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Outline ot the Lecture

v Code generation — main issues

» Samples of generated code

« Two Simple code generators

= Optimal code generation
y Sethi-Uliman algonthm
1 Dynamic programming based algarithm
2 Tree pattern matching based algorithm
Code generation from DAGs
Peephole optimizations

Welcome to the lecture on code generation. We covered a little bit of this material in the
last class.
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Code Generation — Main Issues (1)

« Transformation:
; Intermediate code —* mlc code (binary or assembly)
We assume quadruples and CFG to be available
= Which instructions to generate?
a For the quadruple A = A+1, we may generate
= Inc A or
» Load A R1
Add #1, R1
Store R1, A

2 One sequence is faster than the other [Cost
implication) EV Ny

(Refer Slide Time: 00:40)

Code Generation — Main Issues (2)

In which order?
2 Some orders may use fevwer registers and'or may be fastar
= \Which registers to use?

COptimal asskgnment of registers to variables = difficult to
achiava

Optimize for memory, time or power?

Is the code generator easily retargetable to other
machines?

Can the code generator be produced avtomaticall
specifications of the machine?

We looked at the main issues involved in code generation - for example, transformation,
what exactly is code generation, which instructions to generate, what are the
consequences of that, in which order should we generate the code, which registers to use,
should we optimize for memory time or power, is the code generator retargetable to other

machines etcetera; these are some of the issues that we looked at.
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Samples of Generated Code

» B= A[]
load L B1 AR =i
Mult Ri14RU'Ri=R14
i each element of array
I & is 4 bytes long
Load A[R1), B2 R2={a+R]
Shore M2, BY E=RHI
'\I'J: = Y
Load ¥, R1IVRImY
Load j, R2 RZ=|
Mult R2 4, B2/ R2=R24
Stote R1, X{R2) =iR2=R1

-:"R,-I_'.

Load p, K1
Load R1), R2
Store R2, X

. q=Y

Load ¥, R1
Load g, B2
Store R1, IRZ)

s I A <Y goloL

Load X, R1

Load Y. R2 f::i‘
Cmp R1, R2

Bz L

We also saw some samples of generated code. For example, for the assignment B equal

to Ai, X jequal to, X equal to star p, star q equal to Y, then branch instruction, etcetera.

(Refer Slide Time: 01:17)

samples of Generated Code

Static Allocanon (no [SKR msouction

Activation Record Activation Record

Three Adress Code for F1 (48 byles)  for F2 (76 bytes)

il Code for function F1 0 return address 0 return address
s 4 parameter 1

action code seg 1
call FZ clata array

action code seg 2 A
Halt B

data array

40 variable x .

il Cade for function F2 , '-ﬁ
44 yariable y 71 T==fhis m

action code seg 3
return

We will continue that discussion today. Let us look at the generated code for function
calls etcetera - first of all, in the case where we have static allocation and then we look at

the case where there is dynamic allocation.



Even with static allocation, let us assume that there is no jump subroutine instruction, to
begin with and then we will see the minor modification needed, when there is a jump

subroutine instruction available.

The 3 address code for the function F1 and function F2 will probably look like this. Let
us assume that function F1 is the main program itself and function F2 is the subroutine.
There is action code segment 1 and then there is a call to the function F2 and then action
code segment 2 and then there is halt. These action code segments are some code
computations within the function F1 to achieve the meaningful line and result.

In code for function F2 we just have action code segment 3 and then there is a return. Let
us first look at the activation record for the function F1; its size is 48 bytes. To begin
with, the activation record will have, for example, the static link, dynamic link
information, which we already have discussed. So, | am omitting the static link, dynamic
link information in this particular activation record to make the presentation simpler.
There is a return address field; then there are local parameters. Function F1 does not
have any parameters within local variable as | said sorry not local parameters. Function
F1 does not have parameters passed to it whereas function F2 has a parameter passed to
it.

There are local variables, for example, data array A, then there is a variable x, another
variable y. The total size of this activation record is 48 bytes and since this is static
allocation, the activation record is allocated just once and there is no recursion possible.

Activation record for the function F2 is 76 bytes in size. To begin with, there is return
address then there is space for parameter 1, then there is an array B and another variable

m.
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“Jln;er-llllqnxrilvd Code

Stanc Allocanon (no [SR mstruction

r funchon F1

SO0 S8

What would be the code that is generated for such a set of functions? Here is a code for
function F1; then we have code for function F2; and finally, we have the activation
record format for F1 and the activation record format for F2. In the activation record, let
us look at this first, for F1 it runs from address 600 to address 647; and then the first
location, as we saw previously, contains the return address. Then the second location
onwards, there is a space for the local variable A, which is an array, then at 640 we have

the space for variable x and at 644 we have the variable y.

The activation record for F2 runs from 648 to 723, at address 648 we have the return
address stored in it; at 652 we have the parameter 1; and then at 656 onwards, we have
the array B; and at 720, we have the variable m. So, this is the layout of activation
records of F1 and F2.

