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Abs t r ac t  

This  pape r  d i s cus se s  and shows by example  the poten-  
tial of  a network of m i c r o p r o g r a m m a b l e  m i c r o p r o c e s s o r s  
as a cos t -e f fec t ive  a l te rna t ive  to t radi t ional  ha rdwi red  
med ium-  and l a r g e - s c a l e  m a i n f r a m e s .  While b iased  
towards  vec tor  p r o c e s s i n g ,  this s y s t e m  is not intended to 
compete  with mul t i -mi l l ion  dol lar  supe rcompu te r s  such as. 
the 360/195, CDC STAR, Illiac IV, CRAY-1, TIASC,  e t c . ,  

which use  specia l  a lgor i thms and the f a s t e s t  c i rcu i t ry  avai l -  
able. 

The a rch i t ec tu re  incorpora tes  pipel ining,  mul t ip ro-  
cess ing  and d is t r ibu ted  p r o c e s s i n g  techniques with bipolar  
m i c r o p r o c e s s o r  technology. The r e su l t  should be a 
machine  which will equal or  ou tpe r fo rm m o s t  t radi t ional  
th i rd -  and four th-genera t ion  ma in f r ames  at a f rac t ion of 
the CPU cost .  This should be the case  even for  s ca l a r ,  
genera l  purpose  computation. 

Modulari ty in the ha rdware  is a fu r ther  fea ture .  This 
s y s t e m  can  be implemented  using a smal l  l i b r a ry  of com-  
ponents (e. g . ,  the AM 2900 bipolar  m i c r o p r o c e s s o r  family) 
and re la t ive ly  l i t t le random logic.  

The paper  p r e s e n t s  an overview of the p roposed  t a rge t  
machine ,  with emphas i s  on a s imple  s cheme  for  detect ing 
and reso lv ing  dependencies  among ins t ruc t ions  which mus t  
run sequential ly.  

Keywords:  m i c r o p r o c e s s o r s ,  pipel ine,  d is t r ibuted  
p r o c e s s i n g ,  vec tor  machine ,  a r r a y  p roces s ing .  

1. introduction 

The p roposed  m u l t i - m i c r o p r o c e s s o r  a r ch i t ec tu re  is 
not intended as a panacea for  the EDP indus t ry ' s  cu r r en t  
o r  future  p r o c e s s i n g  r equ i r emen t s .  Ra ther ,  i t  is one 
example  of a low cost  approach to l a rge -vo lume  n u m b e r -  
crunching (e. g . ,  la rge  ma t r ix  multiplication) found in many 
sc ient i f ic  applicat ions such as signal p r o c e s s i n g .  It is not 
intended to be all things to all u s e r s ,  although we feel  it  can 
be compet i t ive  even in a r eas  o ther  than n u m b e r - c r u n c h i n g .  

Tradi t ional ly ,  CPU speed  and power  have been gained 
by improvements  in c i rcu i t ry .  Logic chips have become 
signif icant ly more  sophis t i ca ted  and f a s t e r  every  few y ea r s .  
This t rend will dece l e ra t e  in the no t - t oo -d i s t an t  future,  
however ,  due to basic  cons t ra in t s  of phys ics  and e l ec t ron ic s .  
Pe rhaps  the Josephson  Effect  c i r cu i t ry  1 or  optical  p r o c e s s -  
ing2 will p rovide  o rder ( s )  of magnitude speed  i n c r e a s e s ,  

but these  techniques will not be rout inely available in the 
nea r  future.  Significant p e r f o r m a n c e  i n c r e a s e s  over  t r a -  
ditional s y s t e m s ,  t he r e fo re ,  a r e  implemented  today with 
a rch i t ec tu ra l  as well as technological  solut ions.  

Curren t ly ,  bipolar  m i c r o p r o c e s s o r s  have the bes t  
p r i c e / p e r f o r m a n c e  ra t io ,  as building blocks requi r ing  
minimal  design t ime.  Our p roposed  machine ,  then,  will 
use  the bes t  aspec t s  of a rch i t ec tu ra l ,  m i c r o p r o c e s s o r  and 
in tegraged  c i r cu i t ry  technologies  to achieve the design 
goals .  

Our u se  of a rch i t ec tu ra l  techniques such as pipel ining 
and m u l t i - p r o c e s s i n g  is not novel.  There  a re  a number  of 
machines  in use  today which employ many of these  s ame  
techniques .  The CDC STAR 3 and especia l ly  the CRAY-14 
a re  fine examples  of p ipel ined vec to r  mach ines .  The Ill iac 
IV is the archetypal  a r r a y  p r o c e s s o r  5 and the Carneg ie -  
Mellon C. romp network is a good example  of a t ightly 
coupled min i -ne twork  with a p r i c e / p e r f o r m a n c e  ra t io  supe-  
r i o r  to that  of t radi t ional  ma in f r ames  6. 

