CS414-2010S-9 Optimization 1

9-0: Registers vs. Memory

e Large quantity of registers (32) at our disposal
e Registers are much faster to access than main memory
e Currently generated code does not use registers efficiently

e Variables are stored on the stack (main memory), instead &fgisters
9-1: Registers vs. Memory

e Since registers are so much faster than main memory, useatemuch as possible
e Two reasons why we can't use only registers for variables

e Escaping Variables
e Spilled Registers

9-2: Escaping Variables

e A variableescaped we need to store it in memory

e Calculate the address of a variable (implicitly or exphgit
e Use the address of the variable to access it

e When do we need to calculate the address of a variable?
9-3: Escaping Variables

e When do we need to calculate the address of a variable?

e Explicitly use the & operatorin C
e Pass-by-reference (C++)

e Arrays/ strings

e Global / extern variables

9-4: Spilling Registers
e Only have a finite number of registers (32 in MIPS)
e Programs can require an arbitrarily large number of vagigbl
e Have more variables to store in registers than registerseo u
e Registerspill into memory

9-5: Register Allocation

e How can we determine which variables are stored in whictstegs, and which values need to spill into mem-
ory?

e How can we determine which variables to store in which regsst

e Register assignment can be non-trivial
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9-6: Register Allocation

a =3 addi a, $zero, 3
c=a+4 addi c, a, 4

b =2 addi b, $zero, 2
c=b+c add ¢, b, c
a=¢+ 2 addi a, ¢, 2
c=a+1 addi ¢, a,

9-7: Register Allocation

a=3 addi a, $zero, 3
c=—a+4 addi ¢, a, 4

b =2 addi b, $zero, 2
c=b+c add ¢, b, c
a=c¢+ 2 addi a, ¢, 2
c=a+1 addi ¢, a,

e Code has 3 variables
e Could implement it with only 2 registers
e Never need to keep track of valueafindb at the same time

9-8: Interference

e Need to maintain the values of two variableandy simultaneously
e X andy interferewith each other
e Can't storex andy in the same register

9-9: Register Allocation

e Assume that we have an infinite number of registers
e Everytime we declare a new variable, create a new abstrgistee
e After we have created assembly, replace abstract registéractual registers

e Use registers as efficiently as possible
e May have to spill some of the abstract registers into memory

9-10: Register Allocation
e Create assembly that uses abstract registers

e Figure our which abstract registers interfere with eacleoth

e Use this information to assign actual registers to absteggsters as efficiently as possible
9-11: Control Flow Graph

e A Control Flow Graph describes the flow of control through aseanbly language program

e Nodes in the graph are assembly language statements
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e Edge from node A to node B if statement in node B can immedidddow the statement in node A
9-12: Control Flow Graph
1 —
L1: z=z+y
X=x-1 v
if (x>0) goto L1 3 y=x-1
W=7

N
N
[
N
+
<

9-13: Definitions

Node p is asuccessoof Node n if there is an arc from Node n to Node p

successors[n] = set of all successors of n

Node p is goredecessoiof Node n if there is an arc from Node p to Node n

predecessors[n] = set of all predecessors of n

9-14: Liveness Analysis

e We will use the Control Flow Graph to daveness Analysis

e Avariable is “live” on an edge in the control flow graph if cliamg the value of the variable at that point in the
execution will alter the behavior of the program

e Variable is live on an edge if we care about the value of theabé#r at that point in the program
9-15: Liveness Analysis

e “LiveIn”

e Variable is live-in to a node if it is live on any edge enterthg node
e live-in[n] = set of all variables live-in to n

e “Live Out”

e Variable is live-out from a node if it is live on any edge leayithe node
e live-out[n] = set of all variables live-out from n

9-16: Liveness Analysis

e To calculate live-in[n] and live-out[n], we will need to kwowhich variables aresedat each node, and which
variables arelefinedat each node

e use[n] = set of all variables whose values are used at node n
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e define[n] = set of all variables whose values are defined &etdde n