Codes for function F1 starts at 200 and code for function F2 starts at 400. Action code
segment 1 starts at 200 and it runs till 240 - some computation which is meaningful. Now
at the address 240, we have a move instruction - Move hash 264 to address 648. This

instruction achieves storing the return address onto this particular slot.

The reason we are doing it is because there is no jump subroutine instruction. We need to
store the return address explicitly and then jump to it, once the function F2 is over. There
is a parameter to the call F2. So, at 252 we have Move param 1, 652 which moves some

parameter - variable, let us say, 1 to 652 - and then at 256 we have Jump 400, which is



actually a jump to the address 400. Note that this hash 264 is nothing but the address of
action code segment 2; 264 is the address of this; so, that is the return address, which is
being stored at 648. At location 400, which corresponds to function F2, we have action
code segment 3; and then the code is actually till 440; and then jump at 648 is an indirect
jump instruction, which takes the contents of 648 and treats that as an address and jumps

to that particular address.

648 correctly contains 264 and therefore, once the jump is completed the action code
segment 2 continues and then finally, function F1 halts. So, this is a way the code would

be for function call with a parameter and no jumps subroutine instruction.

(Refer Slide Time: 07:47)

“‘.III1:I'|L'- of Generated Code

Stane Allocanion (wath 1SR mstructoon

Activation Record Activation Record
Three Adress Code for F1 (44 bytes)  for F2 (72 bytes)

il Code for function F1. 9 o
action code seg 1 clats array doth array
coll FZ & B
action code seg 2

Halt 18 variable x gg ‘warlabbe m

40 vatlable y ol

W Code for lunction F2 I"?“'I'I

action code seg 3
return

Here is the slight change in the activation record format when we have a jump subroutine
instruction. For simplicity, since we have already studied how to pass parameters, | have
omitted the parameter here as well. Please observe that there is no return address here
and here. We do not have that; we had it in the previous activation record format. Rest of
it remains the same. The size of the activation record has slightly reduced. Let us see

what happens in the code.
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samples of Generated Code

Static Allocanon (wath |SR instruction

Il Code for function Fi Acthvation record for F1
200 Action code seg 1 Hroery BRD-543

Now jump to F2, return addr | &600:  //space for array A
/! ks stored on hardware stack G356 ‘space for variable x
240 JSR 400/ Call F2 640 space for variable y
248 Action code seg 2 IActivation record for F2
JEE o alt from Bdd-715
. Gdd space for array B
! Code for function F2
400:  Action code seg 3 T12:  lispace for '-':I;;HE m
{1 e return to F1 (addr 248) [
440 faturn

The activation record for F1 now runs from 600 to 643. We do not have the return
address otherwise everything else remains the same. We do not have the parameter either
in this particular case. So, there is no space for the parameter either. Here we execute the
action code segment 1 in function F1. Now, there is a jump subroutine instruction. The

jump subroutine instruction uses a separate hardware stack to store the return address.

There is no need to store the return address explicitly. JSR 400 automatically stores the
return address on its stack, hardware stack and jumps to the address 400. Here we
execute action code segment 3 in function F2 and return instruction automatically takes
the return address from the hardware stack and returns to the address 248, which is the
return address; then it continues. So, this is the minor difference we would have when

there is a jump subroutine instruction.
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samples of Generated Code

Dynamic \locanon no [SKomstruction

Thiee Adress Code

Activation Recond  Activation Record

i Code for function F1 for F1 (82 bytes) for E2 (96 bytes)

action code seg 1
call F2
action code seg 2
return

O return address 0 return address
4 4
lacal data
W Code for function F2 local data
and othier
action code seg 3 and other

i Ei
phaieipen information information

action code seg 4 40 a2l
call F2 64 ':j- 3

action code seg &
refurn

Let us see how the code changes when we have dynamic allocation and again with no
JSR. In this case again, we have omitted the parameter because there is not too much
difference when we have parameters; we have seen what happens already, but here the
allocation is dynamic so, we can have recursion. Function F1 has action code segment 1
and then a call to the function F2, action code segment 2 and then let us says a return. We
have called this from the main program. Code for function F2 contains action code
segment 3, then a recursive call to function F1, see call F2, F2 call to F1 again, action
code segment 4 and then a recursive call to F2 itself again and action code segment 5,

finally return.

Let us see here, there is a return address and then local data and other information, return
address and local data and information. Please observe that the size of the activation
record is 68 bytes here and 96 bytes here. There is no jump subroutine instruction.
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‘*.III'|=',‘|L'*- of Generated Code

[vnamic \locanon (o SR insouction

I Indttalization Code far F2
100 Move 2800, SP 300 Action code $ag 3
. 340:  Add #8688, 5P
Code for Fi 348:  Move #3564, @EP
200:  Action code seg 1 356:  Jump 200
230 Add #98 SP 364: Sub #8588 5P
v ] Mg #2554, @EF' I3r2 Action codo seg 4
246 Jumnp 300 400 Add &6 5P
254 Sub #5965, 5P 4048 BMove 2874 -@EF’
262 Action code seg 2 416:  Jump 300 >,
286  Jump @SP 424: Sub #58 S5P L_'j'
432:  Action code Soge
480 Jump @5

There is some initialization for the stack pointer saying that from 800 onwards the stack
begins and then let us look at the code for the function F1. There is action code segment
1 from 200 to 230 and then we have to create the activation record. We are assuming that
the activation record is created on the stack itself; so, it is a stack managed activation
record and not a heap managed activation record. 96 - The size of the activation record is
added to SP, thereby allocating the space for this particular activation record for the call

to the function - function F2, that is.