The a rch i t ec tu ra l  tools ,  then,  a re  available and to some  
extent  have been used  in combinat ion before .  What we p r o -  
pose  is us ing m i c r o p r o g r a m m a b l e  m i c r o p r o c e s s o r s  such as 
the AM 2900 s e r i e s  as building blocks with which to imple -  
ment  a low cos t  CPU that u ses  the bes t  a rch i t ec tu ra l  fea-  
tu res  known to us .  Thus, ha rdwi red  s ta t ions  in a t radi t ional  
pipel ine will be r ep laced  by m i c r o p r o g r a m m e d  m i c r o p r o -  
c e s s o r s .  

The design outl ined is l imi ted  to in ternal  computation.  
We do not add res s  such p ro b l ems  as I/O and in t e r rup t  
handling he re .  We feel  that  these  a re  amenable  to a s i m i l a r  
t r ea tmen t .  Also,  the exact  s i ze s  of ins t ruc t ions ,  m e m o r i e s  
or  buffers ,  and numbers  of m i c r o p r o c e s s o r  s ta t ions ,  etc. 
a re  by no means  definit ive or  even opt imal - -we only c la im 
that  this f i r s t - c u t  configuration should work quite well,  at  
the ve ry  a t t rac t ive  component  cos t  of l e s s  than $10,000 for  
some  30 m i c r o p r o c e s s o r s  consti tut ing the CPU (exclusive 
of Instruct ion and Data memory) .  

2. U s e r ' s  View of The Machine 

F igure  1 shows a p r o g r a m m e r ' s  view of the p roposed  
t a rge t  machine.  It s t o r e s  84-bit  ins t ruc t ions  in an i n s t r u c -  
tion m e m o r y  and 32-bit  data in a data memo ry .  The i n s t ruc -  
tion m e m o r y  cannot be a d d r e s s e d  for wri t ing purposes  with 
no rma l  ins t ruc t ions :  p r o g r a m  loading is done with pr iv i leged  
ins t ruc t ions .  The t h r e e - a d d r e s s  fo rma t  (20 bits  absolute 
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Figure 1. Architectural Block Diagram 

a d d r e s s  p lus  4 b i t s  index r e g i s t e r )  speeds  up computa t ion  
by e l imina t ing  redundan t  loads and s t o r e s  f r o m  r e g i s t e r s ;  
i t  is  a l so  n a t u r a l  for  many  v e c t o r  p r o c e s s e s .  The f i r s t  16 
loca t ions  of m e m o r y  can be a d d r e s s e d  e i t h e r  as  o r d i n a r y  
m e m o r y  loca t ions  o r  as g e n e r a l - p u r p o s e  work ing / index  
r e g i s t e r s .  A typica l  s e t  of i n s t r u c t i o n s  for  such  a t h r e e -  
a d d r e s s  macl~ine is shown in F i g u r e  2. V e c t o r  i n s t r u c t i o n s  
a r e  encoded in the  n o r m a l  t h r e e  a d d r e s s  i n s t r uc t i on  f o r m a t  
and u s e  one o r  m o r e  aux i l i a ry  v e c t o r  cont ro l  b locks .  
F i g u r e  3 shows a typ ica l  v e c t o r  i n s t r uc t i on  which r e q u i r e s  a 
sequence  of two ope ra t i ons :  a p a i r w i s e  p r oduc t  and a r u n -  
n ing  s u m  of p roduc t s .  The f o r m e r  can be  done by runn ing  
the  mul t ip l i ca t ions  on the  16 m i c r o p r o c e s s o r s  which con-  
s t i tu te  the  Execut ion  P r o c e s s o r  in p a r a l l e l ,  the o t h e r  as a 
f o r m  of p o s t p r o c e s s i n g  by the  Des t ina t ion  P r o c e s s o r  p r i o r  
to s t o r i n g  the  r e su l t .  F i g u r e  4 shows an a p p r o p r i a t e  Vec to r  

Cont ro l  Block.  

i IklPU'I" 

3. In t e rna l s  

3 . 1  Overv iew 

F igu re  5 shows a m ach i ne  cons i s t ing  of a p ipe l ine  of 
four  m a j o r  s t a t ions ,  e ach  of which will be t r e a t e d  in m o r e  
de ta i l  l a t e r .  The P r e p r o c e s s o r  ne twork  of  four  m i c r o p r o -  
c e s s o r s  b a s i c a l l y  is  u s e d  to fe tch  the  four i n s t r uc t i on  f ie lds  
in p a r a l l e l  f r o m  the Ins t ruc t ion  m e m o r y  and, in the c a s e  of 
v e c t o r  mode,  V e c t o r  Cont ro l  Blocks f r o m  Data m e m o r y  as  
well;  i t  a lso p e r f o r m s  v e r y  men ia l  t a sks  in o r d e r  to queue 
up jobs for  the nex t  s t a t ion  in the  p ipe l ine .  The p r o g r a m  
coun te r  in the P r e p r o c e s s o r  m ay  be i n c r e m e n t e d ,  loaded  
u n d e r  p r o g r a m  cont ro l  (branching ,  subrou t in ing) ,  o r  loaded 
by an i n t e r r u p t  m e c h a n i s m  to ef fec t  a context  swi tch.  As 
a l l  o the r  m i c r o p r o g r a m m e d  b ipo la r  m i c r o p r o c e s s o r s  in  the 