9-17: Control Flow Graph

a=0 laio

L1: 5 1 _
b=a+1l b=a+1 <+
c=c+1 3 c=c+1
a=b*2 {
if (a<N)goto L1 4 a=b*2
return a v

 result=a

9-18: Use / Define
| Node | Use | Define |

1 {} {a}
2 {a} | {b}
3 {c} |{c
4 (b} | {a
5 {aN} | {}
6 {a} {result

9-19: Live-in / Live-out

e live-in and live-out can be calculated as follows:

out[n] = U in[s]

s€successors[n]

in[n] = wuse[n] U(out[n] — defineln)])

9-20: Live-in / Live-out
e To calculate live-in and live-out for all nodes:
e Setin[n] ={}, out[n]={} foralln

e For each node n, recalculate in[n] and out[n] using

outn] = U in[s]

s€successors[n)

in[n] = use[n| U(Out[n] — define[n)])
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e Repeat until no changes are made to in[], out[]

9-21: Liveness Analysis Example

1
a=0
L1: 5
b=a+1
c=c+1 3
a=b*2
if (a<N)goto L1 4
return a
5
6
9-22: Liveness Analysis Example
| State| Use | Define | In | Out |
1 {1} {a} {N, c} {a, c, N}
2 {a} {b} {a,¢, N} | {b,c, N}
3 {c} {c} {b,c,N} | {b,c, N}
4 {b} {a} {b,c,N} | {a,c, N}
5 {a,N} | {} {a,¢,N} | {a,c, N}
6 {a} {result} | {a} {}

a=0

-<+||

b=a+1 <—
c=c+1

v
a=h*2

'

@<N) ——

result = a

9-23: Interference Graphs

e We will use interference graphs to assist in register atlona

e Each node in the graph is a variable

e Edge between two variables if they interfere with each other

e Need to be in different registers

e Live at the same time

9-24: Interference Graphs

e For each node n in the control flow graph

e For each variable x define[n]

e For each variable ¥ out[n], add an edge between x and y

9-25: Interference Graphs
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=N
-

a/

result

C
9-26: Register Allocation

e Once we have the interference graph, register allocatijusigyraph coloring

e Assign colors to all vertices so that adjacent vertices loiféerent colors
e Colors — actual registers

9-27: Register Allocation

e Once we have the interference graph, register allocatijusigyraph coloring

e Assign colors to all vertices so that adjacent vertices loiféerent colors
e Colors — actual registers

e Graph coloring is NP-Complete

e Use an approximate solution
e Won't always guarantee the smallest number of colors areé use
e Run in polynomial time

9-28: Graph Coloring

e Don'’t need to find an optimal coloring
e Need to find a coloring that uses fewer thaoolors
e k is the number of actual registers

e Won't always be able to find &-coloring when one exists (NP-Complete), but will find-@oloringmostof the
time

9-29: Significant Degree
e “Degree” of a vertex is the number of neighbors that it has

e \ertex with> k neighbors is of “Significant Degree”

e If a vertex isnot of significant degree, then it can always be coloredgardless of the colors chosen for the
rest of the graph

e Fewer thark neighbors
e k colors — can always choose a color different from all neighbo
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9-30: Graph Coloring
1. Initialize color stack to be empty
2. Select a node that is not of significant degree. Puston color stack, remove from the graph
3. Ifthere are any nodes left, go to step 2
4. While the color stack is not empty

(a) Pop the top variable off the color stack
(b) Color this variable with an arbitrary color, differembi already colored neighbors

9-31: Graph Coloring Example
b \
N

-~

a/

result

C

e 3-Color this graph
9-32: Register Allocation
Liveness Analysis

Build Interference Graph

Simgliny

\/

Color
9-33: Spilling

e Not every graph can be-colored, for allk

e Previous graph cannot be 2-colored



CS414-2010S-9 Optimization 8

¢ If we don’t have enough registers, some values need to *&pitd memory
9-34: Spilling
1. Initialize the color stack to be empty
2. If there are any variables x that are not of significant degr
e Remove x from the interference graph, and push x onto the stdck.
else

e Pick a nodey to potentially store in memory. Push y on thercsilick, and remove y from the interference
graph

3. Ifthere are any nodes left, go to step 2
9-35: Spilling
4. Restore the interference graph

5. While the color stack is not empty:

(a) Pop the top variable off the color stack
(b) If there is an available color for x that is different thitue colors already chosen for x’s neighbors:
e Colorx
else
e Mark x as an actual spill