Then we move the return address which is 254 at SP indirectly. The first location of the
activation record now contains a return address, after this instruction is executed; then
jump 300; we come here; this is the code for F2. Within this, we execute action code
segment 3. Now, there is a recursive call to function F1. We add the size of the activation
record to SP thereby creating another activation record for the function call F1 and then
the return address is moved to the first location of this particular activation record and
finally, we jump to 200. (Refer Slide Time: 12:37) So, we come here. This executes
again and again; it keeps going. Finally, once we return from the function, let us see how
that is done, we subtract 68 from the stack pointer there by the activation record is
destroyed. Action code 4 is executed. Now, there is another recursive call. We add 96 to
SP, return address is stored and jump to 300. This is another recursive call; once that
recursive call is completed, we come out and we subtract the size of the activation record

thereby destroying it and execute the action code segment 5. Jump at SP automatically



returns by taking the return address from the first location of the activation record on the

stack.

(Refer Slide Time: 13:33) The same thing happens here. Once we return here, we come
here. Subtract 96 which is the size of the activation record, execute the action code

segment 2 and jump at SP takes the return address and returns to the main program.

(Refer Slide Time: 13:50)

samples of Generated Code
Dynamic Allocation (with JSR mstruction

Three Adrest Code

Activation Record Activation Record

i Code for function F1 for F1 (84 bytes)  for F2 (92 bytes)

action code seg 1
call F2
action code seg 2

fuliiin ¥ parameter 1

lazal data
il Code for function F2 lacal data aursd oyt

action code seg 3 and other P
call F1 information information

action code seg 4 B a8 fl"
call F2 &0 ‘-_#'
action code seg §
return

With jump subroutine instruction, the only change is there is no return address here; so,

activation records are smaller.
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samples of Generated Code

Dynamic Allocation (with JSR mstruction

I Initialization ICoda for F2

100 Move #2800, 5P Z80:  Action coda sag 3
330 Add 854 5P

{{Code for F1 338: JSR 200

J00;  Action codae seg 1 : Sub 284, SP

230 Add 292, 5 Action code s8g 4

238 Move paramd, @5P - Add #8652, 5P

242: JER 290 JSR 250

250  Sub#92, 5P Sub #52, 5P B

258 Action code sag 2 - Action code se

286 return raturn

The code is also much simpler; the initialization remains and the activation record is
created. There is a parameter which is permitted here along with jump subroutine. We
move the parameter to that particular location and execute a JSR which stores the return
address on the hardware stack. Then once it is completed, we come out; deduct the size
of the activation records. This destroys the activation record; execute the code segment 2
and return. This is very similar; there is not much change; every time we add the size of

the activation record and jump subroutine.

Once we come out of the subroutine, we subtract the size of the activation record,

thereby we destroy the activation record; this is a fairly straight forward job.
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\ Hi|1‘||'~|-:_' { _ode Generator — Scheme

Treat each quadruple as a ‘macro’
4 Example: The quad 4 ‘= B + C will result in
D
C, B2

Ad B Bi

2 Results in inefficient code
Repeated load'store of registers

3 Very simple to implement

You have seen many examples of what type of code is generated for function calls and
other statements. Now, it is time to discuss how exactly code is generated. What this says

is, treat each quadruple as a macro; this is the first thing.

An example is here. Let us say the quadruple is A equal to B plus C. We generate
extremely simple code. We load this B to R1. (Refer Slide Time: 15:40) This is one
possible code sequence; this is the other possible code sequence. Load C to the register
R2, add R2 to R1 and finally, store R1 to A.

Otherwise, we say load B to R1; and this should have been add C comma R1 and then
finally, store R1 to A. This is add C comma R1.

The purpose for such a macro is to make the code generation macros self-contained -
complete. Observe that the registers which are used for storing B and C here will be
released at the end of this particular macro. They are not going to contain any meaningful

values later on, that is the assumption.

If we do this load - store sequence for every quadruple, automatically the code will be
very inefficient, but it is very easy to implement. For each type of instruction, we write a
macro and expand that macro for the sequence of quadruples. That is all. Nothing more

than that, is needed.



So, repeated load - store of registers takes place here. For example, we are storing R1 in
A and we are not using the value of A, which is in R1 later on. We load A into R1 all over
again, even if the next instruction is like x equal to A plus y. This is very simple to
implement, but definitely there is a lot more chance to improve it.

