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Types	  of	  Caches	  

•  Direct-‐mapped	  caches	  
– Each	  block	  maps	  into	  a	  single	  place	  (row)	  

•  Fully	  associaTve	  caches	  
– A	  block	  maps	  into	  anywhere	  

•  N-‐way	  set	  associaTve	  caches	  
– Each	  block	  maps	  into	  N	  places	  (rows)	  
– Maps	  into	  a	  set,	  and	  N	  rows	  per	  set	  
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Sources	  of	  Cache	  Misses:	  The	  3Cs	  

•  Compulsory	  
– Misses	  for	  1st	  reference	  of	  data	  

•  Capacity	  
– Caused	  because	  a	  cache	  cannot	  contain	  all	  
necessary	  blocks	  

•  Conflict	  
– MulTple	  memory	  blocks	  mapped	  to	  the	  same	  
cache	  locaTon	  
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Cache	  Design	  Space	  

•  Cache	  parameters	  
– Cache	  size	  
– Block	  size	  
– AssociaTvity	  
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The Cache Design Space
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Several interacting dimensions

• Cache parameters:
– Cache size, Block size, Associativity

• Policy choices:
– Write-through vs. write-back

– Write allocation vs. no-write allocation

– Replacement policy

• Optimal choice is a compromise
– Depends on access characteristics

● Workload and use (I$, D$)

– Depends on technology / cost

• Simplicity often wins

(Associativity)

Cache Size

Block Size
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Impact	  of	  changing	  cache	  parameters	  

•  Larger	  cache	  size	  
+	  Less	  capacity	  misses	  (cache	  can	  contain	  more	  data)	  
-‐	  Longer	  hit	  Tme	  (longer	  signal	  path)	  

•  Larger	  block	  size	  
+	  Less	  compulsory	  misses	  (less	  misses	  to	  get	  the	  same	  
amount	  of	  cold	  data)	  
-‐	  Higher	  miss	  penalty	  (loads	  more	  data	  at	  each	  miss)	  
-‐	  May	  increase	  conflict	  misses	  

•  Higher	  set	  associaTvity	  
+	  Less	  conflict	  misses	  (more	  blocks	  per	  set,	  less	  collisions)	  
-‐	  Longer	  hit	  Tme	  (more	  tags	  to	  be	  matched)	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  



6	  

Average	  Memory	  Access	  Time	  (AMAT)	  

•  AMAT	  =	  Hit	  Tme	  +	  Miss	  rate	  ×	  Miss	  penalty	  
•  Reducing	  hit	  Tme	  
–  Smaller	  caches	  (A	  main	  reason	  for	  why	  we	  have	  small	  
L1	  caches)	  

•  Reducing	  miss	  rate	  
–  Find	  an	  opTmal	  point	  with	  three	  cache	  parameters	  
(cache	  size,	  block	  size,	  and	  set	  associaTvity)	  

•  Reducing	  miss	  penalty	  
– Add	  lower	  level	  (L2	  or	  L3)	  caches	  
– Ge_ng	  data	  from	  lower	  level	  (L2	  or	  L3)	  caches	  rather	  
than	  going	  all	  the	  way	  to	  the	  memory	  
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Cache	  coherence	  
•  Shared	  memory	  mulTprocessor	  
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Parallel Processing:
Multiprocessor Systems (MIMD)

• Multiprocessor (MIMD): a computer system 
with at least 2 processors

– Use term core for processor (“multicore”)

1. Deliver high throughput for independent jobs 
via request-level or task-level parallelism

07/17/2014 Summer 2014 -- Lecture #15 15

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory I/O

•  Cache	  coherence	  
–  When	  the	  same	  memory	  block	  is	  cached	  by	  mulTple	  processors,	  
we	  need	  to	  ensure	  everyone	  sees	  the	  same	  data	  

–  What	  happens	  when	  a	  processor	  writes	  on	  a	  shared	  memory	  
block?	  

–  The	  memory	  block	  on	  other	  caches	  must	  be	  invalidated	  (Cache	  
coherence	  –	  write	  invalidate	  protocol)	  

–  When	  a	  processor	  accesses	  an	  invalidated	  block,	  it	  gets	  a	  cache	  
miss	  and	  should	  read	  the	  new	  data	  from	  memory	  (coherence	  
miss)	  
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Cache	  coherence	  
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•  False	  sharing	  problem	  
–  Both	  variables	  x	  and	  y	  happen	  to	  be	  in	  the	  same	  cache	  block	  
–  Proc0	  writes	  on	  x	  while	  Proc1	  writes	  on	  y	  
–  What	  is	  the	  problem	  with	  this?	  
–  The	  cache	  block	  has	  to	  be	  invalidated	  even	  though	  they’re	  not	  
wriTng	  on	  the	  same	  data	  

–  False	  sharing!	  
–  Unwanted	  cache	  misses	  for	  the	  invalidated	  block	  (recall	  lab8	  
exercise	  1)	  

Cache	  coherence	  
•  Shared	  memory	  mulTprocessor	  

Parallel Processing:
Multiprocessor Systems (MIMD)

• Multiprocessor (MIMD): a computer system 
with at least 2 processors

– Use term core for processor (“multicore”)

1. Deliver high throughput for independent jobs 
via request-level or task-level parallelism

07/17/2014 Summer 2014 -- Lecture #15 15

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory I/O
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Cache	  quesTons	  
•  Summer	  ’14	  Midterm	  

–  32-‐bit	  byte	  addressed	  MIPS	  
–  A	  two-‐way	  set	  associaTve	  16KiB	  cache,	  a	  write-‐back	  

policy,	  and	  64B	  blocks	  
–  Assume	  a	  list	  of	  arrays	  containing	  960	  (i.e.	  15*64	  ints)	  

elements	  
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cs61c- 7

Q5: Money, it’s cache, stick it in your computer and maaake it fast.
For this problem we will be working on a 32-bit byte addressed MIPS machine, with a single
two-way set-associatve 16KiB cache, a write-back policy, and 64B blocks.

(a) Specify the T:I:O breakup for our system:

(b) How many bits of hardware are there in each row of the cache?

A linked list of arrays is a data structure which seeks to provide a compromise between using
arrays for collections of data and using linked lists for collections of data. A possible definition for
such a data structure is presented below, along with two di�erent versions of a copy function:
# define ARRAYNESS 15
typedef struct list {

int vals[ ARRAYNESS ];
struct list *next;

} list;

/* Version 1 */
void copy1(list *dst , list *src) {

int i;
while (src) {

for (i=0; i< ARRAYNESS ; i++)
dst ->vals[i] = src ->vals[i];

src = src ->next;
dst = dst ->next;

}
}

/* Version 2 */
void copy2(list *dst , list *src) {

int i;
for (i=0; i< ARRAYNESS ; i++) {

lst *src2 = src , *dst2 = dst;
while (src2) {

dst2 ->vals[i] = src2 ->vals[i];
src2 = src2 ->next;
dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy

(c) What is the best-case hit rate for version 1 of the code? Version 2?

(d) What is the worst-case hit rate for version 1 of the code? Version 2?
The subquestions below are three independent variations on the original cache settings.

(e) If our cache were 4-way set associative, what would the best case hit rate be for version
2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?

(g) If our cache were only 1KiB, what would the best case hit rate be for version 1?