6. If no variables spilled, we're done. If at least one vaeadpilled, implement the spill.
9-36: Spilling

o If aregisterspills, it must be stored in memory

Before every use, read variable from memory

After every use, write variable back to memory

“Live” period of register will be very short
e Should be able to color the graph

9-37: Register Allocation



CS414-2010S-9 Optimization

Liveness Analysis <+———

Build Interference Graph

C:m$w

AN

Color Potential Spill

N

Implement Spill —

done!
9-38: Register Allocation

d =2 addi d, zero, 2

b =3 addi b, zero, 3

a=4 addi a, zero 4

a=-a+1 addi a, a, 1

c =4 addi c, zero, 4

b=D>b+c¢c add b, b, c

d=d+1 addi d, d, 1

9-39: Register Allocation
1 -

b=3 2 b=3

a=4 v

a=a+1 3 a=4

c=4 i

b=b+c 4 a=a+1

d=d+1 v
Sc=4
 b=b+c
Td=d+1

9-40: Register Allocation
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| State| Use | Define] In | Out |
1 {} {fdf 1 {} {d}
2 {} {b} | {d} {b, d}
3 {} fa} | {b,d |{b,ad
4 {fa} |[{a} [{b,ad | {b,d}
5 {} {fc} | {bdt |{b,cd
6 {b,ct | {b} |{b,cd | {d}
7 fd} [ {d} | {d} {}

9-41: Register Allocation

a

C

I

e 3-color

9-42: Register Allocation

\d
/

b

r3
a
) \
C d r2
b
ri
e 3-color

9-43: Register Allocation
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| / d
e 2-color
9-44: Register Allocation
T \
| / d
e 2-color
e What should we pick as a potential spill?
9-45: Register Allocation
d =2 addi d, zero, 2
b =3 addi b, zero, 3
a=4 addi a, zero 4
a=-a+1 addi a, a, 1
c =4 addi c, zero, 4
b=Db+c add b, b, ¢
d=d+1 addi d, d, 1
9-46: Register Allocation
d =2 addi d, zero, 2
MEM d_offset] =d sw d, (d offset) fp
b =3 addi b, zero, 3
a=4 addi a, zero 4
a=-a+1 addi a, a, 1
c =4 addi c, zero, 4
b=Db+c add b, b, ¢
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MEM d_of fset]

d +1

d =
d =
MEM d_of fset] = d

9-47: Register Allocation

| w d,
addi d,
sSwW d,

roypwN

coo o Za
nmw o nmon

(e
+
(@]

+
[EEN

(d_offset) fp

d, 1

(d_offset) fp

[d_offset] = d

d = MEM[d_offset]

d=d+1

MEM[d_offset] =d

| State| Use | Define| In | Out |
11 {} {d} {} {d}
2 {d [{} fdt | {}
31 {} {b} {} {b}
41 {} {a} {b} |{ab
5/{a |{a {a, b} | {b}
6[() |{c] |{b} [{bC
7| {b.c | {b} {b,ct | {}
8111 {4y [{J [{d
9| {dp |{d} {d} | {d}
1004d) [{J [{d) [ {3
9-49: Register Allocation
a
C
b
e 2-color

9-50: Register Allocation

ld=2

v
2 MEM[d_offset]=d
3 p=3

4 a=4

<« e e

5Saza+1

-+

6 c=4

<+

"b=b+c

8 d = MEM[d_offset]

<+

®d=d+1

<+ -

10 =
MEMId_offset]= d 9-48: Register Allocation



CS414-2010S-9 Optimization 13
r2
a

r2 ri

C d
b
ri

e 2-color

9-51: Eliminating Moves

e When two variables share the same value, we can use the sgisterér both of them

e Any move from one variable to the other can then be removed.