(Refer Slide Time: 17:31)

A Himpli- { _ode Generator — Scheme B

Track values in registers and reuse them

It any cperand is already in a register, take advantage of it

Register descriptors

= Tracks <register, vanable name> pairs

= A single register can contain values of multipls
names, if they are all copies

Address descrplors

s Tracks <variable name, localions> pairs

= A gingle name may have its value in PO P
lecations, such as, memory, register, and s

Scheme B: Scheme B is slightly more complicated. It tries to track values which are
available in registers and then it tries to reuse them. If any operand is already in a register

then take advantage of it.

That is the basic idea, but how to take advantage of it. It is done using 2 data structures
called register descriptors and address descriptors - two of them. The register descriptor

tracks register variable name pairs.

In other words, for each register, it tells you which are the variables which correspond to
that value in the register, but then the question will be how a register can hold the values

of many names.

This is possible because a single register can contain multiple names, if they are all
copies of each other. Let us say we have computed A equal to x plus 5; the value of A is

now available in some register R1.

Then we write B equal to A, or C equal to A, or M equal to A and so on. So, B, C and M,

all these variables, now contain the same value of A, but we do not have to allocate



different registers for them. We just track that they are all corresponding to the same
value using this register descriptor. What is an address descriptor? It tracks variable name
and location pairs. For each variable name, it stores the locations where that value is
present. For example, a single name may have its value in multiple locations such as
memory, register and say, if it is stack machine, then on the stack also. In such a case
depending on the occasion we may actually want to avoid storing rather loading a
particular value from memory to register, if it is available both in memory and register.

We will see this a little latter.

(Refer Slide Time: 19:50)

\ Himplc_- ( _ode Generator — Scheme B

Leave computed result in a register as long as
possibla

Store only at the end of a basic block or when that
register is needed for another computation

;O oaxit from o basic block, store only live variables which
are nok in their moamany locations alfeady (wse address
descriptars to determine the latter)

W lvenass information i3 nol kndwn, adsume that all
variables ara live at all times ri-ﬁ
-ef

And then the computed result is left in a register as long as possible. Unless the register
is useful for some other work, we are not going to vacate the register thereby we
probably avoid repeated loads. We store only at the end of a basic block unless we are

compelled to do otherwise or when that register is needed for another computation.

On exit from a basic block, store only live variables which are not in their memory
locations already. This as | said can be found out very easily using the address descriptor.

Live variables are those which will be useful even after the basic block is completed.

In the next basic block, programmer defined variables are normally live, even after the
basic block is completed, whereas temporary variables have the scope within the basic
block. If liveness information is, for example, not available at all what do we do? We

cannot stop code generation. We assume that all the variables are live at all times thereby,



at the end of a basic block we need to store every variable into their home memory

location.

(Refer Slide Time: 21:18)

Example

« A =B+C
1 If B and C are in registers B1 and R2, then
genefate
A00D B2 BT (cosi = 1, resulf in B1)
legal only If B & nof e aler the statemesnt
4 I R1 contains B, but C is in mamory
ADD C.RT (cosl = 2, result in R1) or
« LOADC, R2
ADD R2R1T (cost = 3, resull in R1) o
legal only if B is nof e aBer The stabement r::';

aftractrve il the value of G is subsequently used
kit

Let us look at an example and understand how this scheme B works and then go on to

the scheme itself.

Say, the quadruple is A equal to B plus C. If B and C are in registers R1 and R2, then
generate add R2 comma R1; the cost of this is 1 and the result is in R1, but this is legal
only if B is not live after the statement because we are destroying B. B is in R1 and after

this instruction is executed B will not be in R1.

It is the value B plus C - that is, A - which will be in R1. This is one possible alternative.
The other alternative is, if R1 contains B, but C is in memory, then generate add C
comma R1; cost is 2 because you need to fetch from the memory location, C also; and

the result is in R1.

One more possibility is we load C into R2 and then add R2 to R1. (Refer Slide Time:
22:29) Cost for this is 3 because you are loading this also into R2 and then adding it; the
result is in R1. This is legal only if B is not live after the statement. Again the same issue;
both these are the same. B is destroyed and it is attractive if the value of C is
subsequently used. In both cases, if we are going to use C later on then we can take it

from R2 and we do not have to load it into R2 all over again.
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Next Use Intormation

Mot wse info 5 wvsed in code genaration and register allecation
o Moot wese of A in quad ik d
Ciuad { : A= ... [essignmant to A)

| Eoaiaril Sra Iremi 15 ) wb S DS g K

Cuadj: =4 opB (vsage of A)
In computing next use, wo assume that on exit from the basic
black

All lemporanes &ie conskdénsd non

o) PhOGrarmimel denndd wanaoses [and Rof-1&mps) ané e
Each |.'II'I'.'H:E'|ﬂufl."' function call is assumed o stal a basic black

Mot use is computed on a backward scan on the quads ina
basic block, starting from the end

o PMeat wse information is stored in the symbol table

That is how the many options available during code generation regarding availability or
otherwise of a variable in memory or in register is tackled. To do that and to usefully
retain only those values which are used later in registers, we use some information called

next use information.