TYPICAL SCALAR OR VECTOR INSTRUCTIONS (Tag f i e l d  has v e c t o r  b i t )  

MNEMONIC MEANING NOT____E 

ADD C ~A ÷ B 

SUB C~--A - B 

MULT C~--A * B Tag specifies Store MSW,LSW or both 

DIV/MODULO C~A @ B Tag specifies Store Q,R, or both 

MIN/MAX C~A ~: B Tag specifies Min,Max, or Min,Max 

CON C~A Convolution B Vector operation only 

INP C~-A Dot B Inner Product 

CONDITIONALS C~--A Relation g If (A Relation B) = True 
then jump to C: 
REL: ==,~ ,  ~ , ~ , ~ , ~  

SWAP C~-bA 

MOVE C~ A 

PACK C~--B Remove zeros from B and pack ones 
right 

CALL 

JUMP 

RETURN 

SCALAR INSTRUCTIONS 

Save r e t u r n  addres s  and jump to  C 

Jump to  C C i s  l i t e r a l  

Jump (C) C c o n t a i n s  r e t u r n  add re s s  

Figure 2. Some Typical Instructions 

TAG OP ADDRESS A X A ADDRESS B X B ADDRESS C X C 
CODE 

F i e l d  

Tag 

OP CODE 

Addre s s  A/X A 

A d d r e s s  B/X B 

A d d r e s s  C/X C 

Figure 

START ADDRESS OF VECTOR 

"NUMBER OF ITERATIONS 

I n t e r p r e t a t i o n  

LSB = 1 i m p l i e s  v e c t o r  mode 

OA i s  OPCODE f o r  INP 

F i r s t  word f o r  V e c t o r  A c o n t r o l  b l o c k  i s  a t  

l o c a t i o n  1610 i n  d a t a  memory; X A = 0 = no i n d e x i n g  

F i r s t  word f o r  V e c t o r  B c o n t r o l  b l o c k  i s  a t  

l o c a t i o n  3210 in  d a t a  memory; X B = 0 = no i n d e x i n g  

The s c a l a r  r e s u l t  i s  to  be p l a c e d  a t  l o c a t i o n  4810 

o f  d a t a  memory i n d e x e d  by X5. 

3. Vector INP hzstruc~on Word Format 
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A d d r e s s  N 

INDEX VALUE A d d r e s s  N+I 

A d d r e s s  N+2 

Figure 4. Vector Control Block 
mach ine ,  t h e s e  a r e  d r i v e n  f r o m  (wri table)  con t ro l  s t o r e s  

for  t h e i r  spec i a l  funct ion.  

The  In s t ruc t i on  C o n t r o l l e r  ne twork  of  four  m i c r o p r o -  
c e s s o r s  is  fed p recond i t i oned  i n s t r u c t i o n s  v ia  the F IFO 
queue be tween  i t  and the  P r e p r o c e s s o r .  It,  in tu rn ,  checks  
with the  Opcode A n a l y z e r  to s ee  if  a su i t ab l e  p r o c e s s i n g  
s t a t ion  for  an opcode is ava i l ab le  in the  Execut ion  P r o c e s s o r ,  
while  s i m u l t a n e o u s l y  fe tch ing  the  s o u r c e  ope rands  and s e n d -  
ing the  des t ina t ion  a d d r e s s  to the  Confl ic t  C o n t r o l l e r .  The 
Execut ion  s t a t ions  a r e  typ ica l ly  divided into ALU,  m u l t i p l y /  
d ivide ,  s t r i ng ,  and L/O groups .  However ,  s i nce  the  m i c r o -  
p r o c e s s o r s  have dynamic  cont ro l  s t o r e ,  they may  be r e c o n -  
f igured:  for  example ,  they could al l  be  r e l o a d e d  to r un  a 
l a r g e  a r i t h m e t i c  v e c t o r  ope ra t i on  runn ing  16 mul t ip l i e s  a t  
once for  m a x i m u m  throughput .  The i n t e r n a l  t iming  of the  
Ins t ruc t ion  P r o c e s s o r  c a u s e s  each  s t a t ion  to be ac t iva t ed  
about  400 nanoseconds  beh ind  i ts  p r e d e c e s s o r .  Since a 

30 



A+I . . . .  11,- 
| ! I 

i 
0 

;I I tt ,I' + +  

l +,+I 
..A 

E 
K 

~ J  

Figure5. Lower Level Architecn~ral Block Diagram 

f ixed point  multiply takes approximate ly  16 x 400 ns ,  by the 
t ime s ta t ion 15 has been scheduled,  s ta t ion 0 is  available for  
reschedul ing .  The Instruct ion P r o c e s s o r  then has jus t  
enough t ime to get  0 s t a r t ed  again when 1 t e r m i n a t e s ,  and 
so on. This will g ive  an effect ive r a t e  of about 400 ns pe r  
p a i r  of points  for  an inner  product ,  once the p r o c e s s  is 
s t a r t ed .  