9-52: Eliminating Moves

a=414
c=a+1
b=c+1
d =a
c=d+1
b=d*c

e We can stor@ andd in the same register

e The assignmerdt = a is then a no-op, which can be removed
9-53: Eliminating Moves
e Any time there is a move instruction
eX =y (addi x, y, 0)

e x andy donotinterfere (unless they interfere elsewhere)

e If we placex andy inthe same register, we can eliminate the move instruction

9-54: Interference Graph, Part Il

¢ Interference Graph will have two kinds of edges

e Interference edges

¢ Interference edge betwesrandy
e X andy must go in different registers

e Move edges
e Move edge betweex andy
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e Like x andy to go in the same register
e Eliminate a move instruction, save some cycles

9-55: Interference Graph, Part Il

e For node n in the control flow graph

e |f nis a move instruction of the formx =z

e Add a move arc between x and z
e For each variable y in out[n] - z, add an undirected interfeesarc between x and y.

else if n is not a move instruction
e For each variable x in define[n] and each variable y in outphd an undirected interference arc
between x and y
e Interference Edges trump Move Edges
e Add both an interference edge and move edge, interfereryewiths

9-56: Eliminating Moves & Spilling
e Eliminating moves adds some efficiency

e Reducing spills is more important

e Cost of going out to memory much higher than cost oddi

e Careful not to be too aggressive in trying to eliminate moves

9-57: Eliminating Moves & Spilling

e Can 2-color this graph
e Cannot 2-color this graph & andd have the same color
9-58: Register Allocation
1. Do dataflow analysis to calculate live-out for all nodethia control-flow graph

2. Create the interference graph

3. Combine all pairs of nodes that are connected by a movehatontill not result in a node with k or more
neighbors of significant degree (Coalesce step)

9-59: Register Allocation

4. Initialize the color stack to be empty
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5. If there are any variables x that are not of significant degr
e Remove x from the interference graph, and push x onto the stdcok.

else

e Pick anodey to potentially store in memory. Push y on thercsibick, and remove y from the interference
graph

6. If there are any nodes left, go to step 5

9-60: Register Allocation

7. Restore the interference graph
8. While the color stack is not empty:

(a) Pop the top variable off the color stack
(b) If there is an available color for x that is different thitue colors already chosen for x’s neighbors:
e Colorx
else
e Mark x as an actual spill

9. If no variables spilled, we're done. If at least one vagapilled, implement the spill and start over.

9-61: Register Allocation
Liveness Analysis <+———

BuilJInterference Graph
CoaIesce
Simplify \

Color Potential Spill

J Implement Spill —
done!

9-62: Register Allocation

a=3 addi a, $zero, 3
b =4 addi b, $zero, 4
a=-a+b add a, a, b
c =a addi ¢, a, O
b c + 2 addi b, c, 2
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9-63: Register Allocation

1 aj3

2 p :¢4

3 a=a+b

4 Cja

S b=c+2

9-64: Register Allocation

| State|| Use | Define| In | Out |
1 {} {a} {} {a}

0 1 @& @b | o nan _
{a,0} | {a b {a 9-65: Register Allocation
{a ic} {a {c}
{cf |y [{& [{}

gl BwWN

b

9-66: Coalescing

e We need to be sure that no coalesce steps cause unnecedary sp

o If we do all coalescing before any simplifying, we will notalys take advantage of move elimination

9-67: Coalescing
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a e

b f

e 3-color this graph
9-68: Coalescing
e We need to be sure that no coalesce steps cause unnecedary sp
¢ If we do all coalescing before any simplifying, we will notalys take advantage of move elimination

e Interleave Coalesce and Simplify steps

e Coalesce as much as we can
e Simplify as much as we can (not simplifying any node that wel@¢@ossible coalesce later)

e repeat
9-69: Register Allocation (Final)
1. Do dataflow analysis to calculate live-out for all nodethi@ control-flow graph

2. Create the interference graph (including move edges)

3. Simplify any variables that are not of significant degtedt have no move edges. That is, remove the node from
the graph and add it to the color stack.

4. Coalesce (combine) all pairs of nodes that are connegtadrove arc that will not result in a node of significant
degree.

9-70: Register Allocation (Final)

5. If there are any nodes that are not of significant degraetieanot involved in any move, go to step 3.

6. If there is a node x that is not of significant degree, whglnvolved in at least one move, then freeze x —
remove all move edges adjacent to x — and goto step 3.

7. Ifthere are any remaining nodes (at this point they alltrbaf significant degree), pick a node x to potentially
spill. Remove x from the graph and place it on the color st&to step 3.