It is used in code generation and also register allocation in scheme B. What is next use?
For example, consider quadruple i and quadruple j; the control flows from i to j with no

assignments to the variable A, which is defined here.

There is an assignment to A and then there is usage of A; in between there are no other
assignments to A. So, the value of A here, is valid here also. (Refer Slide Time: 24:01)
The next use of this A in quad i is j, if this is true. In computing the next use, we assume
that on exit from the basic block all temporaries are considered non-live, so they are not

useful anymore.

All programmer defined variables and non-temporaries are live. This is the assumption
that we make. If this is not true then we will have to assume that all temporaries are, all

variables are non-live.

Each procedure function call is assumed to start a new basic block. There are no
interactions from the procedure call inside the basic block itself. It becomes a separate

basic block and it can be handled in a much better fashion. Next use is computed on a



backward scan on the quadruples in a basic block, starting from the end. We will see an

example of this now and next use information is stored in the symbol table itself.

(Refer Slide Time: 25:05)

‘xample of computing Next Use

Tim4g=| T = |nbw, lu 0, s 5§, 1 = (v, lu 3, na 10)
T2 im pcldr{f) - 4 T2 = (b, lu 0, nu 5§
T3 = T2[T1] T3 =nbe, lu 0, mw B), T2 = (nky, lu 5, ],
T1=(nbe, lu 5, mu 7)
Td := acldr|B) = 4 Td = nbs; lu D, ma T)
| TS = T4[T1] | TS =(nlw, hu 0, mu B), T4 = [nbe, lu T, anu],
T =(nb, lu 7, mnu)
TE:=TI* TS | TE = (ks lu D, ma 80T = (nls, hu B, anau),
TS = |nbw, lu 8, anu]
 PROD := PROD + T6 | PROD - (Iv, lu 9, nea). T6 - (nly, Ju 9, mnu)
l:=0+1 0= [h, Pu 140, mw 41)

b
11 5 30 golos 3 0= [, b 11, mna) S

Here is an example of how to compute next use. Here nlv means not live, Iv means live,
lu means last use. nu means next use. Let us start from the bottom and see how the

algorithm computes next use information. This is the last quadruple of the basic block.

So, there is no more usage of the variable | or any other variable for that matter after this
basic block. For 1, it is a programmer defined variable. So, it is recorded as live and then
the current quadruple number in which it is used is recorded as last use - that is eleven.
There is no next use because this is a last quadruple after which there are no usages of
any variables. With this information, we go to quadruple of ten. Here is I is equal to I

plus 1 again.

I is live always. Remember that | and PROD are programmer defined variable. So, they
are always live. Last use of this I is 10 because | is used here and this is the quadruple.

Then next use of | is in 11 because the value defined here is used in 11.

What we really have done is use this last use information to be recorded as next use
information for the previous quadruple. That is how, the last use is used. PROD is a
different variable; none of this holds now; it is always live. Its last use is nine, the current

quadruple number and there is no next use because there is no usage of PROD after this



and this was the initialization to the variable and it remains as it is. T6 is a temporary. So,
it is always not live after the basic block. Its last use is 9 and there is no next use for it
because it is not referred to anywhere here. As far as the initialization is concerned, it

would have been initialized to nnu and continues to be nnu.

When you come to quadruple number 8, for T3 and T5, there is no next use because this
is the first time that we have used it and the current quadruple numbers are recorded as 8
and 8. For T6, the last use is recorded as O indicating that this is a definition. A definition
always terminates that live range. Even if there were to be any usages of T6 here, all
those are not going to be the same T6. It is redefined here. So, it is apt to say that the

there is no last use; that is last use is O.

Once we go up to T5, this information about T5 which is already in the symbol table, for
example, it had recorded not live, last use 8 and nnu. (Refer Slide Time: 28:22) This lu 8
is copied to this nu. For example, T5 becomes next use 8. So, whatever was here is
copied here, lu is 0 because it is a definition and as far as T4 is concerned, it is not used
again. We still do not have anything here which is useful. For T4 in quadruple number 6,
we are copying lu 7 to nu and this continues. For T3 if for T2 T1 For example, T2 and T1
have nothing. Let us look at this T1 itself. We had T1 here which recorded nu as 7 and
then the last use as 5; lu 5 here is copied to next use 5 here and | is always recorded as
live. (Refer Slide Time: 29:21) Finally, the last use is 3 and nu is 10; from this quadruple
we had recorded lu as 10 and now this is recorded as 10. So, in a backward scan you can

compute this next use information using the last use information.
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Scheme B = The algorithm

« \Wo doal with ono basic block ot a ma
e assume that there 15 no global register allecation
For gach quad A = B ap C do the following

Firsd @ location L 1o perform B op O
L | ¥ i Pecpaies relurned By GETREG) |
Wirene 5 8
s B, Toisnd using ndidiess disscriplor for B
s Prodor rpgister tor 8 | if i€ 5 ovadable in mgmory and regraior

sanarpts Load B L (d B is

L] B & e b

Whane s

= lound UG ke s Chrslr ol 108 [

e oNarale of ' f-‘
Update descriphors for L and 4 _J
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How do we use this? We now begin the discussion of the algorithm itself. This algorithm
deals with one basic block at one time and we assume that there is no global register
allocation in this; there is a local register allocation which is the GETREG function

which we are going to discuss very soon.