The t e r m  "precondi t ioned" above r e f e r s  to the  fact  that  
whenever  poss ib le  the P r e p r o c e s s o r  has r e l i eved  the 
Instruct ion P r o c e s s o r  of the burden of  cer ta in  basic  tasks .  
F o r  ins tance ,  in vec to r  mode the P r e p r o c e s s o r  need  not 
dump raw (20 + 4 bit) a d d r e s s e s  in the FIFO queue, but can 
do all ef fect ive  add res s  calculat ions;  once s t a r t ed  on a vec tor  
ins t ruc t ion ,  t he re  can be no i n t e r f e r ence  with the index r e g -  
i s t e r  and m e m o r y  locat ions by o ther  ins t ruc t ions .  The P r e -  
p r o c e s s o r  u ses  the data in the Vector  Control  Blocks to 
decompose  the vec to r  ins t ruct ion  into a sequence  of s c a l a r  
ins t ruc t ions  for  the FIFO queue. Fu r the r  ins t ruc t ion  p r e -  
fetching may be inhibited until  the vec to r  sequence  is  done. 
Also ,  the P r e p r o c e s s o r  will not  pas s  on an ins t ruc t ion  (such 
as unconditional branch} which it is capable of executing.  In 
case  the branch  is taken, unneeded ins t ruc t ions  pas t  the 
branch  a re  f lushed f rom the queue s imply  by r e se t t i ng  the 
queue 's  po in te r s .  

The Conf l i c t /Re t ry  P r o c e s s o r  a sce r t a in s  whether  
ins t ruc t ions  conflict .  A confl ict  is sa id  to occur  whenever  
the ins t ruct ion  t ry ing to s t a r t  has as one of i ts  operands  the 
r e su l t  of an e a r l i e r  ins t ruct ion  which has not ye t  completed  
execution,  o r  its dest inat ion is  the s a m e  as one in p r o g r e s s .  
The two conflict ing ins t ruc t ions  a r e  in terdependent ,  as 
de sc r ibed  in data flow formulat ions  7. 

If a confl ict  is de tec ted  a n d / o r  the Instruct ion P r o c e s s o r  
cannot find a s tat ion to execute the c u r r e n t  ins t ruc t ion ,  the 

Instruct ion P r o c e s s o r  will s t o r e  the ins t ruc t ion  to the 

16-word Re t ry  Buffer  in the Conf l i c t /Re t ry  P r o c e s s o r .  
Valid operands  a r e  s t o r ed  as  32-bi t  data; ones in conflict ,  
by the i r  20-bi t  effect ive a d d r e s s .  

If t he re  is  no confl ict  and an available Execution P r o -  
c e s s o r  s ta t ion ex i s t s ,  the Inst ruct ion P r o c e s s o r  puts the 
two sou rce  oper snds  on the bus to the Execution P r o c e s s o r  
along with the opcode via the opcode bus. The se l ec t ed  32- 
bit m i c r o p r o c e s s o r  in the Execution P r o c e s s o r  gates  the 
opcode and operands  f rom the bus into i ts  in ternal  r e g i s t e r s  
and emula tes  the des ignated  t a rge t  opera t ion  under  d i rec t ion  
of its control  s t e r e .  

Meanwhile,  the dest inat ion effect ive a d d r e s s  is saved in 
a location in a des t ina t ion /conf l ic t  RAM which co r r e sponds  
to the number  of the Execution P r o c e s s o r  s tat ion which was 
act ivated for  this  opcode. 

When a s tat ion comple tes ,  the Dest inat ion P r o c e s s o r  
fe tches  the dest inat ion ad d re s s  f r o m  the dest inat ion RAM's 
locat ion with the cor responding  addres s  and s t o r e s  the 
r e s u l t s  to Data memo ry .  It a lso not if ies  the Conf l i c t /Re t ry  
P r o c e s s o r  that  confl ict ing ins t ruc t ions  waiting on that j u s t -  
computed operand  may be r e t r i ed .  

