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UNIT -I
Introduction & Lexical Analysis

—



Outline

® Introduction

®Role of lexical analyzer

® Specification of tokens

® Recognition of tokens

® Lexical analyzer generator

©® Finite automata

® Design of lexical analyzer generator
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The role of lexical analyzer .M

token

Source Lexical To semantic

program Analyzer ¥

getNextToken

Symbol
table
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Why to separate Lexical
analysis and parsing

1. Simplicity of design
>.  Improving compiler efficiency
3. Enhancing compiler portability

Computer Science and
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Tokens, Patterns and Lexeme ..

® A token is a pair a token name and an optional token
value

® A pattern is a description of the form that the lexemes
of a token may take

® A lexeme is a sequence of characters in the source
program that matches the pattern for a token

Computer Science and
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Example .

Token | Informal description Sample lexemes
if Charactersi, f if
else Characterse, I, s, e else
comparison | <or>or<=or>=or==or = <=, =

id Letter followed by letter and digits | i score, D2
number Any numeric constant 3.14159,0, 6.02e23

literal Anything but “ sorrounded by “ “core dumped”’

printf(“total = %d\n”, score);

Computer Science and
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Attributes for tokens

OE=M*(C* 2
® <id, pointer to symbol table entry for E>
® <assign-op>
® <id, pointer to symbol table entry for M>
® <mult-op>
® <id, pointer to symbol table entry for C>
® <exp-op>
® <number, integer value 2>

Computer Science and
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Lexical errors i

® Some errors are out of power of lexical analyzer to
recognize:

ofi (a==1(x)) ...
® However it may be able to recognize errors like:
®d=or

® Such errors are recognized when no pattern for tokens
matches a character sequence

Computer Science and
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Error recovery TRem

® Panic mode: successive characters are ignored until we
reach to a well formed token

® Delete one character from the remaining input

® Insert a missing character into the remaining input
® Replace a character by another character

® Transpose two adjacent characters

Computer Science and
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Input buffering TRM.

® Sometimes lexical analyzer needs to look ahead some
symbols to decide about the token to return

®In C language: we need to look after -, = or < to decide
what token to return

® In Fortran: DO 51=1.25

® We need to introduce a two buffer scheme to handle
large look-aheads safely

Computer Science and
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Sentinels
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E = M1 C 5 5 Zleot

eof

Switch (*forward++) {

case eof:
if (forward is at end of first buffer) {
reload second buffer;
forward = beginningof second buffer;
ilse if {forward is at end of second buffer) {
reload first buffer;\
forward = beginning of first buffer;
}

else /* eof withina buffermarksthe end of input */

terminatelexical analysis;

.. break;

’Computer Science and
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Specification of tokens Ram

® In theory of compilation regular expressions are used
to formalize the specification of tokens

® Regular expressions are means for specifying regular
languages
® Example:
o Letter_(letter_ | digit)*

® Each regular expression is a pattern specifying the
form of strings

Computer Science and
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Regular expressions DR

® ¢ isaregular expression, L(¢) = {¢}

®Ifaisasymbol in 2 then a is a regular expression, L(a)
=1{a}

®(r) | (s) isa regular expression denoting the language
L(r) U L(s)

® (r)(s) is a regular expression denoting the language
L(r)L(s)
® (r)* is a regular expression denoting (Lgr))*

® (r) is a regular expression denting L(r)

___\_ .
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Regular definitions

di->n

d2 > 12

dn ->rm

® Example:
letter_->A|B|..|Z|a|b|..|Z]|_

digit ->o01]..]|9

id -> letter_ (letter_ | digit)*

Computer Science and
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Extensions

® One or more instances: (r)+
®Zero of one instances: r?
® Character classes: [abc]

® Example:

®letter -> [A-Za-z_]

odigit ->][o0-9]

®id -> letter_(letter|digit)*

Computer Science and
Engineering
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Recognition of tokens Rem

® Starting point is the language grammar to understand
the tokens:

stmt -> if expr then stmt
| if expr then stmt else stmt
| &

expr -> term relop term
| term

term -> id

| number

Computer Science and
Engineering



s
Recognition of tokens (cont.) .M

®The next step is to formalize the patterns:
digit -> [0-9]
Digits -> digit+
number -> digit(.digits)? (E[+-]? Digit)?
letter -> [A-Za-z_]

id -> letter (letter|digit)*
If -> if

Then ->then

Else  ->else

Relop -><|>|<=|>=]|=|<>

® Wealso need to handle whitespaces:

_ws -> (blank | tab | newline)+

Computer Science and
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Transition diagrams M

® Transition diagram for relop

-/ N

return (relop, LE)

return (relop, NE)

*
- @ return (relop, LT)

~ other

return (relop, EQ)
\_,@ = @ return (relop, GE)
\____other
mefhmm(relop GT)
gin

eering

@@@
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Transition diagrams (cont.) o

® Transition diagram for reserved words and identifiers

letter or digit

|| ¥
@ letter ;® other @ return (getToken(), installlD())

Computer Science and
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Transition diagrams (cont.) o

® Transition diagram for unsigned numbers

digit digit
digit

start() digit éé ;

_ other

Computer Science and
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Transition diagrams (cont.)
® Transition diagram for whitespace

deFIi_m

start @ delim other *

Computer Science and
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Architecture of a transition-
diagram-based lexical
analyzer

TOKEN getRelop()
{
TOKEN retToken = new (RELOP)
while (1) { /* repeat character processing until a

return or failure occurs */

switch(state) {
case o: c= nextchar();
if (c == ‘<’) state =1;
else if (c == ‘=) state = 5;
else if (c == *>’) state = 6;
else fail(); /* lexeme is not a relop */
break;

case1: ...

case 8: retract();
retToken.attribute = GT;

return(retToken);

Computer Science and
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e
Lexical Analyzer Generator - oo

Lex Source program Lexical
lex.| : lex.yy.c
eX. Compiler
C
lex.yy.c : a.out
compiler
Input stream a.out Sequence
of tokens

Computer Science and
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Structure of Lex programs .=

declarations

%%

translation rules > Pattern {Action}
%%

auxiliary functions

Computer Science and
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Example

anifest constants
T, GE,
SE, ID, NUMBER, RELOP */

nitions
\t\n]
delim}+
[A-Za-z]
0-9]
etter}({letter}|{digit})*
digit}+(\.{digit}+)?(E[+-] ?{digit}+)?

0 action and no return */}
1(IF);}

HEN);}
nstallID(); return(ID); }

Num(); return(NUMBER);}

Int installID() {/* fu
lexeme, whose firs
pointed to by yyte
length is yyleng, into
table and return a poi

*/

Int instalINum() { /* similar
installlD, but puts numer
constants into a separate t

Science and
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Finite Automata

® Regular expressions = specification
® Finite automata = implementation

® A finite automaton consists of

® An input alphabet ¥

® A set of states S

® A start state n

® A set of accepting states F — S

® A set of transitions state —»input state

Computer Science and
Engineering

your roots 1o success...



Finite Automata

®Transition
S, —25,
®Isread
In state s, on input “a” go to state s,

®If end of input

® If in accepting state => accept, othewise => reject

@ If no transition possible => reject

Computer Science and
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Finite Automata Stat% Graphs ==
®A state

+ The start state /@
» Anaccepting state @

- A fransition Q/\Q




A Simple Example

® A finite automaton that accepts only “1”
OO
® A finite automaton accepts a string if we can follow

transitions labeled with the characters in the string
from the start to some accepting state

Computer Science and
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Another Simple Example

® A finite automaton accepting any number of 1’s
followed by a single o

® Alphabet: {0,1}

® Check that “1110” is accepted but “110...” is not

Computer Science and
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And Another Example
® Alphabet {0,1}

® What language does this recognize?




And Another Example

® Alphabetstill { 0,1 }

® The operation of the automaton is not completely
defined by the input

® On input “11” the automaton could be in either state

Computer Science and
Engineering



Epsilon Moves

® Another kind of transition: e-moves

e

&

- Machine can move from state A to state B
without reading input

Computer Science and
Engineering




Deterministic and :‘;3';’.
Nondeterministic Automata NM

you

® Deterministic Finite Automata (DFA)
® One transition per input per state
® No e-moves

® Nondeterministic Finite Automata (NFA)

® Can have multiple transitions for one input in a given
state

® Can have e-moves

® Finite automata have finite memory

® Need only to encode the current state

Computer Science and
Engineering
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Execution of Finite Automata .NfRM

® A DFA can take only one path through the state graph
® Completely determined by input

©® NFAs can choose

® Whether to make e-moves
® Which of multipletransitions for a single input to take

Computer Science and
Engineering



Acceptance of NFAs .
® An NFA can get into multiple states

1

Q.