For each quadruple A equal to B op C, we do the following. Find a location L to perform
the computation B op C. It is not necessarily always a register, but most often a register
is returned by GETREG.

So this L is obtained via GETREG. We will see very soon how? It could be a memory
location; normally it is not. Where is B? Let us say the location of the B prime B of B is

B prime and it is found using the address descriptor for B that is what it is meant for.

Address descriptors tell you for each variable, where exactly it is located. If it is
available in register and memory, let us prefer the register; say B prime is a register now.

If B prime and L are not the same, then we generate an instruction called load B prime
comma L to move the value from B prime to L. If B prime and L are the same, there is

no need for this particular instruction.

Where is C located? It is in C prime and again we find it using the address descriptor.
Now generate the instruction op C prime comma L. Once all this is done we have to

update the descriptors for L and A. Now, L contains the result and it is supposed to be



contained in A. L is a register; we need to modify the register descriptor for L. Similarly,
whatever A is, the address descriptor for A will have to be modified, mention where
exactly its value is contained whether a register or a memory location etcetera. If B and
C have no next uses then update the descriptor to reflect this information. This is one
place where next use is used. That means from now onwards B and C need not be in the
registers; their registers can be used for some other purpose that is what this really

means.
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What does the function GETREG do? It finds a location L for computing the B op C; in
other words, computing A. There are 4 steps here. First one says if B is in a register, say
R, and R holds no other name, the address descriptor tells you what the other names
corresponding to this R are and then B also has no next use; so, it is not useful anymore.
This is the last place where B is used; B is not live after the block. So, we do not have to

bother storing.

If it is live, then we have to store it into its memory location. We cannot destroy the value
now, and then return R. If all these conditions are satisfied, B is in a register, it
corresponds to only one name, it has no next use and it is not live after the basic block,

then return R.

If this is not possible, failing one, return an empty register if it is available. If empty

registers are also not available then if A has a next use in the block, that is A is useful



later on or if B op C needs a register compulsorily, for example, in indexing operations a
register is essential if op is an indexing operator, then somehow we will have to free a

register.

How do we free registers? We must use a heuristic to find an occupied register and then

empty the contents of that register into its home location and release that register.

How do you find an occupied register? There are many heuristics possible. For example,
a register whose contents are referenced farthest in future. If it is used immediately in the
next instruction, it is not a good idea to empty that register and release it.

But if it is used 5 or 6 instructions away perhaps by the time we reach there, some other
register would be free and therefore, we can load that into the register - the value can be

loaded into a register all over again.

Or the number of next uses is the smallest. Look at the next uses of each register, the
value in the register. Take one which is used very few times that may be cost wise the
best because if it is used very small number of times, we have to really load that value
into a register only a few times, but if you choose a register which is used very large
number of times or the value is used very large number of times, we have to load it into a

register every time.

So this is the issue behind the heuristic. Now we have a register. We have to split it by
the generating an instruction MOV R comma mem. mem is the memory location for the
variable in the register R. We can get this information from the register descriptor and

that variable is not already in mem.

So this address descriptor will tell you whether mem already contains the updated value
or it does not. Once it is done, we probably generate the instruction and update the
register and address descriptors because now situation has changed. The registers do not
hold the value they are supposed to hold; they have been released. If A is not used in the

block or no suitable register can be found, only then return a memory location for L.

So, this is what | was saying it is not compulsory for L to be a register. It can be a
memory location, but that is the last resort.
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So let us look at a simple example to understand the code generation process. T, U and V
are temporaries they are not live at the end of the block. So, there is no need to store
them at the end of the block. W is a non-temporary and it is live at the end of the block.
We have to store it into its home location after the block is completed and let us assume

there are 2 registers.

First statement is T equal to A star B. To begin with, the first instruction is this. All the
registers are free; none of them contain any values. GETREG will return RO for A. So,
we load A into RO. We do not need another register for B because we do not call
GETREG, the second time. GETREG would have returned location for A which is RO.

Now, Op B comma RO is Mult B comma RO and the result now goes into R0. RO now

contains T that is the register descriptor content and address descriptor says T is in RO.

Now, U equal to A plus C, remember that the RO which is actually the value of A is now
destroyed. It now contains the value of T that is A star B. This is because our code
generation scheme is a very simple scheme. It does not see whether there are many uses

of the same variable A on the right hand side. It only checks if this T is used later.

U equal to A plus C, we load A into another register R1 which is free; add c to it. Now,
RO contains T, R1 contains U are the contents of register descriptor; T in RO, U in R1 are

the contents of address descriptor.