•  Version1:	  Copy	  the	  whole	  array	  first,	  
then	  move	  on	  to	  the	  next	  node	  in	  the	  
linked	  list	  

•  Version2:	  Copy	  the	  ith	  elements	  of	  each	  array	  
through	  the	  linked	  list,	  then	  move	  on	  the	  i+1th	  
elements	  of	  each	  array	  

•  The	  size	  of	  struct	  list	  is	  64B	  
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Cache	  quesTons	  
•  Summer	  ’14	  Midterm	  

–  32-‐bit	  byte	  addressed	  MIPS	  
–  A	  two-‐way	  set	  associaTve	  16KiB	  cache,	  a	  write-‐back	  

policy,	  and	  64B	  blocks	  
–  Assume	  a	  list	  of	  arrays	  containing	  960	  (i.e.	  15*64	  ints)	  

elements	  

cs61c- 7

Q5: Money, it’s cache, stick it in your computer and maaake it fast.
For this problem we will be working on a 32-bit byte addressed MIPS machine, with a single
two-way set-associatve 16KiB cache, a write-back policy, and 64B blocks.
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void copy2 (list *dst , list *src) {

int i;
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dst2 ->vals[i] = src2 ->vals[i];
src2 = src2 ->next;
dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy
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2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?
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•  In	  the	  best	  case,	  
–  dst	  ==	  src	  
–  Every	  struct	  list	  fits	  in	  a	  cache	  block	  (block	  aligned)	  
–  No	  conflict	  misses	  

•  Version1	  –	  	  1	  compulsory	  miss	  per	  32	  accesses	  to	  each	  struct	  list	  	  
–  dst-‐>vals[i]	  (15	  writes),	  src-‐>vals[i]	  (15	  reads),	  src-‐>next	  (1	  read),	  dst-‐>next	  (1	  read)	  for	  each	  while	  iteraTon	  

•  Version2	  –	  	  1	  compulsory	  miss	  per	  struct	  list,	  64	  misses	  in	  total	  over	  15	  *	  64	  *	  4	  memory	  accesses	  in	  total	  
–  15	  iteraTon	  for	  the	  for	  loop,	  64	  iteraTons	  for	  the	  while	  loop,	  4	  accesses	  for	  each	  while	  loop	  iteraTon,	  in	  total	  15	  *	  64	  *	  4	  accesses	  
–  Miss	  rate	  =	  64	  /	  (15*64*4)	  =	  1/60,	  so	  hit	  rate	  =	  59/60	  

31/32	   59/60	  
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Cache	  quesTons	  
•  Summer	  ’14	  Midterm	  
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to copy
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•  In	  the	  worst	  case,	  
–  dst	  !=	  src	  
–  Every	  struct	  list	  appears	  in	  two	  cache	  blocks	  (not	  block	  aligned)	  
–  Every	  block	  maps	  to	  the	  same	  set	  (two-‐ways	  -‐>	  two	  rows	  per	  set)	  

•  Version	  1	  –	  4	  compulsory	  misses	  (2	  misses	  for	  both	  dst	  and	  src)	  per	  32	  accesses	  	  
•  Version	  2	  	  

–  All	  accesses	  are	  cache	  misses	  due	  to	  conflicts	  (two	  rows	  per	  set,	  two	  blocks	  per	  struct	  list)	  

7/8	   0	  
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dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy

(c) What is the best-case hit rate for version 1 of the code? Version 2?

(d) What is the worst-case hit rate for version 1 of the code? Version 2?
The subquestions below are three independent variations on the original cache settings.

(e) If our cache were 4-way set associative, what would the best case hit rate be for version
2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?

(g) If our cache were only 1KiB, what would the best case hit rate be for version 1?

•  Version1:	  Copy	  the	  whole	  array	  first,	  
then	  move	  on	  to	  the	  next	  node	  in	  the	  
linked	  list	  

•  Version2:	  Copy	  the	  ith	  elements	  of	  each	  array	  
through	  the	  linked	  list,	  then	  move	  on	  the	  i+1th	  
elements	  of	  each	  array	  

•  The	  size	  of	  struct	  list	  is	  64B	  

cs61c- 7

Q5: Money, it’s cache, stick it in your computer and maaake it fast.
For this problem we will be working on a 32-bit byte addressed MIPS machine, with a single
two-way set-associatve 16KiB cache, a write-back policy, and 64B blocks.

(a) Specify the T:I:O breakup for our system:

(b) How many bits of hardware are there in each row of the cache?

A linked list of arrays is a data structure which seeks to provide a compromise between using
arrays for collections of data and using linked lists for collections of data. A possible definition for
such a data structure is presented below, along with two di�erent versions of a copy function:
# define ARRAYNESS 15
typedef struct list {

int vals[ ARRAYNESS ];
struct list *next;

} list;

/* Version 1 */
void copy1(list *dst , list *src) {

int i;
while (src) {

for (i=0; i< ARRAYNESS ; i++)
dst ->vals[i] = src ->vals[i];

src = src ->next;
dst = dst ->next;

}
}

/* Version 2 */
void copy2(list *dst , list *src) {

int i;
for (i=0; i< ARRAYNESS ; i++) {

lst *src2 = src , *dst2 = dst;
while (src2) {

dst2 ->vals[i] = src2 ->vals[i];
src2 = src2 ->next;
dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy

(c) What is the best-case hit rate for version 1 of the code? Version 2?

(d) What is the worst-case hit rate for version 1 of the code? Version 2?
The subquestions below are three independent variations on the original cache settings.

(e) If our cache were 4-way set associative, what would the best case hit rate be for version
2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?

(g) If our cache were only 1KiB, what would the best case hit rate be for version 1?

•  Same	  as	  (c),	  in	  the	  best	  case,	  
–  dst	  ==	  src	  
–  Every	  struct	  list	  fits	  in	  a	  cache	  block	  (block	  aligned)	  
–  No	  conflict	  misses	  

•  Version2	  –	  1	  compulsory	  miss	  per	  struct	  list,	  64	  misses	  in	  total	  over	  15	  *	  64	  *	  4	  memory	  accesses	  in	  total	  
–  15	  iteraTon	  for	  the	  for	  loop,	  64	  iteraTons	  for	  the	  while	  loop,	  4	  accesses	  for	  each	  while	  loop	  iteraTon,	  in	  total	  15	  *	  64	  *	  4	  accesses	  
–  Miss	  rate	  =	  64	  /	  (15*64*4)	  =	  1/60,	  so	  hit	  rate	  =	  59/60	  

59/60	  
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Cache	  quesTons	  
•  Summer	  ’14	  Midterm	  

–  32-‐bit	  byte	  addressed	  MIPS	  
–  A	  two-‐way	  set	  associaTve	  16KiB	  cache,	  a	  write-‐back	  

policy,	  and	  64B	  blocks	  
–  Assume	  a	  list	  of	  arrays	  containing	  960	  (i.e.	  15*64	  ints)	  

elements	  

cs61c- 7

Q5: Money, it’s cache, stick it in your computer and maaake it fast.
For this problem we will be working on a 32-bit byte addressed MIPS machine, with a single
two-way set-associatve 16KiB cache, a write-back policy, and 64B blocks.

(a) Specify the T:I:O breakup for our system:

(b) How many bits of hardware are there in each row of the cache?

A linked list of arrays is a data structure which seeks to provide a compromise between using
arrays for collections of data and using linked lists for collections of data. A possible definition for
such a data structure is presented below, along with two di�erent versions of a copy function:
# define ARRAYNESS 15
typedef struct list {

int vals[ ARRAYNESS ];
struct list *next;

} list;

/* Version 1 */
void copy1(list *dst , list *src) {

int i;
while (src) {

for (i=0; i< ARRAYNESS ; i++)
dst ->vals[i] = src ->vals[i];

src = src ->next;
dst = dst ->next;

}
}

/* Version 2 */
void copy2(list *dst , list *src) {

int i;
for (i=0; i< ARRAYNESS ; i++) {

lst *src2 = src , *dst2 = dst;
while (src2) {

dst2 ->vals[i] = src2 ->vals[i];
src2 = src2 ->next;
dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy

(c) What is the best-case hit rate for version 1 of the code? Version 2?

(d) What is the worst-case hit rate for version 1 of the code? Version 2?
The subquestions below are three independent variations on the original cache settings.

(e) If our cache were 4-way set associative, what would the best case hit rate be for version
2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?

(g) If our cache were only 1KiB, what would the best case hit rate be for version 1?

•  Version1:	  Copy	  the	  whole	  array	  first,	  
then	  move	  on	  to	  the	  next	  node	  in	  the	  
linked	  list	  

•  Version2:	  Copy	  the	  ith	  elements	  of	  each	  array	  
through	  the	  linked	  list,	  then	  move	  on	  the	  i+1th	  
elements	  of	  each	  array	  

•  The	  size	  of	  struct	  list	  is	  64B	  

cs61c- 7

Q5: Money, it’s cache, stick it in your computer and maaake it fast.
For this problem we will be working on a 32-bit byte addressed MIPS machine, with a single
two-way set-associatve 16KiB cache, a write-back policy, and 64B blocks.

(a) Specify the T:I:O breakup for our system:

(b) How many bits of hardware are there in each row of the cache?