* Input: 1 0 1
* Rule: NFA accepts if it can get ina final state

Computer Science and
Engineering
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NFA vs. DFA (1) e,

®NFAsand DFAsrecognize the same set of languages
(regular languages)

® DFAs are easier to implement

® There are no choices to consider

Computer Science and
Engineering
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NFA vs. DFA (2) TRM
® For a given language the NFA can be simpler than the
DFA
! 0 0
NFA
0

1 0 o ()°
DFA 9 O Q
\& 1

* DFA can be exponentially larger than NFA

Computer Science and
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Regular Expressions to Finite “w~

Automata
® High-level sketch

/ NFA
Regular \

expressions DFA
Lexical Table-driven

Specification Implementation of DFA

Computer Science and
Engineering
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Regular Expressions to NFA (1.NM

® For each kind of rexp, define an NFA
® Notation: NFA forrexp A

~O—0

* For inputa

-O——0

- Fore

Computer Science and
Engineering
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Regular Expressions to NFA (:. M

®For AB

- ForA | B




W
LN WX/
AT A
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Regular Expressions to NFA (: NReM
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NFA to DFA. The Trick o

® Simulate the NFA
® Each state of resulting DFA

= a non-empty subset of states of the NFA
© Start state

= the set of NFA states reachable through e-moves from
NFA start state

® Add a transition S —a8§’ to DFA iff

®S’ is the set of NFA states reachable from the states in S
after seeing the inputa

e considering e-movesas well

Computer Science and
Engineering



NFA -> DFA N%
Example ) .




X="p
LDRy, p //[Ri=p
LD R2, o(R1) // R2 =

contents(o+contents(R1))

ST x, R2 /] x=R2

Computer Science and
Engineering




conditional-jumg
instruction

// R1=x

/| R2=y
//Ri=Ri-R2
//ifRi<ojumptoM




Q2
costs associated with the addressing NRCM

ur roots to success...

modes

©®LD Ro, R1 cost =1
©®©LD Ro, M cost = 2
®LD Ry, *100(R2) cost = 3

Computer Science and
Engineering



Addresses in the Target

Co

de

® A statically determined area Code

® A statically determined data area Static

®Ad

ynamicall

®Ad

ynamicall

y managec

|area Heap

y managec

| area Stack

Computer Science and
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three-address statements fo1 "Y

NRCM
procedure calls and returns ===

® call callee
® Return

® Halt

®action
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Target program for a sample call andgalioy

e Ui

actiom
call p
actiong
halt

actlons
return

// code for ¢

// code for p

ACTION,

ST 364, #140

BR 200
ACTION,
HALT

ACTION;
BR +364

your roots 1o success...

/1 code for ¢

// code for action;

// save return address 140 in location 364
[/ call p

/f return to operating system

// code for p

J/ return to address saved in location 364
// 300-363 hold activation record for ¢

// return address
// local data for ¢

[/ 364-451 hold activation record for p
// return address
// local data for p




. NRCM

Stack Allocation
LD 8P, #stackStart // initialize the stack

code for the first procedure

HALT J/ terminate execution
ADD 8P, SP, #caller.recordSize // increment stack pointer
ST  #5P, #here+ 16 // save return address

BR  callee.codedrea // return to c

Branch to called procedure

Return to caller

BR *0(SP)
SUB.SR-SP;#eal lersecordsize

aineerina



allocation

// code for m
action;
call q
actions
halt
// code for p
actiong
return
/{ code for q
actiony
call p
actions
call q
actiong
call q
return

LD SP, #8600
ACTION;

ADD SP, SP, #msize
ST *5P, #1562

BR 300

SUB SP, SP, #msize
ACTIODN; 2

HALT

ACTIONg
BR *0(SP)

ACTION,
ADD 8P, 8P, #gsize
ST *5P, #344

BR 200

SUE SP, SP, #gsize
ACTION;

ADD SP, SP, #qsize
BR *5P, #396

BR 300

SUB 3P, SP, #gsize
ACTION;

ADD 5P, SP, #gsize
ST *=5SP, #440

BR 300

SUB SP, SP, #gsize
BR =0(SP)

Computer Science and
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// code for m -

// initialize the stack
// code for actiom YOUr roots 10 SUCCEsS...
// call sequence begins
// push return address
// call q

// restore SP

// code for p
// return

// code for q
// contains a conditional jump to 456

// push return address
// call p

// push return address
// call g

// push return address
// call q

// return

// stack starts here




Basic blocks and flow
graphs

@ Partition the intermediate code into basic blocks

® The flow of control can only enter the basic block
through the first instruction in the block. That is, there
are no jumps into the middle of the block.