When we look at V equal to T minus U, immediately the GETREG function knows that
T is contained in the register using these descriptors. It is in RO, U is in R1; this is
immediately found out and it also sees that T is not used later on. So, it is okay to destroy
it. It simply emits the single instruction Sub R1 comma RO. From now on, RO contains V
R1 contains U. For the instruction W equal to V star U, it emits the instruction R1
comma RO because it is okay to destroy V after this instruction and finally, once the basic
block is completed the value of W which is in RO is stored back into its memory location
W. Memory is restored and code generation is complete for this particular block.
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Now we start looking at another scheme of code generation. So far, we saw a model in
which code generation is not guaranteed to be optimal or otherwise. There was no result

which said anything about the code generation strategy.

Sethi-Ullman algorithm is one of the algorithms which is guaranteed to generate optimal
code for a certain type of machine model. For example, look at the cost model; the cost
model says it generates the shortest sequence of instructions. The cost is the length of
that particular sequence itself and it is possible to prove with respect to the length of the
sequence that this is an optimum algorithm.

In other words, the code which is generated by this algorithm is the shortest in length. No

other code can be shorter than this, no scheme can give you shorter than this and it is



useful for only expression trees. This is a slight disadvantage because you cannot

generate optimal code for directed acyclic graph.

Unfortunately that problem is (( )). So, there is nothing we can do. We have to actually
represent basic blocks as trees instead of directed acyclic graph and that is possible. We

will see that later.

The machine model which is used here assumes that all computations are carried out in
registers. There is no computation which is directly carried out in memory and
instructions are of the form, Op R comma R or Op M comma R. So register and register;

it does not mean the same register, could be Op Ri comma Rj and op M comma R.

Whatever is the operation, it takes one of the operand as M but, the result is always in R.

It always computes the left subtree into a register and reuses it immediately.

This is a very important feature of this particular algorithm. The left subtree is computed
into a register and the result of that left subtree is used immediately. There are 2 phases
in this particular algorithm: the first phase is the labeling phase and the second phase is

the code generation phase.
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The labeling phase labels each node of the tree with an integer. So, the number that we
compute tells you what exactly is the fewest number of registers required to evaluate the

tree with no intermediate stores to memory.



So this is what the number tells you. How do we compute such a number? We will see
that very soon and we are going to consider only binary trees because all over operators

are either unary or binary.

Suppose the node is a leaf node, in that case, if n is the leftmost child of its parent then

label of n is 1, otherwise label of n is 0; very simple, leftmost child 1, otherwise 0.

For internal nodes, label is computed as the maximum of L1 and L2, if L1 not equal to
L2 and itis L1 plus 1, if L1 equal to L2.
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Let us look at an example and understand this process better. We start with the leaves.
This is the leftmost child of its parent; so this is 1. This is the second one, the right one;

so thisisa0.

Similarly this is a 1 and this is a 0; this is a 1 and this is a 0. For the internal node n1, this
value and this value are not the same. L1 not equal L2; so, the maximum is taken and

that is 1 here, here also the maximum is 1 and here also the maximum is 1.

Now, all these 3 nodes have 1. Let us look at this node; it has 2 children and its
numbering has been 1 and 1. These 2 values are equal; so, this is numbered as 1 plus 1
thatis 2 - L1 plus 1.



Now n2, n3 and n4 are the children of n5. This is 2 and this is 1; so they are unequal. We

just take the maximum, which is 2.

What does this really mean? This means that this entire expression tree can be evaluated
with no stores into memory, with just 2 registers. The same is true for this. It requires 2

registers; this requires 1 register, this requires 1 register and this also requires 1 register.

Let us see how this is done. If you have just 1 register, then load the value of A into that
register and perform this operation with b as the other operand. The result is also going
to be in the same register. So, 1 register is sufficient for us.

(Refer Slide Time: 45:40) If you do not have another register, this cannot be evaluated.
That is the reason, to compute this particular tree, we require 2 registers. We evaluate this
tree into 1 register, we already saw how to do that and then we evaluate this tree into
another register R1. This is very similar to that. RO and R1 contain the 2 values of the 2
children and now this can be computed into the same register RO which is the register of
its left child and now R1 becomes free. RO is held; it holds the entire tree value, but R1 is

free. That R1 is used for the computation here.

This is just loading it into R1 and this does the operation with R1 and another operand
from here. R1 contains the result of n4, RO contains the result of this entire tree and
finally, we can perform this operation with RO, store the result also in RO and release the

register R1. That is the reason why this entire tree can be evaluated in 2 registers.

Suppose we had performed this particular operation first, we had loaded into R1, then we

performed n4 and now the result is available in R1.

We just have one more register left and that is not sufficient for the evaluation of this
particular tree. Our code generation strategy is going to be straight forward. It always
sees first we compute the numbers, these MINREG values and at every step, we see
which subtree requires more registers then generate code for that particular subtree and
then go to the other subtree. When we generate code for a particular subtree say k
registers are needed for that; we use all the k registers, compute the result, hold it in one
of the registers and release the other k minus one registers. This is our strategy.
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Procedure GENCODE - with a node n which is a root of that particular tree. Here we use
2 data structures: one is called the register stack which is stack of registers R 0 to R r-1.