A linked list of arrays is a data structure which seeks to provide a compromise between using
arrays for collections of data and using linked lists for collections of data. A possible definition for
such a data structure is presented below, along with two di�erent versions of a copy function:
# define ARRAYNESS 15
typedef struct list {

int vals[ ARRAYNESS ];
struct list *next;

} list;

/* Version 1 */
void copy1(list *dst , list *src) {

int i;
while (src) {

for (i=0; i< ARRAYNESS ; i++)
dst ->vals[i] = src ->vals[i];

src = src ->next;
dst = dst ->next;

}
}

/* Version 2 */
void copy2(list *dst , list *src) {

int i;
for (i=0; i< ARRAYNESS ; i++) {

lst *src2 = src , *dst2 = dst;
while (src2) {

dst2 ->vals[i] = src2 ->vals[i];
src2 = src2 ->next;
dst2 = dst2 ->next;

}
}

}

Assuming that we have a list of arrays containing 960 (i.e. 15 · 64 ints) elements which we wish
to copy

(c) What is the best-case hit rate for version 1 of the code? Version 2?

(d) What is the worst-case hit rate for version 1 of the code? Version 2?
The subquestions below are three independent variations on the original cache settings.

(e) If our cache were 4-way set associative, what would the best case hit rate be for version
2?

(f) If our cache were fully associative, what would the worst case hit rate be for version 2?

(g) If our cache were only 1KiB, what would the best case hit rate be for version 1?
•  Similar	  to	  (d),	  in	  the	  worst	  case,	  

–  dst	  !=	  src	  
–  Every	  struct	  list	  appears	  in	  two	  cache	  blocks	  (not	  block	  aligned)	  
–  Every	  block	  maps	  to	  the	  same	  set	  (two-‐ways	  -‐>	  two	  rows	  per	  set)	  

•  Version2	  –	  But,	  we	  don’t	  have	  conflict	  misses	  since	  the	  cache	  is	  fully	  associaTve	  
–  4	  compulsory	  misses	  per	  struct	  list,	  64	  *	  4	  misses	  in	  total	  over	  15	  *	  64	  *	  4	  memory	  accesses	  in	  total	  
–  15	  iteraTon	  for	  the	  for	  loop,	  64	  iteraTons	  for	  the	  while	  loop,	  4	  accesses	  for	  each	  while	  loop	  iteraTon,	  in	  total	  15	  *	  64	  *	  4	  

accesses	  
–  Miss	  rate	  =	  (64	  *	  4)	  /	  (15*64*4)	  =	  1/15,	  so	  hit	  rate	  =	  14/15	  

14/15	  
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CPU	  Datapath	  and	  Control	  
•  CPU	  Datapath	  
–  Part	  of	  the	  CPU	  
– Hardware	  necessary	  to	  perform	  all	  operaTons	  
–  Includes	  	  

•  All	  registers	  (including	  PC,	  and	  those	  in	  the	  register	  file)	  
•  FuncTonal	  units	  (adders,	  sign	  extenders,	  ALU)	  
•  Memory	  (e.g.	  instrucTon	  and	  data	  caches)	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  

Generic Datapath Layout

• Break up the process of “executing an instruction”
– Smaller phases easier to design and modify 

independently

7/28/2014 Summer 2014 -- Lecture #20 11
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CPU	  Datapath	  and	  Control	  
•  CPU	  control	  signals	  
–  Route	  parts	  of	  datapath:	  control	  signals	  for	  muxes	  
–  Control	  funcTonal	  units:	  e.g.	  ALUctr,	  ExtOp	  
–  Specify	  write	  enable	  signals	  for	  storage	  elements	  (e.g.	  
register	  file,	  memory)	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  

MIPS-lite Datapath Control Signals
ExtOp: 0 → “zero”; 1 → “sign”
ALUsrc: 0 → busB; 1 → imm16
ALUctr: “ADD”, “SUB”, “OR”
nPC_sel: 0 → +4; 1 → branch

MemWr: 1 → write memory

MemtoReg: 0 → ALU; 1 → Mem

RegDst: 0 → “rt”; 1 → “rd”

RegWr: 1 → write register
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=
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CPU	  Datapath	  and	  Control	  
•  Spring	  ’07	  final	  Name: _______________________________  Login: cs61c-____

7/10

 Question F2: Control and Datapath (18 Points – 24 Minutes)

Modify the following single cycle MIPS datapath diagram to accomodate a new instruction swai (store
word then auto-increment). The operation performs the regular sw operation, then post-increments the
rs register by 1. Your modification may use simple adders, mux chips, wires, and new control signals.
You may replace original labels where necessary. Recall the RTL for sw is:
Mem[ R[rs] + SignExt[imm16] ] = R[rt]; PC=PC+4, & that sw (and swai) has the following fields:

Opcode Rs Rt Immediate

a) Modify the picture above and list your changes below. You may not need all the boxes.
Please write them in “pipeline stage order” (i.e., changes affecting IF first, MEM next, etc)

(A)

(B)

(C)

(D)

(E)

(F)

b) We also wish to do the same thing with lw, namely create lwai. Will this work?
Circle YES or NO and argue your point in one sentence. (3 points)

 YES    NO    because

•  Implement	  a	  new
	  instrucTo

n	  by	  modifying	  

the	  curren
t	  datapat

h	  and	  con
trol!!	  
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Name: _______________________________  Login: cs61c-____

7/10

 Question F2: Control and Datapath (18 Points – 24 Minutes)

Modify the following single cycle MIPS datapath diagram to accomodate a new instruction swai (store
word then auto-increment). The operation performs the regular sw operation, then post-increments the
rs register by 1. Your modification may use simple adders, mux chips, wires, and new control signals.
You may replace original labels where necessary. Recall the RTL for sw is:
Mem[ R[rs] + SignExt[imm16] ] = R[rt]; PC=PC+4, & that sw (and swai) has the following fields:

Opcode Rs Rt Immediate

a) Modify the picture above and list your changes below. You may not need all the boxes.
Please write them in “pipeline stage order” (i.e., changes affecting IF first, MEM next, etc)

(A)

(B)

(C)

(D)

(E)

(F)

b) We also wish to do the same thing with lw, namely create lwai. Will this work?
Circle YES or NO and argue your point in one sentence. (3 points)

 YES    NO    because

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  

•  swai	  –	  store	  word,	  then	  increment	  rs	  by	  1	  
•  RTL	  (Register	  Transfer	  Language)	  
– Mem[	  R[rs]	  +	  SignExt[imm16]	  ]	  =	  R[rt];	  (same	  as	  store)	  
–  R[rs]	  =	  R[rs]	  +	  1	  
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•  Modify	  datapath	  for	  R[rs]	  =	  R[rs]	  +	  1	  

	  

R[rs]	  

	  	  	  	  0	  	  	  	  	  	  	  	  	  	  	  	  	  1	  	  	  	  	  	  	  	  	  	  	  2	  

+	  1	  Rs	  

CPU	  Datapath	  and	  Control	  
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R[rs]	  

+	  1	  

	  	  	  	  0	  	  	  	  	  	  	  	  	  	  	  	  	  1	  	  	  	  	  	  	  	  	  	  	  2	  

Rs	  

CPU	  Datapath	  and	  Control	  
•  Modify	  datapath	  for	  R[rs]	  =	  R[rs]	  +	  1	  
•  Modify	  control	  signals	  for	  muxes	  

•  MemtoReg:	  width	  1bit	  -‐>	  2bits,	  selects	  R[rs]+1	  for	  swai	  instrucTon	  
•  RegDst:	  width	  1bit	  -‐>	  2bits,	  selects	  Rs	  for	  swai	  instrucTon	  
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CPU	  Pipelining	  Stages	  

•  What	  happens	  in	  each	  pipeline	  stage?	  
•  Registers?	  
–  Hold	  informaTon	  produced	  in	  the	  previous	  cycle	  

•  Main	  benefit	  of	  pipelining	  
–  Shorter	  criTcal	  path	  -‐>	  faster	  clock	  rate	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  

Pipelined Datapath

• Add registers between stages
– Hold information produced in previous cycle

• 5 stage pipeline
– Clock rate potentially 5x faster

1. Instruction
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2. Decode/
    Register Read

3. Execute 4. Memory 5. Write
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7/29/2014 65Summer 2014-- Lecture #21
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Pipelining	  Hazards	  