9-71: Register Allocation (Final)
8. At this point, the graph should be empty. Restore thefitence graph

9. While the color stack is not empty:
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(a) Pop the top variable off the color stack
(b) If there is an available color for x that is different thitue colors already chosen for x’s neighbors:
e Color x
else
e Mark x as an actual spill

10. If no variables spilled, we're done. If at least one Valgaspilled, implement the spill and start over.

9-72: Register Allocation (Final)

Liveness Analysis +——

Build Interference Graph

C Simplify (non-moves only)

|

Coalesce
A
Freeze
Potential Spill
Color
\ Implement Spill ——
done!

9-73: Register Allocation Example

b =0 addi b, zero, O
a = X addi a, x, O
goto test b test
body: body:
b=>b+y add b, b, y
a=-a-1 addi a, a, -1
test: test:
if (a>0) goto body bgt a
ans = b addi ans, b, O

9-74: Register Allocation Example
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b=0 ' b i 0
A= 2 a=x
goto test
body: 3 b=b+ y -
b=b+y {
a=a-1 4 a=za-1
test:
if (a>0) goto body S (@>0) T — |
ans=Db 6 *_
ans=Db

9-75: Register Allocation Example
| State|| Use | Define] In | Out |

1 {y [ fby J{xy} |{bxy}
2 Ot | fap | {bxy} | {aby
3 {b,y} | {b} |{aby |{aby
4 {af |{ay |{aby | {aby
5 {a | {} {a,by | {a,by
6 {b} | fang | {b} {

9-76: Register Allocation Example

0 JRRRRRRRCEEEEEEEEE ans

/

e 3-color graph

9-77: Register Allocation Example
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r2 r2
0 JCEREEREEEEEEE PR ans
B / \
a y
r3
"
rl

e 3-color graph

9-78: Register Allocation Example

e 2-color graph

9-79: Register Allocation Example

b=0 I'p i 0
A= 2 a=x
goto test
body: 3 y = MEM[y_offset]
y=MEM]y _offset]
b=b+y 4 hb=b+y ——
a=-a-1
test: >a=a-1
if (a>0) goto body 6
ans = b (a : 0) =—
" ans=b

9-80: Register Allocation Example



CS414-2010S-9 Optimization

| State|| Use | Define] In | Out |

1 {(y {6y {3 {b,x}
x} |{a [{bx |{ab
{(r |y |{ab |{aby
{b.y} | {b} |{aby|{ab
{af |fag |{ab |{ab
{a | {} {abh |{ab

7 {b} | fansg | {b} {

9-81: Register Allocation Example

O Ul B~fWN

e Whoops!

e Only 2 registers, need to store everything in memory
9-82: Precolored Registgers

e Some registers (FP, SP, etc) are not variables
e Need to assign specific registers to them
e “Precolor” some of the variables in the graph

o FP
e SP
e ... etc

9-83: Parameter Passing

Pass parameters on the stack, saving & restoring registetrsinory

Better idea — use registers to pass parameters

¢ |dentify some registers as “parameter registers”
e Copy paramters into these registers before function calls
e Move values out of these registers at start of the function

e Function calls within function calls won't cause problems

Might be able to eliminate some of the moves

9-84: Parameter Passing
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e To call a function, move values of actuals into special (pl@ed) parameter registers
e Atthe start of each function, move values of parametersattier variables

e May be able to color these variables with the same color aofeed — eliminate the move

9-85: Parameter Passing

e Most functions have a (relatively) small number of paramgete
e Wasteful to denote too many registers as parameter regjister
e Only use 4-5 parameter registers (other parameters arecpasshe stack as normal

9-86: Caller/Callee Saved

e One solution to register allocation:

e Create a control flow graph of the entire program (all functalls, etc)
e Do dataflow analysis on this graph
e Allocate registers based on dataflow analysis

e What is wrong with this approach?

9-87: Caller/Callee Saved

e One solution to register allocation:

e Create a control flow graph of the entire program (all functalls, etc)
e Do dataflow analysis on this graph
e Allocate registers based on dataflow analysis

e What is wrong with this approach?

e Separately compiled functions
e Libraries
e efc.