So, there are r number of registers.

The stack of temporaries is called is called TSTACK and there is no limit on its length as
many temporary as we need are available in this particular stack. When we call Gencode
n, it generates code to evaluate a tree T rooted at node n, into the register which is on the

top of RSTACK. That is a very important thing.

Whenever we call the function Gencode, we give it a stack of registers and a stack of
temporaries. The stack of registers will contain the result of this particular tree in the top

most registers.

And all other registers are supposed to be free. The rest of RSTACK remains in the same

state as one before the call - that is free.

We also require a swap operation of the top 2 registers of RSTACK sometimes to ensure
that a node is evaluated into the same register as its left child. These are some of the
features. This last feature is needed to prove the optimality of the code. That is why, this

is also equally important.
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Let us look at the various cases of this particular algorithm. case 0, there is a node n
which is a leaf node. This is case 0. If n is a leaf representing an operand N and is the left
most child of its parent, we generate the code LOAD N comma top of RSTACK. This
will be some register at run time; it may be some RO or R1, whatever it is, the instruction
which should be emitted would be LOAD N comma that particular register. This is the

case 0.
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Case 1: the right operand is a leaf and the left operand is a subtree. n is an integer node
with operator OP, left child n1 and right child n2. Right child is a leaf node. That is if
label n2 equal to O, that is it is a leaf node, let N be the operand for n2; we generate code

for n1 by calling the rooting gencode recursively on this particular subtree.

Once this is completed, the top of RSTACK will contain the result of n1. We generate
code OP N comma top RSTACK. Now again the top of RSTACK will contain the result

of this entire tree as well. So, we have restored the stack the way it was.
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This is case 2. You have a subtree nl; you have another subtree n2 for this particular
node n. This subtree nl requires less than r number of registers; this subtree n2 requires
more than what nl requires. 1 less than label nl1 less than label n2, that is the order; the
other order is considered in the next slide and label n1 is less than r. In other words, we

require less than r number of registers to evaluate nl.

(Refer Slide Time: 51:52) This requires a little more than what this requires. Let us say r
is 10, this requires 5, this could require 8 or it could require 11 that does not matter. In
this case, we do what is known as swap operation on the RSTACK. Why? The swap

function ensures that a node is evaluated into the same register as its left child.

This will become very clear now. So, swap the RSTACK. If let us say the top two are RO
and R1; now it becomes R1 and RO. gencode n2, R1 is at the top of stack. (Refer Slide



Time: 52:28) The result of this entire thing, because this requires more registers, the

recursive routine is called on n2 first. This I have explained already.

This tree will evaluate into the top of RSTACK which is R1 after the swap. Pop that R1
into the variable R at compile time, variable R. RO is on the top of the stack, below that

is R2 etcetera. Call this routine on nl.

When we do that, RO will now contain the result of this particular subtree n1. Now,
generate the code for this entire thing OP R, which is this and top of RSTACK which is
RO, which is corresponding to this.

So this entire tree is now available in top of RSTACK which is RO, but R is outside the
stack. So, we push the R into the RSTACK.

But then now the order is reversed; R1 is at the top and RO is below it. So, we swap the
RSTACK, the top 2 entries. RO comes to the top and it also holds the value of this entire

tree, thereby we have restored the configuration the way it was.
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Now the case number 3, this right child requires less than r; this requires more than what
n2 requires - so the other case. 1 less than equal to label n2 less than equal to label nl
and label n2 less than r. Obviously, in this case we do not require any swap. We just

generate code for n1 and pop it.



So, RO, now, is in the variable R. It is removed from the RSTACK. Call gencode on n2;
that will be evaluated into the present top of stack say R1. Issue the instruction OP top of
RSTACK comma R and finally, push. This should have been OP R comma top of
RSTACK, there is a slight error here. The assumption is The result is the second operand.
Then we push the removed register into the stack again, thereby RO now is at the top of

the stack and the configuration is restored.
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The last case is case 4; both require more than r number of registers, more than equal to r

number of registers.

We need a temporary, in order to hold this particular result. Let us say arbitrarily, we
gencode for n2, take a temporary from the stack, push that result from top of RSTACK to
t, the temporary. All the registers are available for nl, generate code for nl, print the
instruction OP T comma top of RSTACK, thereby the result of this entire tree is available

in the top of RSTACK and replace the temporary into the temporary stack.

So, thereby we have actually use the entire stack of registers which is available to us, but
because both these children - the subtrees, require more than r number of registers, it is
not possible to generate code without storing this particular result. Gencode n2 generates
a result in the top of RSTACK; it cannot be retained there. We have to place it in a

temporary and then continue with the operations. We will stop here. This lecture will



stop here and the next time, we will continue with examples of the Sethi-Ullman

algorithm and also the dynamic programming algorithm. Thank you.