•  A	  hazard	  prevents	  starTng	  the	  next	  instrucTon	  
in	  the	  next	  cycle	  

•  Type	  of	  hazards	  
– Structural	  hazard	  

•  Resource	  is	  needed	  in	  mulTple	  stages	  
– Data	  hazard	  

•  Data	  dependency	  between	  instrucTons	  
– Control	  hazard	  

•  ExecuTon	  flow	  depends	  on	  previous	  instrucTon	  (e.g.	  
branches	  and	  jumps)	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  
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CPU	  Pipelining	  quesTons	  
•  Summer	  ’12	  final	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  
10�

�

Question�6:��Watch�Your�(Time)�Step!�(14�points,�26�minutes)�

Consider�the�following�difference�equation�(i.e.�differential�equation�that�is�discretized�in�time):�

 x[n+1] - x[n] = -alpha*x[n] 

 x[n+1] = (1-alpha)*x[n] 

Here�we�restrict�ourselves�to�integer�values�of�alpha�and�use�the�following�integration�function:�

  # $a0 -> addr of array to store x[i] (assume x[0] is already set) 

  # $a1 -> length of array/integration 

  # $a2 -> alpha 

 integrate: 

1  beq   $a1,$0,exit 

2  sub   $t0,$0,$a2   # $t0 = -alpha 

3  addi  $t0,$t0,1    # $t0 = 1-alpha 

4  lw    $t1,0($a0)   # $t1 = x[n] 

5  mult  $t0,$t1 

6  mflo  $t1          # $t1 = (1-alpha)*x[n] 

7  sw    $t1,4($a0)   # x[n+1] = (1-alpha)*x[n] 

8  addiu $a0,$a0,4 

9  addiu $a1,$a1,-1 

10  j     integrate 

11 exit: jr    $ra 

We�are�using�a�5Ͳstage�MIPS�pipelined�datapath�with�separate�I$�and�D$�that�can�read�and�write�to�
registers�in�a�single�cycle.��Assume�no�other�optimizations�(no�forwarding,�etc.).��The�default�behavior�is�
to�stall�when�necessary.��Multiplication�and�branch�checking�are�done�during�EX�and�the�HI�and�LO�
registers�are�read�during�ID�and�written�during�WB.�

a) As�a�reminder,�Tc�stands�for�“time�between�completions�of�instructions.”��Given�the�following�
datapath�stage�times,�what�is�the�ratio�Tc,singleͲcycle/Tc,pipelined?� _____________�

IF� ID� EX� MEM� WB�
200�ps� 100�ps� 400�ps� 200�ps� 100�ps�

b) Count�the�number�of�the�different�types�of�potential�hazards�found�in�the�code�above:�

�� Structural:�_____________� Data:�_____________� Control:�_____________�
� �

•  Tc,single-‐cycle	  =	  200+100+400+200+100	  =	  1000	  
•  Tc,pipelined	  =	  Max(200,100,400,200,100)	  =	  400	  
•  Tc,single-‐cycle	  /	  Tc,pipelined	  	  =	  1000/400	  =	  5/2	  
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10�

�

Question�6:��Watch�Your�(Time)�Step!�(14�points,�26�minutes)�

Consider�the�following�difference�equation�(i.e.�differential�equation�that�is�discretized�in�time):�

 x[n+1] - x[n] = -alpha*x[n] 

 x[n+1] = (1-alpha)*x[n] 

Here�we�restrict�ourselves�to�integer�values�of�alpha�and�use�the�following�integration�function:�
  # $a0 -> addr of array to store x[i] (assume x[0] is already set) 
  # $a1 -> length of array/integration 
  # $a2 -> alpha 
 integrate: 
1  beq   $a1,$0,exit 
2  sub   $t0,$0,$a2   # $t0 = -alpha 
3  addi  $t0,$t0,1    # $t0 = 1-alpha 
4  lw    $t1,0($a0)   # $t1 = x[n] 
5  mult  $t0,$t1 
6  mflo  $t1          # $t1 = (1-alpha)*x[n] 
7  sw    $t1,4($a0)   # x[n+1] = (1-alpha)*x[n] 
8  addiu $a0,$a0,4 
9  addiu $a1,$a1,-1 
10  j     integrate 
11 exit: jr    $ra 

We�are�using�a�5Ͳstage�MIPS�pipelined�datapath�with�separate�I$�and�D$�that�can�read�and�write�to�
registers�in�a�single�cycle.��Assume�no�other�optimizations�(no�forwarding,�etc.).��The�default�behavior�is�
to�stall�when�necessary.��Multiplication�and�branch�checking�are�done�during�EX�and�the�HI�and�LO�
registers�are�read�during�ID�and�written�during�WB.�

a) As�a�reminder,�Tc�stands�for�“time�between�completions�of�instructions.”��Given�the�following�
datapath�stage�times,�what�is�the�ratio�Tc,singleͲcycle/Tc,pipelined?� 1000/400=5/2�
1pt�all�of�nothing�

IF� ID� EX� MEM� WB�
200�ps� 100�ps� 400�ps� 200�ps� 100�ps�

b) Count�the�number�of�the�different�types�of�potential�hazards�found�in�the�code�above:�

�� Structural:�____0____� Data:�____6____� Control:�____3____�

� None� @�2Ͳ3,�3Ͳ5,�4Ͳ5,� @�1,�10,�11�
� � �����5Ͳ6,�6Ͳ7,�9Ͳ1�

1�pt�for�Structural�
1�pt�for�3�Control�or�0.5�for�2�Control�
3�pts�for�Data:�0.5�pt�for�each�

�

CPU	  Pipelining	  quesTons	  
•  Summer	  ’12	  final	  
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Question�6:��Watch�Your�(Time)�Step!�(14�points,�26�minutes)�

Consider�the�following�difference�equation�(i.e.�differential�equation�that�is�discretized�in�time):�

 x[n+1] - x[n] = -alpha*x[n] 

 x[n+1] = (1-alpha)*x[n] 

Here�we�restrict�ourselves�to�integer�values�of�alpha�and�use�the�following�integration�function:�
  # $a0 -> addr of array to store x[i] (assume x[0] is already set) 
  # $a1 -> length of array/integration 
  # $a2 -> alpha 
 integrate: 
1  beq   $a1,$0,exit 
2  sub   $t0,$0,$a2   # $t0 = -alpha 
3  addi  $t0,$t0,1    # $t0 = 1-alpha 
4  lw    $t1,0($a0)   # $t1 = x[n] 
5  mult  $t0,$t1 
6  mflo  $t1          # $t1 = (1-alpha)*x[n] 
7  sw    $t1,4($a0)   # x[n+1] = (1-alpha)*x[n] 
8  addiu $a0,$a0,4 
9  addiu $a1,$a1,-1 
10  j     integrate 
11 exit: jr    $ra 

We�are�using�a�5Ͳstage�MIPS�pipelined�datapath�with�separate�I$�and�D$�that�can�read�and�write�to�
registers�in�a�single�cycle.��Assume�no�other�optimizations�(no�forwarding,�etc.).��The�default�behavior�is�
to�stall�when�necessary.��Multiplication�and�branch�checking�are�done�during�EX�and�the�HI�and�LO�
registers�are�read�during�ID�and�written�during�WB.�

a) As�a�reminder,�Tc�stands�for�“time�between�completions�of�instructions.”��Given�the�following�
datapath�stage�times,�what�is�the�ratio�Tc,singleͲcycle/Tc,pipelined?� 1000/400=5/2�
1pt�all�of�nothing�

IF� ID� EX� MEM� WB�
200�ps� 100�ps� 400�ps� 200�ps� 100�ps�

b) Count�the�number�of�the�different�types�of�potential�hazards�found�in�the�code�above:�

�� Structural:�____0____� Data:�____6____� Control:�____3____�

� None� @�2Ͳ3,�3Ͳ5,�4Ͳ5,� @�1,�10,�11�
� � �����5Ͳ6,�6Ͳ7,�9Ͳ1�

1�pt�for�Structural�
1�pt�for�3�Control�or�0.5�for�2�Control�
3�pts�for�Data:�0.5�pt�for�each�

�

10�

�

Question�6:��Watch�Your�(Time)�Step!�(14�points,�26�minutes)�

Consider�the�following�difference�equation�(i.e.�differential�equation�that�is�discretized�in�time):�

 x[n+1] - x[n] = -alpha*x[n] 

 x[n+1] = (1-alpha)*x[n] 

Here�we�restrict�ourselves�to�integer�values�of�alpha�and�use�the�following�integration�function:�

  # $a0 -> addr of array to store x[i] (assume x[0] is already set) 

  # $a1 -> length of array/integration 

  # $a2 -> alpha 

 integrate: 

1  beq   $a1,$0,exit 

2  sub   $t0,$0,$a2   # $t0 = -alpha 

3  addi  $t0,$t0,1    # $t0 = 1-alpha 

4  lw    $t1,0($a0)   # $t1 = x[n] 

5  mult  $t0,$t1 

6  mflo  $t1          # $t1 = (1-alpha)*x[n] 

7  sw    $t1,4($a0)   # x[n+1] = (1-alpha)*x[n] 

8  addiu $a0,$a0,4 

9  addiu $a1,$a1,-1 

10  j     integrate 

11 exit: jr    $ra 

We�are�using�a�5Ͳstage�MIPS�pipelined�datapath�with�separate�I$�and�D$�that�can�read�and�write�to�
registers�in�a�single�cycle.��Assume�no�other�optimizations�(no�forwarding,�etc.).��The�default�behavior�is�
to�stall�when�necessary.��Multiplication�and�branch�checking�are�done�during�EX�and�the�HI�and�LO�
registers�are�read�during�ID�and�written�during�WB.�

a) As�a�reminder,�Tc�stands�for�“time�between�completions�of�instructions.”��Given�the�following�
datapath�stage�times,�what�is�the�ratio�Tc,singleͲcycle/Tc,pipelined?� _____________�

IF� ID� EX� MEM� WB�
200�ps� 100�ps� 400�ps� 200�ps� 100�ps�

b) Count�the�number�of�the�different�types�of�potential�hazards�found�in�the�code�above:�

�� Structural:�_____________� Data:�_____________� Control:�_____________�
� �

0	   6	  
@	  2-‐3,	  3-‐5,	  4-‐5,	  
	  	  	  	  	  5-‐6,	  6-‐7,	  9-‐1	  

3	  
@	  1,	  10,	  11	  
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MIPS	  
•  “MIPS	  Green	  Sheet”	  explains	  almost	  everything	  about	  MIPS	  ISA	  

–  Really	  need	  to	  get	  familiar	  with	  it!	  

•  What’s	  the	  maximum	  possible	  number	  of	  R	  format	  instrucTons	  
MIPS	  can	  have?	  
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M I P S Reference Data

BASIC INSTRUCTION FORMATS

REGISTER NAME, NUMBER, USE, CALL CONVENTION

CORE INSTRUCTION SET OPCODE

NAME, MNEMONIC
FOR-
MAT OPERATION (in Verilog)

/ FUNCT
(Hex)

Add add R R[rd] = R[rs] + R[rt] (1) 0 / 20hex

Add Immediate addi I R[rt] = R[rs] + SignExtImm (1,2) 8hex

Add Imm. Unsigned addiu I R[rt] = R[rs] + SignExtImm  (2) 9hex

Add Unsigned addu R R[rd] = R[rs] + R[rt] 0 / 21hex

And and R R[rd] = R[rs] & R[rt] 0 / 24hex

And Immediate andi I R[rt] = R[rs] & ZeroExtImm (3) chex

Branch On Equal beq I if(R[rs]==R[rt])
  PC=PC+4+BranchAddr (4)

4hex

Branch On Not Equalbne I if(R[rs]!=R[rt])
  PC=PC+4+BranchAddr (4)

5hex

Jump j J PC=JumpAddr (5) 2hex

Jump And Link jal J R[31]=PC+8;PC=JumpAddr (5) 3hex

Jump Register jr R PC=R[rs] 0 / 08hex

Load Byte Unsigned lbu I R[rt]={24’b0,M[R[rs]
            +SignExtImm](7:0)} (2)

24hex

Load Halfword 
Unsigned

lhu I R[rt]={16’b0,M[R[rs]
            +SignExtImm](15:0)} (2)

25hex

Load Linked ll I R[rt] = M[R[rs]+SignExtImm] (2,7) 30hex

Load Upper Imm. lui I R[rt] = {imm, 16’b0} fhex

Load Word lw I R[rt] = M[R[rs]+SignExtImm] (2) 23hex

Nor nor R R[rd] = ~ (R[rs] | R[rt]) 0 / 27hex

Or or R R[rd] = R[rs] | R[rt] 0 / 25hex

Or Immediate ori I R[rt] = R[rs] | ZeroExtImm (3) dhex

Set Less Than slt R R[rd] = (R[rs] < R[rt]) ? 1 : 0 0 / 2ahex

Set Less Than Imm. slti I R[rt] = (R[rs] < SignExtImm)? 1 : 0 (2) ahex

Set Less Than Imm. 
Unsigned

sltiu I R[rt] = (R[rs] < SignExtImm) 
                    ? 1 : 0  (2,6)

bhex

Set Less Than Unsig. sltu R R[rd] = (R[rs] < R[rt]) ? 1 : 0  (6) 0 / 2bhex

Shift Left Logical sll R R[rd] = R[rt] << shamt 0 / 00hex

Shift Right Logical srl R R[rd] = R[rt] >> shamt 0 / 02hex

Store Byte sb I M[R[rs]+SignExtImm](7:0) =
                             R[rt](7:0) (2)

28hex

Store Conditional sc I M[R[rs]+SignExtImm] = R[rt]; 
              R[rt] = (atomic) ? 1 : 0 (2,7)

38hex

Store Halfword sh I M[R[rs]+SignExtImm](15:0) = 
                                 R[rt](15:0) (2)

29hex

Store Word sw I M[R[rs]+SignExtImm] = R[rt] (2) 2bhex

Subtract sub R R[rd] = R[rs] - R[rt] (1) 0 / 22hex

Subtract Unsigned subu R R[rd] = R[rs] - R[rt] 0 / 23hex
(1) May cause overflow exception
(2) SignExtImm = { 16{immediate[15]}, immediate }
(3) ZeroExtImm = { 16{1b’0}, immediate }

(5) JumpAddr =    { PC+4[31:28], address, 2’b0 }

(7) Atomic test&set pair; R[rt] = 1 if pair atomic, 0 if not atomic

R opcode rs rt rd shamt funct
31 26 25 21 20 16 15 11 10 6 5 0

I opcode rs rt immediate
31 26 25 21 20 16 15 0

J opcode address
31 26 25 0

ARITHMETIC CORE INSTRUCTION SET OPCODE

NAME, MNEMONIC
FOR-
MAT OPERATION 

/ FMT /FT
/ FUNCT

(Hex)
Branch On FP True bc1t FI if(FPcond)PC=PC+4+BranchAddr (4) 11/8/1/--
Branch On FP False bc1f FI if(!FPcond)PC=PC+4+BranchAddr(4) 11/8/0/--
Divide div R Lo=R[rs]/R[rt]; Hi=R[rs]%R[rt] 0/--/--/1a
Divide Unsigned divu R Lo=R[rs]/R[rt]; Hi=R[rs]%R[rt] (6) 0/--/--/1b
FP Add Single add.s FR F[fd ]= F[fs] + F[ft] 11/10/--/0
FP Add 
Double

add.d FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} + 
                               {F[ft],F[ft+1]}

11/11/--/0

FP Compare Single c.x.s* FR FPcond = (F[fs] op F[ft]) ? 1 : 0 11/10/--/y
FP Compare 
Double

c.x.d* FR FPcond = ({F[fs],F[fs+1]} op
                   {F[ft],F[ft+1]}) ? 1 : 0

11/11/--/y

* (x is eq, lt, or le)  (op is ==, <, or <=) ( y is 32, 3c, or 3e)
FP Divide Single div.s FR F[fd] = F[fs] / F[ft] 11/10/--/3
FP Divide 
Double

div.d FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} / 
                               {F[ft],F[ft+1]}