9-88: Caller/Callee Saved

e Do register allocation on a function by function basis
e Denote some registers as “caller-saved”

e Assume that values of these registers will be destroyed ibgtion calls
e Save them on the stack if they are live across other functdia ¢

e Denote some registers as “callee-saved”
e If use these registers, save old values on the stack

9-89: Caller/Callee Saved

e At beginning of a function:

e Move all callee-saved registers other temporary locations
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e Move all parameters into other locations

o If the function uses any callee saved registers, then thpdeany locations will spill into memory — automati-
cally saving registers

e |f the function does not need to use any callee saved regjisterunnecessary movement to memory
9-90: Complete Example

int f(int a, int b) {
int d=20
ine = a;
do {
d =d + b;
e =e - 1;
while (e > 0);
return d;

e 3registers, rl, r2, r3

e rl, r2 are parameter registers
e rlis also the result register
e r3is callee-saved

9-91: Complete Example

c=r3 lC=+r3
a=rl 2 a=r1
b=r2 v
d=0 S b=r2
e=a v
loop: 4d=0
d=d+b {
e=e-1 5e:+a
if e > 0 goto loop 6 4.
r1=d d‘+d+b‘_
r3=c 7e=e_1
v
8 e>0
v
ri=d
v
10 3=¢

9-92: Complete Example
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| State|| Use | Define] In | Out |

1| {r3} {c} {r1,r2,r3 | {c,r1,r2
2 || {r1} | {a} {c,r1,r2} | {a,c, 12
3| {r2} {b} {a,c, 12 {a,b, ¢
4043 |{dt |{abg |{abcd
51 {a} {e} {a,b,c,d¢ | {b,c,d, ¢
6 || {b,d} | {d} {b,c,d, & | {b,c,d, &g
71 {e} {e} {b,c,d, ¢ | {b,c,d, &
8 || {e} {} {b,c,d, & | {b,c,d, ¢
9 || {d} {r1} {c, d} {r1, ¢}

10 || {c} {r3} {r1, c} {r1, r3}

9-93: Complete Example

9-95: Complete Example

rl

Y el
Y .
[ DY
' ~
. .
kY .
. el

kY
.
.
S
S
S
.

9-96: Complete Example

c

Color Stack

c

Color Stack
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9-98: Complete Example

r2b
r3
I rlae

9-99: Complete Example

c

Color Stack

c

Color Stack

d
C

9-100: Complete Example

Color Stack
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MﬁM[c_offset] =c

d+b +——

c =iMEM [c_offset]

c=r3 Tc=r3
MEM[c_offset] = ¢ 2
a=rl
b=r2 3 a=r1
d=0
e=a 4 b=r2
loop: v
d=d+b °d=0
e=e-1 v
: 6e=a
if e > 0 goto loop '
rl=d 7 d=
¢ = MEMI[C_offset] i
r3=c 8 e :+e -1
®e>0
0 r1=d
11
12 y3=¢
9-101: Complete Example
[State ][ Use [ Define [ In [ out |
1 3} c} 1, 12,13} c,rl, r2}
2 c} } c rlr2} 1,12}
3 rl} a} 1, 12} a, 12}
4 2} b a,r2} a, b}
5 T d a, b} a,b,
6 a} e a, b, b, d, €]
7 b, d} d b, d, €] b, d, €]
8 e} e b, d, € b, d, €
9 e} } b, d, € b, d, €
10 dy 1} d} i}
11 1 c} ri} c, ri}
12 c} 3} c ri} r1, r3}

9-103: Complete Example

9-102: Complete Example
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9-104: Complete Example
rl r
~, 3¢ Color Stack
9-105: Complete Example
rl
r3c Color Stack
9-106: Complete Example

/rb

d\
r3c / :' C
; olor Stack
T rlae._ ,'
9-107: Complete Example
r2b
/ d
r3c
T rlae
9-108: Complete Example

Color Stack
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9-109: More examples

int mod(int x, int y) { nod:
while (x >=y) X =rl
X =X -y, y =r2
return x; goto test
body:
X =x-1
test:
tl=x-y
if (t1 >= 0) goto body
rl = x

e rl, r2 are parameter registers
e rlis (also) the result register

9-110: More examples

mod:
X=rl
y=r12
goto test
body:
X=Xx-1
test
tl=x-y
if (t1>=0) goto body
rl =x

9-111: More examples

3
.
-
.
-
.
.
.
.
-
-
.
~. -
~ .
~
o
. ~
R ~.
Nd N

.
-----

y=12 ——
X=X-1 <

tl=x-y

t1>=0 -——

rl1 =x
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9-112: More examples

| State|| Use | Define] In | Out |
1| {r1} {x} {r1,r2} | {x,r2}
2 {r2}p | {y} {x,r2t | {x,y}
3 {x [ {x} {xy} | {xy}
40 {xyh {1y | {xy} | {x 1t}
S{ty [ {} {x,t1} | {x}
6 xp [{r1} [{x} {}