Note that  nonconfl ict ing ins t ruc t ions  can run in a r b i t r a r y  
o r d e r  and often in pa ra l l e l  by taking advantage of the mult iple 
execution s ta t ions .  Simple a r i thmet i c  and logical  ins t ruc t ions  
may vary  f r o m  400 ns to 10 mic roseconds ;  with the poss ib le  
p a r a l l e l i s m ,  the effect ive throughput can be a f rac t ion of 
these  individual ins t ruc t ion  r a t e s ,  as in the inner  product  
example  above. F u r t h e r m o r e ,  the re  a r e  unusually few r e g -  
i s t e r  load ins t ruc t ions  s ince  m o s t  indexed loops can be 
handled by vec to r  ins t ruc t ions ,  and all m e m o r y  locations can 
be used  for  opera t ions  without expl ic i t  loading and s to r ing  of 
accumula tor  r e g i s t e r s  (and a s soc ia t ed  execution overhead) 
which takes  such  a l a rge  f rac t ion of the p r o g r a m s  for  o rd inary ,  
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non th ree  address  a r ch i t ec tu r e s .  Thus, typical  ins t ruct ion  
s t r e a m s  will execute cons iderably  f a s t e r  on this a rch i t ec tu re  
than on t radi t ional  ones .  Also,  it  can be made even f a s t e r  by 
the usual  technique of adding specia l  pu rpose  function boxes,  
e. g . ,  ha rdwi red  mult ipl icat ion,  floating point,  t r i gonomet -  
t i c s ,  etc.  

3 .2 Conflict  Resolut ion 

3 .2 .  1 Overview. As an ins t ruc t ion  is pee led  off the 
FIFO queue by the Instruct ion P r o c e s s o r ,  i t  s t o r e s  it in a 
buffer  r e g i s t e r  and t r i e s  to schedule  it by invoking th ree  
p r o c e s s e s  in para l le l :  

1) it  asks the opcode ana lyzer  if  t he re  is a f ree  Execu-  
tion P r o c e s s o r  s tat ion;  

2) i t  s t a r t s  a fe tch f rom data m e m o r y  on the assumpt ion  
that  ne i ther  the sou rce  operands  nor  the dest inat ion 
operand  a re  in confl ict  with a dest inat ion operand  
cur ren t ly  being computed in the Execution P r o c e s s o r  
or  waiting to be scheduled  for  computation in the 
Re t ry  Buffer;  

3) i t  ve r i f i e s  this assumpt ion  s imul taneously  through 
the Conflict  Ana lyzer  which will s ignal  any confl ic ts .  

When the fe tches  a r e  comple ted  ( less  than 75 ns l a t e r ,  a 
val id source  operand  (one not cur ren t ly  being computed and 
t h e r e f o r e  not in conflict) is p laced  in the appropr ia te  32-bi t  
f ie ld  of the par t ia l ly  decoded ins t ruc t ion  in the buffer  r e g i s -  
t e r ,  while an invalid one is  kept  as a 20-bit  effect ive a d d r e s s ,  
with an a s soc i a t ed  invalid operand  bit. A complete ly  valid 
ins t ruc t ion  for which the Opcode Analyzer  found a s tat ion is 
then sen t  to the Execution P r o c e s s o r .  Converse ly ,  if  no 
s tat ion is avai lable ,  o r  one or  both sou rce  operands  or  the 
des t inat ion add res s  a r e  s t i l l  being computed,  the par t i a l ly  
decoded ins t ruc t ion  (opcode, effect ive a d d r e s s e s  for  invalid 
operands  and fetched data for val id operands)  is  cons ide red  
blocked. It is s to red  in i ts  par t ia l ly  decoded fo rm in a s lo t  
in the Ret ry  Buffer of the Conflict  P r o c e s s o r  for  subsequent  
reschedul ing  when an execution s tat ion f r e e s  up and both 
sou rce  operands  a re  available and /o r  the des t inat ion add res s  
is avai lable for  a new computation of the s a m e  var iab le* .  

When all operands  become valid,  the Re t ry  P r o c e s s o r  is 
notif ied that  it  ought to p r e s e n t  the r e a d y - t o - r u n  ins t ruc t ion  
to the Instruct ion P r o c e s s o r ,  as soon as the Instruct ion 
P r o c e s s o r  comple tes  handling a p r i o r  ins t ruc t ion  f rom e i ther  
the FIFO queue or  the Re t ry  Buffer.  If a s ta t ion is not avai l -  

able,  the ins t ruc t ion  is f lagged as r eady  to run and r e m a i n s  
in the Re t ry  Buffer for  pe r iod ic  sampl ing  by the Re t ry  P r o -  
c e s s o r .  Note that  the Instruct ion P r o c e s s o r  need  not do a 
m e m o r y  fetch or  a confl ict  check for  ins t ruc t ions  p r e s e n t e d  
to it by the Re t ry  P r o c e s s o r ,  as i t  does for ins t ruc t ions  f rom 
the FIFO queue. 