11/11/--/3

FP Multiply Single mul.s FR F[fd] = F[fs] * F[ft] 11/10/--/2
FP Multiply 
Double

mul.d FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} * 
                               {F[ft],F[ft+1]}

11/11/--/2

FP Subtract Single sub.s FR F[fd]=F[fs] - F[ft] 11/10/--/1
FP Subtract 
Double

sub.d FR {F[fd],F[fd+1]} = {F[fs],F[fs+1]} - 
                               {F[ft],F[ft+1]}

11/11/--/1

Load FP Single lwc1 I F[rt]=M[R[rs]+SignExtImm] (2) 31/--/--/--
Load FP 
Double

ldc1 I F[rt]=M[R[rs]+SignExtImm]; (2)
F[rt+1]=M[R[rs]+SignExtImm+4]

35/--/--/--

Move From Hi mfhi R R[rd] = Hi 0 /--/--/10
Move From Lo mflo R R[rd] = Lo 0 /--/--/12
Move From Control mfc0 R R[rd] = CR[rs] 10 /0/--/0
Multiply mult R {Hi,Lo} = R[rs] *  R[rt] 0/--/--/18
Multiply Unsigned multu R {Hi,Lo} = R[rs] *  R[rt] (6) 0/--/--/19
Shift Right Arith. sra R R[rd] = R[rt] >>> shamt 0/--/--/3
Store FP Single swc1 I M[R[rs]+SignExtImm] = F[rt] (2) 39/--/--/--
Store FP 
Double

sdc1 I M[R[rs]+SignExtImm] = F[rt]; (2) 
M[R[rs]+SignExtImm+4] = F[rt+1]

3d/--/--/--

FR opcode fmt ft fs fd funct
31 26 25 21 20 16 15 11 10 6 5 0

FI opcode fmt ft immediate
31 26 25 21 20 16 15 0

NAME MNEMONIC OPERATION
Branch Less Than blt if(R[rs]<R[rt]) PC = Label
Branch Greater Than bgt if(R[rs]>R[rt]) PC = Label
Branch Less Than or Equal ble if(R[rs]<=R[rt]) PC = Label
Branch Greater Than or Equal bge if(R[rs]>=R[rt]) PC = Label
Load Immediate li R[rd] = immediate
Move move R[rd] = R[rs]

NAME NUMBER USE PRESERVED ACROSS 
A CALL?

$zero 0 The Constant Value 0 N.A.
$at 1 Assembler Temporary No

$v0-$v1 2-3 Values for Function Results 
and Expression Evaluation No

$a0-$a3 4-7 Arguments No
$t0-$t7 8-15 Temporaries No
$s0-$s7 16-23 Saved Temporaries Yes
$t8-$t9 24-25 Temporaries No
$k0-$k1 26-27 Reserved for OS Kernel No

$gp 28 Global Pointer Yes
$sp 29 Stack Pointer Yes
$fp 30 Frame Pointer Yes
$ra 31 Return Address Yes
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FLOATING-POINT INSTRUCTION FORMATS

PSEUDOINSTRUCTION SET
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(4) BranchAddr = { 14{immediate[15]}, immediate, 2’b0 }

’(6) Operands considered unsigned numbers (vs. 2 s comp.)

...
Argument 6
Argument 5

Saved Registers

Local Variables

OPCODES, BASE CONVERSION, ASCII SYMBOLS

(1) opcode(31:26) == 0
(2) opcode(31:26) == 17ten (11hex); if fmt(25:21)==16ten (10hex) f = s (single); 
      if fmt(25:21)==17ten (11hex) f = d (double)

STANDARD

 (-1)S × (1 + Fraction) × 2(Exponent - Bias)

   where Single Precision Bias = 127, 
   Double Precision Bias = 1023.

IEEE Single Precision and
Double Precision Formats:

MEMORY ALLOCATION

   $sp 7fff fffchex

   $gp 1000 8000hex

1000 0000hex

   pc 0040 0000hex

0hex

DATA ALIGNMENT

EXCEPTION CONTROL REGISTERS: CAUSE AND STATUS

EXCEPTION CODES

SIZE PREFIXES (10x for Disk, Communication; 2x for Memory)

The symbol for each prefix is just its first letter, except µ is used for micro.

MIPS
opcode
(31:26)

(1)  MIPS 
funct
(5:0)

(2) MIPS 
funct
(5:0)

Binary Deci-
mal

Hexa-
deci-
mal

ASCII
Char-
acter

Deci-
mal

Hexa-
deci-
mal

ASCII
Char-
acter

(1) sll add.f 00 0000 0 0 NUL 64 40 @
sub.f 00 0001 1 1 SOH 65 41 A

j srl mul.f 00 0010 2 2 STX 66 42 B
jal sra div.f 00 0011 3 3 ETX 67 43 C
beq sllv sqrt.f 00 0100 4 4 EOT 68 44 D
bne abs.f 00 0101 5 5 ENQ 69 45 E
blez srlv mov.f 00 0110 6 6 ACK 70 46 F
bgtz srav neg.f 00 0111 7 7 BEL 71 47 G
addi jr 00 1000 8 8 BS 72 48 H
addiu jalr 00 1001 9 9 HT 73 49 I
slti movz 00 1010 10 a LF 74 4a J
sltiu movn 00 1011 11 b VT 75 4b K
andi syscall round.w.f 00 1100 12 c FF 76 4c L
ori break trunc.w.f 00 1101 13 d CR 77 4d M
xori ceil.w.f 00 1110 14 e SO 78 4e N
lui sync floor.w.f 00 1111 15 f SI 79 4f O

mfhi 01 0000 16 10 DLE 80 50 P
(2) mthi 01 0001 17 11 DC1 81 51 Q

mflo movz.f 01 0010 18 12 DC2 82 52 R
mtlo movn.f 01 0011 19 13 DC3 83 53 S

01 0100 20 14 DC4 84 54 T
01 0101 21 15 NAK 85 55 U
01 0110 22 16 SYN 86 56 V
01 0111 23 17 ETB 87 57 W

mult 01 1000 24 18 CAN 88 58 X
multu 01 1001 25 19 EM 89 59 Y
div 01 1010 26 1a SUB 90 5a Z
divu 01 1011 27 1b ESC 91 5b [

01 1100 28 1c FS 92 5c \
01 1101 29 1d GS 93 5d ]
01 1110 30 1e RS 94 5e ^
01 1111 31 1f US 95 5f _

lb add cvt.s.f 10 0000 32 20 Space 96 60 ‘
lh addu cvt.d.f 10 0001 33 21 ! 97 61 a
lwl sub 10 0010 34 22 " 98 62 b
lw subu 10 0011 35 23 # 99 63 c
lbu and cvt.w.f 10 0100 36 24 $ 100 64 d
lhu or 10 0101 37 25 % 101 65 e
lwr xor 10 0110 38 26 & 102 66 f

nor 10 0111 39 27 ’ 103 67 g
sb 10 1000 40 28 ( 104 68 h
sh 10 1001 41 29 ) 105 69 i
swl slt 10 1010 42 2a * 106 6a j
sw sltu 10 1011 43 2b + 107 6b k

10 1100 44 2c , 108 6c l
10 1101 45 2d - 109 6d m

swr 10 1110 46 2e . 110 6e n
cache 10 1111 47 2f / 111 6f o
ll tge c.f.f 11 0000 48 30 0 112 70 p
lwc1 tgeu c.un.f 11 0001 49 31 1 113 71 q
lwc2 tlt c.eq.f 11 0010 50 32 2 114 72 r
pref tltu c.ueq.f 11 0011 51 33 3 115 73 s

teq c.olt.f 11 0100 52 34 4 116 74 t
ldc1 c.ult.f 11 0101 53 35 5 117 75 u
ldc2 tne c.ole.f 11 0110 54 36 6 118 76 v

c.ule.f 11 0111 55 37 7 119 77 w
sc c.sf.f 11 1000 56 38 8 120 78 x
swc1 c.ngle.f 11 1001 57 39 9 121 79 y
swc2 c.seq.f 11 1010 58 3a : 122 7a z

c.ngl.f 11 1011 59 3b ; 123 7b {
c.lt.f 11 1100 60 3c < 124 7c |

sdc1 c.nge.f 11 1101 61 3d = 125 7d }
sdc2 c.le.f 11 1110 62 3e > 126 7e ~

c.ngt.f 11 1111 63 3f ? 127 7f DEL

S Exponent Fraction
31 30 23 22 0

S Exponent Fraction
63 62 52 51 0

Double Word
Word Word

Byte Byte Byte Byte Byte Byte Byte Byte
0 1 2 3 4 5 6 7

Value of three least significant bits of byte address (Big Endian)