(PZREEEEEEREEEREEEEE y

9-113: More examples

int mod(int x, inty) { nod:
while (x >=y) tl1 =r3
X =X -y t2 =r3
return x x =rl
y =r12
goto test
body:
} X =x-1
test:
t3 =x -y
if (t3 >= 0) goto body
rL = x
r3 =tl
r4 =t2

e rl,r2 are parameter registers
e rlis (also) the result register
e 13, r4 are callee-save

9-114:More examples

tl
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mod: Lt1=r3
t1=r3 2 m
=14 t2 ; r4
x=rl 3 x=r1
y=r2 v
goto test 4y=r2
body:
X=x-1 S x=x-1 <
test .
t3=x-y I y
if (t3>=0) goto body 7 13>= (0 =
r1=x
r3=tl 8 r1=x
r4 =t2 o
r3=tl
v
10 r4 =12
9-115: More examples
| State|| Use | Define] In | Out
1| {r3} | {t1} {r1,r2,r3,;r4 | {t1,r1,r2,r4
2 || {r4} | {t2} {tL,r1,r2,r4 | {t1,t2,r1,r2
3 {r1} | {x} {t1,2,r1,r2 | {t1,t2,x,r2
4 || {r2} | {y} {t1,t2,x,r2 {t1,t2,x,y}
51 {x} {x} {t1,t2,x,y} {t1,t2,x,y} 9-116: More examples
6 || {xy} | {t3} {t1,t2,x,y} {t1,t2,t3,x,y}
7 {1y | {} {t1,t2,t3,x, | {t1,t2,x}
8 || {x} {r1} {t1,t2,x} {t1,t2}
9| {t1} | {r3} {t1,t2} {t2}
10 {t2} | {rap |{t2} {J

9-117:More examples
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1 —
mod: t1=r3
t=r3 2 M +|\/|[t1 offset] = t1
MEMItL_offsef] = t1 It =
t2=r4 3 12=r4
X=rl
y=r2 4 x=r1
goto test
body: ®y=r2
X=x-1 6 x=x-1
test X _+X )
_t3=x-y 7 3=x-y
if (t3>=0) goto body v
rl=x 8 13>=0 +—
t1 = MEM[t1_offset]
r3=tl % ri=x
r4 =12 10 \
tl i MEM[t1_offset]
11 r3=11
v
12 r4=12
9-118: More examples
[State [ Use | Define | In [ Out |
1 3} t1} T1,r2,13,r4} t1,r1,r2,rd}
2 t1} } t1,r1,r2,r4 r1,r2,r4}
3 r4 t2} 1,r2,r4} t2,r1,r2}
4 rl X t2,r1,r2} 2,x,12}
— — — 9-119: More examples
7 Xy} t3} 2.y} t2,13.x.y }
8 t1} } 2,13,x,y} t2,x}
9 X} ri} 2,x} 2}
10 [ T [ L2}
11 [ 37 T2} [
12 © T4} 3] ¥

9-120: More examples
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9-121: More examples

nod:
tl=r3
MEM t1_offset] =t1
t2 =r4
X =rl
y =r2
goto test
body:
x =x -1
test:
t3 =x -y
if (t3 >= 0) goto body
rl =x
MEM t1_offset] =t1
r3 =ti
r4 =t2

9-122: More examples

nod:
r3 =r3
MEMt1_offset] = r3
r4 =r4
rt =ri
r2 =r2
goto test

body:
ri=r1-1

test:
r3=rl1-r2
if (r3 >=0) goto body
rt =ri
MEMt1_offset] = r3
r3 =r3
r4 =r4

9-123: More examples

nod:
MEM t1_of fset] =r3
goto test
body:
ri=rl1-1
test:
r3 =rl1-r2

if (r3 >=0) goto body
MEMt1_offset] = r3

9-124: Calling functions

e Any function call (jump to register)

e Defines all callee-saved registers
e Defines all paramter regiters
e Defines result register

e All necesary saving of registers to the stack then happesratically