3 . 2 . 2  The Conflict  P r o c e s s i n g  and Re t ry  Algor i thms .  
The confl ict  p r o c e s s i n g  de sc r ibed  below is functionally not 

8 s ignif icant ly  d i f ferent  f rom that of the 360/91 and the CDC 
6600 . The Implementat ion de sc r ibed  he re  d i f fe rs  in that  

Note that  we only compute one ins tance  of a va r iab le  at a 
t ime  to s impl i fy  bookkeeping and space  r e q u i r e m e n t s .  

the control  of the confl ict  p r o c e s s i n g  is kept  s imple  and is  
done pr incipal ly  by a m i c r o p r o c e s s o r  network.  F igure  6 
shows a somewhat  m o r e  detai led block d iag ram of the Re t ry  
Buffer ,  Dest inat ion RAM, a number  of s ta tus  b i t s ,  and 
some  queues built  up for an atypical  ins t ruc t ion  mix example  
with an ab~mdance of confl icts .  

The d i ag ram can be divided into two p a r t s .  The upper  
half  cons i s t s  p r i m a r i l y  of a 16-e lement  vec to r  of 20-bit  
dest inat ion a d d r e s s e s .  The i ' t h  e l ement  contains the des t i -  
nation ad d re s s  for  the r e s u l t  being computed in the i ' t h  
Execution stat ion.  (Status bits  and queues a s soc i a t ed  with 
the e l emen t  will be explained below. ) The d i ag ram shows 
var iab les  X, Y, B, and Z being computed.  

While the upper  half  thus pe r t a ins  to ins t ruc t ions  
a l ready  being executed,  the lower  half, i . e .  ~ the Re t ry  
Buffer ,  contains blocked ins t ruc t ions  awaiting execution.  
Fo r  example ,  X op Y P is  the f i r s t  blocked ins t ruc t ion .  
Since the Re t ry  Buffer  was empty ini t ial ly,  the f i r s t  few 
ins t ruc t ions  were  p laced  in the Re t ry  Buffer  in chronolog-  
ical  o rd e r .  20-bi t  des t inat ion a d d r e s s e s  of these  blocked 

ins t ruc t ions  (e. g . ,  P for  the f i r s t  one) a r e  s t o r e d  in an 
ident ical  f o rma t  to those  of executing ins t ruc t ions  in the top 
half. 

The combined vec to r  of up to 16 executing and 16 
blocked dest inat ion a d d r e s s e s  is  r e f e r r e d  to as the Des t ina-  
tion RAM. Its p r inc ipa l  purpose  is to allow the Conflict  
P r o c e s s o r  to de t e rmine  by d i r ec t  compar i son  with the 
en t r i e s  in this RAM whether  the re  is  a conflict .  Each of 
the t h ree  a d d r e s s e s  of an ins t ruc t ion  jus t  taken f r o m  the 
p r e p r o c e s s o r ' s  FIFO Queue is compared  agains t  all des t ina -  
tion operands  being computed (X, Y, B, Z) o r  about to be 
computed (P, C, Q, etc .  ). In rea l i ty  t he re  a r e  t h ree  iden-  
t ical  copies  of the en t i re  32 en t ry  vec to r  of des t inat ion 
a d d r e s s e s ,  which allows the compar i son  to take p lace  in 
l e s s  than 200 ns for all t h r ee  a d d r e s s e s  s imul taneously .  

The fo rma t  of a blocked ins t ruc t ion  in the Re t ry  Buffer 
is opcode,  A (source)  operand,  confl ict  tag A, B (source) 
operand,  confl ict  tag E, and C (destination) operand,  con- 
f l ic t  tag C. The confl ict  tags d is t inguish  a val id 32 bit o p e r -  
and f rom an invalid 20 bi t  ef fect ive  a d d r e s s .  

Thus in the f i r s t  ins t ruc t ion  X and Y a re  cur ren t ly  being 
computed (by execution s ta t ions  0 and 1, r espec t ive ly ) ,  as 
shown in the upper  half  of the Dest inat ion RAM. When the 
r e s u l t  of the source  operand  computation on which a blocked 
ins t ruc t ion  is waiting becomes  avai lable ,  ef fect ive  a d d r e s s e s  
a r e  r ep l aced  by the computed value in the Re t ry  Buffer  and 
the appropr ia te  confl ict  bits  a r e  c leared .  When X and Y 
become avai lable ,  t h e r e f o r e ,  the f i r s t  blocked ins t ruc t ion  
may be scheduled,  if  t he re  is  an avai lable s ta t ion.  

