that  an  entry  is 
made  to  the  stack  119  with  the  tag  of  the  asso- 
ciated  instruction  and  with  the  full/empty  bit  set  to 
Empty.  When  this  instruction  becomes  the  current 
instruction,  the  Select  and  Check  Entry  function 
113  will  issue  a  signal  on  line  115  indicating  that  no 
correction  is  needed.  Alternatively,  one  could 
choose  to  make  no  entry  for  such  instructions  in 
stack  119  and  issue  a  signal  on  line  115  when  the 
Select  and  Check  Entry  function  finds  no  matching 

tag  in  the  stack. 
In  summary,  two  kinds  of  hazard  can  result 

from  out  of  sequence  fetching.  The  first  concerns 
the  correctness  of  the  program  being  executed, 

5  and  the  second  concerns  what  another  processor 
may  observe.  In  order  to  maintain  the  correctness 
of  the  program  being  executed,  all  store  operations 
must  be  monitored  to  see  if  they  are  changing 
anything  that  has  been  prefetched  but  that,  accord- 

70  ing  to  the  program,  should  have  been  fetched  after 
the  store  took  place. 

In  a  system  having  two  or  more  processors 
connected  to  the  same  memory,  the  actions  taken 
by  one  processor  can  be  observed  by  another 

75  processor  as  changes  in  the  memory;  i.e.,  store 
operations.  If,  for  example,  processor  1  stores  a 
new  value  into  location  A,  then  processor  2,  upon 
fetching  from  location  A,  will  see  either  an  old  or  a 
new  value  depending  on  whether  the  fetch  was 

20  before  the  store  or  after.  Similarly,  processor  2  can 
store  into  location  B,  and  processor  1  can  fetch 
from  location  B.  If  fetches  and  stores  are  not  kept 
in  sequence,  it  can  happen  that  either  processor 
could  observe  a  logically  impossible  situation, 

25  namely  that  A  occurred  before  B  and  also  that  B 
occurred  before  A.  This  hazard  is  avoided  by  moni- 
toring  the  conditions  that  could  let  it  arise,  specifi- 
cally,  cross  interrogatories  and  cache  misses. 

The  invention  provides  a  performance  advan- 
30  tage  in  certain  processors  by  allowing  out-of-se- 

quence  fetches.  By  monitoring  the  relevant  proces- 
sor  activity  that  occurs  between  the  actual  fetching 
of  the  operand  and  the  point  when  the  operand 
would  normally  be  fetched,  the  hazards  of  out-of- 

35  sequence  fetching  can  be  exposed  and  corrective 
action  taken.  The  central  element  of  the  invention 
is  the  stack  containing  the  addresses  of  fetches 
that  have  been  done  out-of-sequence.  A  compari- 
son  means  compares  all  addresses  in  the  stack  to 

40  a  test  address  and  issues  a  signal  indicating  com- 
pare  or  no  compare.  If  any  of  these  addresses 
signal  "compare",  then  the  corresponding  fetch 
address  is  marked  as  invalid.  A  cache  miss  or  a 
serializing  instruction  also  present  the  possibility 

45  that  many  of  the  out-of-sequence  fetches  may  be 
invalid,  and  for  these  events,  the  entire  stack  is 
marked  invalid. 

Those  skilled  in  the  art  will  recognize  that  while 
the  invention  has  been  described  in  terms  of  a 

so  preferred  embodiment,  the  invention  may  be  prac- 
ticed  as  outlined  above  with  modification  within  the 
spirit  and  scope  of  the  appended  claims. 

55 

5 



9  EP  0  302  999  A2  10 

Claims 

1.  Apparatus  for  monitoring  out-of-sequence 
fetches  in  a  computer  having  means  to  fetch 
operands  and  execute  instructions  in  accordance  5 
therewith,  comprising: 

a  stack  having  N  entries  for  holding  the 
addresses  of  the  last  M  out  of  sequence  fetches, 
where  M  is  less  than  or  equal  to  N,  each  of  said 
addresses  having  associated  therewith  a  valid  bit;  to 

comparison  means  for  comparing  addresses  in 
said  stack  with  a  predetermined  test  address; 

means  for  setting  invalid  the  valid  bit  of 
addresses  that  compare  with  said  test  address; 

means  for  selecting  store  addresses  and  75 
cross-  invalidate  addresses  as  said  predetermined 
test  address;  and 

means  for  associating  an  address  in  the  stack 
with  an  instruction  it  represents  and  for  deleting 
said  address  when  said  instruction  is  handled  in  its  20 
proper  sequence. 

2.  The  apparatus  for  monitoring  out-of-se- 
quence  fetches  recited  in  claim  1  further  compris- 
ing  means  for  setting  the  valid  bits  for  all  address 
in  said  fetch  stack  to  invalid  on  the  occurrence  of  a  25 
cache  miss. 

3.  The  apparatus  for  monitoring  out-of-se- 
quence  fetches  recited  in  claim  1  further  compris- 
ing  means  for  setting  the  valid  bits  for  all  ad- 
dresses  in  said  fetch  stack  to  invalid  on  the  occur-  30 
rence  of  a  serializing  instruction. 

4.  The  apparatus  for  monitoring  out-of-se- 
quence  fetches  recited  in  claim  1  further  compris- 
ing  means  for  setting  the  valid  bits  for  all  ad- 
dresses  in  said  fetch  stack  to  invalid  on  the  occur-  35 
rence  of  at  least  one  of  a  cache  miss  or  a  serializ- 
ing  instruction. 

5.  The  apparatus  for  monitoring  out-of-se- 
quence  fetches  recited  in  claim  1  wherein  each  of 
said  addresses  held  in  said  stack  further  has  a  40 
full/empty  bit  associated  therewith,  said  full/empty 
bit  being  set  to  full  when  there  is  an  entry  in  stack 
for  the  address,  and  said  means  for  associating  an 
address  in  the  stack  with  an  instruction  comprises: 

means  for  selecting  an  entry  in  said  stack  45 
corresponding  to  a  current  instruction;  and 

means  for  checking  the  full/empty  bit  and  the 
valid  bit  for  the  selected  entry  and  signal  ing  that 
corrective  action  is  required  when  the  full/empty  bit 
is  set  to  full  and  the  valid  bit  is  set  to  invalid.  50 

6.  The  apparatus  for  monitoring  out-of-se- 
quence  fetches  as  recited  in  claim  5  further  com- 
prising: 

means  for  detecting  and  signalling  an  overflow 
condition  of  said  stack;  and  55 

means  for  setting  the  valid  bits  of  all 
addresses  in  said  stack  to  invalid  in  response  to 
the  signalling  of  an  overflow  condition. 

6 
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