B
D

Interrupt
Mask

Exception
Code

31 15 8 6 2

Pending
Interrupt

U
M

E
L

I
E

15 8 4 1 0

Number Name Cause of Exception Number Name Cause of Exception
0 Int Interrupt (hardware) 9 Bp Breakpoint Exception

4 AdEL Address Error Exception
(load or instruction fetch) 10 RI Reserved Instruction 

Exception

5 AdES Address Error Exception
  (store) 11 CpU Coprocessor

Unimplemented

6 IBE Bus Error on 
Instruction Fetch 12 Ov Arithmetic Overflow 

Exception

7 DBE Bus Error on 
Load or Store 13 Tr Trap

8 Sys Syscall Exception 15 FPE Floating Point Exception

SIZE
PRE-
FIX SIZE

PRE-
FIX SIZE

PRE-
FIX SIZE

PRE-
FIX

103, 210 Kilo- 1015, 250 Peta- 10-3 milli- 10-15 femto-
106, 220 Mega- 1018, 260 Exa- 10-6 micro- 10-18 atto-
109, 230 Giga- 1021, 270 Zetta- 10-9 nano- 10-21 zepto-
1012, 240 Tera- 1024, 280 Yotta- 10-12 pico- 10-24 yocto-

3

Stack

Dynamic Data

Static Data

Text

Reserved

IEEE 754 Symbols

S.P. MAX = 255, D.P. MAX = 2047

Exponent Fraction Object
0 0  ± 0
0 ≠0 ± Denorm

1 to MAX - 1 anything ± Fl. Pt. Num.
MAX 0 ±∞
MAX ≠0 NaN

STACK FRAME
Higher
Memory
Addresses

Lower
Memory
Addresses

Stack
Grows

$sp

$fp
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Halfword Halfword Halfword Halfword

 BD = Branch Delay, UM = User Mode, EL = Exception Level, IE =Interrupt Enable
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...
Argument 6
Argument 5

Saved Registers

Local Variables

OPCODES, BASE CONVERSION, ASCII SYMBOLS

(1) opcode(31:26) == 0
(2) opcode(31:26) == 17ten (11hex); if fmt(25:21)==16ten (10hex) f = s (single); 
      if fmt(25:21)==17ten (11hex) f = d (double)

STANDARD

 (-1)S × (1 + Fraction) × 2(Exponent - Bias)

   where Single Precision Bias = 127, 
   Double Precision Bias = 1023.

IEEE Single Precision and
Double Precision Formats:

MEMORY ALLOCATION

   $sp 7fff fffchex

   $gp 1000 8000hex

1000 0000hex

   pc 0040 0000hex

0hex

DATA ALIGNMENT

EXCEPTION CONTROL REGISTERS: CAUSE AND STATUS

EXCEPTION CODES

SIZE PREFIXES (10x for Disk, Communication; 2x for Memory)

The symbol for each prefix is just its first letter, except µ is used for micro.

MIPS
opcode
(31:26)

(1)  MIPS 
funct
(5:0)

(2) MIPS 
funct
(5:0)

Binary Deci-
mal

Hexa-
deci-
mal

ASCII
Char-
acter

Deci-
mal

Hexa-
deci-
mal

ASCII
Char-
acter

(1) sll add.f 00 0000 0 0 NUL 64 40 @
sub.f 00 0001 1 1 SOH 65 41 A

j srl mul.f 00 0010 2 2 STX 66 42 B
jal sra div.f 00 0011 3 3 ETX 67 43 C
beq sllv sqrt.f 00 0100 4 4 EOT 68 44 D
bne abs.f 00 0101 5 5 ENQ 69 45 E
blez srlv mov.f 00 0110 6 6 ACK 70 46 F
bgtz srav neg.f 00 0111 7 7 BEL 71 47 G
addi jr 00 1000 8 8 BS 72 48 H
addiu jalr 00 1001 9 9 HT 73 49 I
slti movz 00 1010 10 a LF 74 4a J
sltiu movn 00 1011 11 b VT 75 4b K
andi syscall round.w.f 00 1100 12 c FF 76 4c L
ori break trunc.w.f 00 1101 13 d CR 77 4d M
xori ceil.w.f 00 1110 14 e SO 78 4e N
lui sync floor.w.f 00 1111 15 f SI 79 4f O

mfhi 01 0000 16 10 DLE 80 50 P
(2) mthi 01 0001 17 11 DC1 81 51 Q

mflo movz.f 01 0010 18 12 DC2 82 52 R
mtlo movn.f 01 0011 19 13 DC3 83 53 S

01 0100 20 14 DC4 84 54 T
01 0101 21 15 NAK 85 55 U
01 0110 22 16 SYN 86 56 V
01 0111 23 17 ETB 87 57 W

mult 01 1000 24 18 CAN 88 58 X
multu 01 1001 25 19 EM 89 59 Y
div 01 1010 26 1a SUB 90 5a Z
divu 01 1011 27 1b ESC 91 5b [

01 1100 28 1c FS 92 5c \
01 1101 29 1d GS 93 5d ]
01 1110 30 1e RS 94 5e ^
01 1111 31 1f US 95 5f _

lb add cvt.s.f 10 0000 32 20 Space 96 60 ‘
lh addu cvt.d.f 10 0001 33 21 ! 97 61 a
lwl sub 10 0010 34 22 " 98 62 b
lw subu 10 0011 35 23 # 99 63 c
lbu and cvt.w.f 10 0100 36 24 $ 100 64 d
lhu or 10 0101 37 25 % 101 65 e
lwr xor 10 0110 38 26 & 102 66 f

nor 10 0111 39 27 ’ 103 67 g
sb 10 1000 40 28 ( 104 68 h
sh 10 1001 41 29 ) 105 69 i
swl slt 10 1010 42 2a * 106 6a j
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sdc1 c.nge.f 11 1101 61 3d = 125 7d }
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S Exponent Fraction
31 30 23 22 0

S Exponent Fraction
63 62 52 51 0

Double Word
Word Word

Byte Byte Byte Byte Byte Byte Byte Byte
0 1 2 3 4 5 6 7

Value of three least significant bits of byte address (Big Endian)

B
D

Interrupt
Mask

Exception
Code

31 15 8 6 2

Pending
Interrupt

U
M

E
L

I
E

15 8 4 1 0

Number Name Cause of Exception Number Name Cause of Exception
0 Int Interrupt (hardware) 9 Bp Breakpoint Exception

4 AdEL Address Error Exception
(load or instruction fetch) 10 RI Reserved Instruction 

Exception

5 AdES Address Error Exception
  (store) 11 CpU Coprocessor

Unimplemented

6 IBE Bus Error on 
Instruction Fetch 12 Ov Arithmetic Overflow 

Exception

7 DBE Bus Error on 
Load or Store 13 Tr Trap

8 Sys Syscall Exception 15 FPE Floating Point Exception

SIZE
PRE-
FIX SIZE

PRE-
FIX SIZE

PRE-
FIX SIZE

PRE-
FIX

103, 210 Kilo- 1015, 250 Peta- 10-3 milli- 10-15 femto-
106, 220 Mega- 1018, 260 Exa- 10-6 micro- 10-18 atto-
109, 230 Giga- 1021, 270 Zetta- 10-9 nano- 10-21 zepto-
1012, 240 Tera- 1024, 280 Yotta- 10-12 pico- 10-24 yocto-

3

Stack

Dynamic Data

Static Data

Text

Reserved

IEEE 754 Symbols

S.P. MAX = 255, D.P. MAX = 2047

Exponent Fraction Object
0 0  ± 0
0 ≠0 ± Denorm

1 to MAX - 1 anything ± Fl. Pt. Num.
MAX 0 ±∞
MAX ≠0 NaN

STACK FRAME
Higher
Memory
Addresses

Lower
Memory
Addresses

Stack
Grows

$sp

$fp
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IEEE 754 FLOATING-POINT

Halfword Halfword Halfword Halfword

 BD = Branch Delay, UM = User Mode, EL = Exception Level, IE =Interrupt Enable

Copyright 2009 by Elsevier, Inc., All rights reserved. From Patterson and Hennessy, Computer Organization and Design, 4th ed. 