If a des t inat ion a d d r e s s  of a new ins t ruc t ion  confl icts  
with a p r i o r  computation of that  operand~ the C operand  con-  
f l ic t  tag is  u s e d  to indicate that  the new ins t ruc t ion  should 
not  be s t a r t e d  until  complet ion of the p r i o r  ins t ruc t ion  which 
computes  the s a m e  operand.  As an example~ locat ions 1 and 
4 contain computat ions of C; the confl ict  bit  is 0 for  the f i r s t  
but 1 for  the second  computation. In this manne r ,  i n s t ruc -  
t ions chronological ly  between the f i r s t  and second  computa-  
tion will get  the r igh t  v e r s i o n  of the twice -computed  operand.  
This avoids a c r i t i ca l  r a c e  in which the second  ins t ruc t ion ,  
if it  were  scheduled  and comple ted  before  the f i r s t  one was,  
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Figure 6. Retry Buffer and Destinatiqn RAM 

would s t o r e  i ts  r e su l t  in Data memory ,  only to be e r roneous ly  
overwr i t t en  when the f i r s t  completed**.  When the f i r s t  v e r -  
s ion of such an operand is available,  all in te rmedia te  i n s t ruc -  
tions which were  waiting on it as a source  a re  c l ea red  as 
before .  Similar ly ,  the confl ict  tag C on the second v e r s i o n ' s  
ins t ruct ion  is c leared ,  allowing it to be r e t r i e d  if  its sou rces  
a re  available.  

The Re t ry  P r o c e s s o r  is notif ied when a blocked i n s t ru c -  
tion has all t h r e e  confl ict  tags zeroed.  Additional buffer  
s ta tus  bits (shown to the lef t  of the Re t ry  Buffer) d is t inguish 
between s lo ts  with blocked ins t ruc t ions ,  s lo ts  waiting for  an 
Execution P r o c e s s o r ,  and f ree  s lo t s .  Since the o r d e r  in 
which ins t ruc t ions  a r e  scheduled  is not known beforehand 
and is a lmos t  ce r ta in ly  not chronological ,  the Re t ry  Buffer  
is f i l led at r andom using the f ree  location bi ts .  

Al te rna t ive ly ,  the second  ins t ruc t ion  could be s t a r t ed  as 
soon as i ts  operands  were  avai lable and its r e s u l t  t r ea t ed  
as if  it  were  an independent  entity. The redundant  f i r s t  
s t e r e  could then be obviated.  

As noted,  the computation of an operand should r e su l t  
in the r e p l a c e m e n t  of the ad d re s s  of that  operand  by its 
value in all  dependent  ins t ruc t ions  which use  the r e s u l t  as a 
sou rce ,  as well as in a data m e m o r y  s t o r e  operat ion.  Data 
flow dependencies  in an ins t ruc t ion  s t r e a m  are  typically 
modeled  as a d i r ec ted  graph  which could be encoded in a 
l inked l i s t  s t ruc tu re .  Instead the convention he re  is to s t o r e  
in a FIFO queue the Ret ry  Buffer  a d d r e s s e s  of all i n s t r uc -  
t ions fe tched which use  a given dest inat ion operand.  Each 
dest inat ion in the Destination RAM has such a queue, with 
between 0 and 16 en t r i e s .  (The queue bit in the upper  half 
of the Dest inat ion RAM faci l i ta tes  checking for empty queues.  ) 
Each e lement  in the queue cons is t s  of a 4 -b i t  Re t ry  Buffer 
add res s  (shown as a s ingle  hex digit) and a t h r e e - b i t  operand 
posi t ion mask  which is used  to identify which of the th ree  
operands  in the dependent  ins t ruct ion  is in conflict .  Fo r  
example ,  the th i rd  queue e l ement  for  r e s u l t  P computed by 
the f i r s t  ins t ruct ion  in the Re t ry  Buffer contains a 5, indi-  
cating that  Re t ry  Buffer ad d re s s  5 contains a dependent  
ins t ruc t ion ,  and a bit pa t t e rn  of 100 indicating that  the com-  
puted value should rep lace  the f i r s t  (A) operand  add re s s .  
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Simi l a r ly ,  the  second  queue e l e m e n t  of C a t  loca t ion  2 ind i -  
ca tes  tha t  the second  (B) ope rand  a d d r e s s  a t  loca t ion  3 is  to 
be r ep laced .  

A des t ina t ion  a d d r e s s  of a b locked i n s t r uc t i on  in the 
R e t r y  Buffer  will  be moved  to a s lo t  in the  u p p e r  16 words  of 
the  Des t ina t ion  RAM when i ts  i n s t r uc t i on  is  scheduled ,  and 
the queue of a d d r e s s e s  will s i m p l y  be copied to the new loca -  
t ion.  (Also, s ince  th is  s lo t  in the  R e t r y  Buffer  is  now a v a i l -  
ab le ,  the s t a tu s  bi ts  a r e  r e s e t  to O0. ) Fo r  example ,  when 
the f i r s t  i n s t ruc t i on ,  X ~ Y P,  is scheduled ,  P is put  in 
an Execut ion  s t a t ion  s lo t  in the  Des t ina t ion  RAM, i ts  s t a tus  
b i t s  a r e  c l ea r ed ,  and i ts  queue is  copied.  When P is  a v a i l -  
able ,  the  f i r s t  queue e l e m e n t  ind ica tes  tha t  r e t r y  s lo t  two is  
to have  i t s  A ope ran d  a s s i g n e d  the va lue  P;  l ikewise ,  P will 
be put  in the A ope rand  of the  t h i r d  and fif th In s t ruc t i ons .  In 
ca se  of a 1 b i t  In the  t h i r d  pos i t ion ,  no va lue  need  be s u b s t i -  
tu ted  but  the  conf l ic t  tag is c l e a r e d  to al low the i n s t ruc t i on  to 
p roceed .  F o r  example ,  when C in s lo t  1 is computed,  i t s  
t h i r d  queue e l e m e n t  will cause  the conf l ic t  tag  C of the  
Ins t ruc t ion  a t  4 to be  c l ea red .  