•  What’s	  the	  maximum	  possible	  number	  of	  I	  and	  J	  format	  
instrucTons	  MIPS	  can	  have?	  

–  For	  R	  format,	  opcode	  ==	  0,	  26	  possible	  functs	  	  
–  26	  =	  64	  possible	  R	  format	  instrucTons	  

–  For	  I	  &	  J	  format,	  opcode	  !=	  0,	  26	  –	  1	  possible	  opcodes	  
–  26	  –	  1	  =	  63	  possible	  I	  and	  J	  format	  instrucTons	  
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6�

�

Question�3:��Mystery�(7�points,�14�minutes)�
 
Mystery: 
 la   $t0, L2 
 lw   $t1, 8($t0) 
 addi $t2, $0, 1 
 sll  $t2, $t2, 16 
 add  $t3, $0, $0 
 add  $v0, $0, $0 
 addi $t5, $0, 4 
  sll  $t5, $t5, 16 
L1: beq  $t3, $t5, L3 
 addu $t4, $t1, $t3 
L2: addu $t3, $t3, $t2 
 sw   $t4, 8($t0) 
 addu $v0, $v0, $a0 
 j    L1 
L3: sw   $t1, 8($t0) 
 jr   $ra 

a) Which�instruction�gets�modified�during�this�function�call?�(1�point)�
addu $v0, $v0, $a0 
0.5 for getting the address of this line 
0.5 for saying the right instruction but adding wrong label/other 

wrong info 

b) How�many�times�does�the�line�at�label�L2�get�executed?�(2�points)�

4�

c) Describe�in�a�sentence�or�two�what�this�function�does.�(4�points)�

Returns�the�sum�of�$a0�to�$a3�in�$v0�

0�for�wrong�answer�
1�for�explaining�partially�how�the�instruction�runs,�with�no�incorrect�statements�(more�than�just�

saying�change�the�line)�
1�for�explaining�exactly�what�happens�with�the�modification�of�the�function,�with�wrong�number�to�

increment�by�
2�for�explaining�exactly�what�happens�with�the�modification�of�the�function�
2�for�pointing�out�the�arguments�but�not�making�the�connection�of�adding�them�together,�or�only�

having�some�of�the�arguments�
3�for�having�sum�of�arguments�but�adding�something�wrong�afterwards�
4�for�correct�answer� �
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Question�3:��Mystery�(7�points,�14�minutes)�
 
Mystery: 

 la   $t0, L2 

 lw   $t1, 8($t0) 

 addi $t2, $0, 1 
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L3: sw   $t1, 8($t0) 

 jr   $ra 

�

a) Which�instruction�gets�modified�during�this�function�call?�

�

b) How�many�times�does�the�line�at�label�L2�get�executed?�

�

c) Describe�in�a�sentence�or�two�what�this�function�does.�
� �

1)  $t0	  holds	  address	  of	  L2	  (the	  instrucTon	  “addu	  $t3,	  $t3,	  $t2”)	  
2)  WriTng	  to	  address	  8($t0)	  
3)  8($t0)	  points	  to	  the	  instrucTon	  “addu	  $v0,	  $v0,	  $a0”	  
4)  addu	  $v0,	  $v0,	  $a0	  gets	  modified	  



26	  

6�

�

Question�3:��Mystery�(7�points,�14�minutes)�
 
Mystery: 
 la   $t0, L2 
 lw   $t1, 8($t0) 
 addi $t2, $0, 1 
 sll  $t2, $t2, 16 
 add  $t3, $0, $0 
 add  $v0, $0, $0 
 addi $t5, $0, 4 
  sll  $t5, $t5, 16 
L1: beq  $t3, $t5, L3 
 addu $t4, $t1, $t3 
L2: addu $t3, $t3, $t2 
 sw   $t4, 8($t0) 
 addu $v0, $v0, $a0 
 j    L1 
L3: sw   $t1, 8($t0) 
 jr   $ra 

a) Which�instruction�gets�modified�during�this�function�call?�(1�point)�
addu $v0, $v0, $a0 
0.5 for getting the address of this line 
0.5 for saying the right instruction but adding wrong label/other 

wrong info 

b) How�many�times�does�the�line�at�label�L2�get�executed?�(2�points)�

4�

c) Describe�in�a�sentence�or�two�what�this�function�does.�(4�points)�

Returns�the�sum�of�$a0�to�$a3�in�$v0�

0�for�wrong�answer�
1�for�explaining�partially�how�the�instruction�runs,�with�no�incorrect�statements�(more�than�just�

saying�change�the�line)�
1�for�explaining�exactly�what�happens�with�the�modification�of�the�function,�with�wrong�number�to�

increment�by�
2�for�explaining�exactly�what�happens�with�the�modification�of�the�function�
2�for�pointing�out�the�arguments�but�not�making�the�connection�of�adding�them�together,�or�only�

having�some�of�the�arguments�
3�for�having�sum�of�arguments�but�adding�something�wrong�afterwards�
4�for�correct�answer� �

MIPS	  Mystery	  QuesTons	  

August	  9,	  2014	   CS	  61C	  Final	  review	  session	  

•  Summer	  ’12	  final	  

6�

�

Question�3:��Mystery�(7�points,�14�minutes)�
 
Mystery: 

 la   $t0, L2 

 lw   $t1, 8($t0) 

 addi $t2, $0, 1 

 sll  $t2, $t2, 16 

 add  $t3, $0, $0 

 add  $v0, $0, $0 

 addi $t5, $0, 4 

  sll  $t5, $t5, 16 
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L2: addu $t3, $t3, $t2 

 sw   $t4, 8($t0) 

 addu $v0, $v0, $a0 

 j    L1 

L3: sw   $t1, 8($t0) 

 jr   $ra 

�

a) Which�instruction�gets�modified�during�this�function�call?�

�

b) How�many�times�does�the�line�at�label�L2�get�executed?�

�

c) Describe�in�a�sentence�or�two�what�this�function�does.�
� �

1)  “L1:	  ”	  and	  “j	  L1”	  form	  a	  loop,	  including	  L2	  
2)  Loop	  is	  broken	  when	  $t3	  ==	  $t5	  
3)  $t5	  is	  4<<16	  
4)  $t3	  gets	  incremented	  by	  $t2,	  which	  is	  1<<16,	  every	  iteraTon	  
5)  L2	  gets	  executed	  4	  Fmes	  
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Mystery: 
 la   $t0, L2 
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6�

�

Question�3:��Mystery�(7�points,�14�minutes)�
 
Mystery: 

 la   $t0, L2 

 lw   $t1, 8($t0) 

 addi $t2, $0, 1 

 sll  $t2, $t2, 16 

 add  $t3, $0, $0 

 add  $v0, $0, $0 

 addi $t5, $0, 4 

  sll  $t5, $t5, 16 

L1: beq  $t3, $t5, L3 

 addu $t4, $t1, $t3 

L2: addu $t3, $t3, $t2 

 sw   $t4, 8($t0) 

 addu $v0, $v0, $a0 

 j    L1 

L3: sw   $t1, 8($t0) 

 jr   $ra 

�

a) Which�instruction�gets�modified�during�this�function�call?�

�

b) How�many�times�does�the�line�at�label�L2�get�executed?�

�

c) Describe�in�a�sentence�or�two�what�this�function�does.�
� �1)  To	  solve	  this	  Mystery,	  we	  need	  to	  know	  how	  does	  the	  instrucTon	  

“addu	  $v0,	  $v0,	  $a0”	  get	  changed	  
2)  $t3,	  which	  contains	  1<<16,	  is	  added	  to	  the	  original	  instrucTon	  at	  

each	  iteraTon	  
3)  This	  increments	  $rt	  of	  addu,	  which	  is	  $a0,	  by	  one	  at	  each	  iteraTon	  
4)  $rt	  of	  addu	  becomes	  $a0-‐>$a1-‐>$a2-‐>$a3	  
5)  This	  Mystery	  returns	  the	  sum	  of	  $a0	  ~	  $a3	  