To fac i l i t a te  bui lding d i s t i nc t  queues  for  m u l t i p l y - c o m -  
puted v a r i a b l e s ,  the C (cu r ren t )  b i t  nex t  to a des t ina t ion  
a d d r e s s  is s e t  to 1 for  the  c u r r e n t  ( la tes t )  copy of a g iven  
v a r i a b l e / d e s t i n a t i o n  a d d r e s s .  A new en t ry  in the  R e t r y  Buf-  
f e r  can then  have i ts  a d d r e s s  and f ie ld  b i t s  pu t  into the  queue 
of the  c u r r e n t  des t ina t ion  v a r i a b l e .  

It should  again  be no ted  tha t  the schedul ing  and con f l i c t /  
r e t r y  a l g o r i t h m s  a r e  c o n s e r v a t i v e  in o r d e r  to keep t hem 
s imp le ,  cheap to imp lemen t ,  and adequate ly  fast .  Special  
cas ing  could be u s e d  to do m o r e  op t imal  schedul ing ,  and 
keep the execut ion  s t a t ions  b u s i e r .  Since they a r e  cheap,  
however ,  i d l enes s  is  not  a ca rd ina l  s in .  Also ,  an o p t i m i z -  
ing c o m p i l e r  10 can help p roduce  i n s t r uc t i on  s t r e a m s  which 
r e d u c e  In s t ruc t i on  conf l ic ts  and t h e r e f o r e  al low m o r e  execu-  
t ion concu r r ency .  

4. S u m m a r y  

We have p r e s e n t e d  a h i g h - l e v e l  de s c r i p t i on  of a cheap 
CPU a r c h i t e c t u r e  which u s e s  ne tworks  of m i c r o p r o c e s s o r s  
to e f fec t  a p ipe l ined  a r c h i t e c t u r e  well  su i t ed  to n u m b e r -  
c runch ing ,  e. g . ,  l a r g e  v e c t o r  and m a t r i x  man ipu la t ions .  
Many de ta i l s  have  been  lef t  unspec i f i ed  even in the much  
m o r e  de ta i led  des ign  p r e s e n t e d  i n l l  and need  to be r e s o l v e d  
th rough  de ta i led  s imula t ion .  Also ,  such  fac i l i t i es  as  s t r i n g  
handl ing,  L/O, v i r t u a l  m e m o r y ,  and opera t ing  s y s t e m  suppo r t  
need  spec i a l  t r e a t m e n t  and some  addi t ional  h a r d w a r e .  How- 
e v e r ,  p r e l i m i n a r y  ca lcu la t ions  show tha t  th i s  type of a r c h i -  
t e c t u r e  can make  v e r y  good u s e  of  dynamica l ly  m i c r o p r o -  
g r a m m a b l e  m i c r o p r o c e s s o r s  to ach ieve  p a r a l l e l i s m  and 
t h e r e f o r e  high throughput .  The expec ted  p e r f o r m a n c e  is  
v e r y  compet i t ive  with all  but  the  b igges t  ex i s t ing  p r o c e s s o r s ,  
a t  g r ea t l y  r e d u c e d  cos t  and g r e a t e r  modu la r i ty  and expand-  
abi l i ty .  F o r  example ,  m e m o r y  and buf fers  can be en la rged ,  
m o r e  execut ion  s ta t ions  can be added,  and s l o w e r  m i c r o p r o -  
c e s s o r s  can be r ep l aced ,  where  needed ,  by f a s t e r  ones  or  
h a r d w i r e d  logic.  

In many  ca se s  the u s e  of a m i c r o p r o c e s s o r  in our  s y s -  
t e m  may  be " o v e r k i l l " .  Our goal was to develop a mach ine  
as f r ee  of h a r d w i r e d  logic as  pos s ib l e ,  so m i c r o p r o c e s s o r s  
were  u sed  for  n e a r l y  e v e r y  f eas ib le  s t a t ion  in the p ipe l ine .  

In addit ion,  we feel  tha t  the  c u r r e n t  t echnolog ica l  t r e n d  ind i -  
ca tes  tha t  ove rk i l l  may  be economica l ly  ju s t i f i cab le  before  
v e r y  long, i . e . ,  the cos t  of h a r d w a r e  will ou t s t r i p  the  cos t  
of a m i c r o p r o c e s s o r  with  f i r m w a r e  for  even  t r i v i a l  i m p l e -  
men ta t i ons .  
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