® Control will leave the block without halting or
branching, except possibly at the last instruction in the

block.
®The basic blocks become the nodes of a flow graph

Computer Science and
Engineering



Q2
rules for finding leaders TRM

® The first three-address instruction in the intermediate

code is a leader.

® Any instruction that is the target of a conditional or
unconditional jump is a leader.

® Any instruction that immediately follows a conditional

or unconditional jump is a leader.

Computer Science and
Engineering




Intermediate code to set a
10*10 matri to an identity
matrix

for ¢ from 1 to 10 do
for j from 1 to 10 do
ali, j] = 0.0; _
for i from 1 to 10 do - 88

- . 3’ 0.0
ali,i] = 1.0; ;

10 goto (3)
1
10 goto (2)

tb=1 -1
té = 88 * tb
1.0

10 g



10 * i
t1+j

8 *

: ty - 88
j=i+1

if j <= 10 goto B3

i=1i+1
if i <= 10 goto [

ts =1-1

tg = B8 # tp

altg] = 1.0

i=i+1

if i <= 10 goto B
L.____/

Computer Science and

Engineering
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liveness and next-use _NRGM
information

® Wewish to determine for each three address statement

x=y+z what the next uses of x, yand z are.

® Algorithm:
® Attach to statement i the information currently found in
the symbol table regarding the next use and liveness of

X,y,and z.

® In the symbol table, set x to "not live" and "no next use.”
® In the symbol table, set yand z to "live" and the next

Computer Science and
Engineering




DAG representation of basic ~V
RCM
b I 0 C k S YOLH'NI‘OI‘JI:‘-XO SUCCEsSS...

There is a node in the DAG for each of the initial
values of the variables appearing in the basic block.

There isa node N associated with each statements
within the block. The children of N are those nodes
corresponding to statements that are the last
definitions, prior to s, of the operands used by s.

Node N is labeled by the operator applied at s, and also
attached to N is the list of variables for which it is the
last definition within the block.

Certain nodes are designated output nodes. These are
the nodes whose variables are live on exit from the
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Code improving
transformations

We can eliminate local common subexpressions, that
is, instructions that compute a value that has already
been computed.

We can eliminate dead code, that is, instructions that
compute a value that is never used.

We can reorder statements that do not depend on one
another; such reordering may reduce the time a
temporary value needs to be preserved in a register.

We can apply algebraic laws to reorder operands of
three-address instructions, and sometimest hereby
simplify t he computation.

Computer Science and
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DAG for basic block




DAG for basic block
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array accesses in a DAG

An assignment from an array, like x = a [i], is represented
by creating a node with operator =[] and two children
representing the initial value of the array, a0 in this
case, and the index i. Variable x becomes a label of
this new node.

An assignmentto an array, like a [j] = v, is represented by
a new node with operator []J= and three children
representing a0, j and

y. There is no variable labeling this node. What is different

is that the creation of this node kills all currently
constructed nodes whose value depends on a0. A node that
has been killed cannot receive any more labels; that is, it
cannot become a common subexpression.

<

Computer Science and
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DAG for a sequence of array
assignments




Rules for reconstructing the
basic block from a DAG

The order of instructions must respect the orderof nodes in the DAG.
That is, we cannot compute a node's value until we have computed a
value for each of its children.

Assignments to an array must follow all previous assignments to, or
evaluations from, the same array, according to the order of these
instructions in the original basic block.

Evaluations of array elements must follow any previous (according to
the original block) assignments to the same array. The only
permutation allowed is that two evaluations from the same array may
be done in either order, as long as neither crosses over an assignment to
that array.

Any use of a variable must follow all previous (according to the original
block) procedure calls or indirect assignments through a pointer.

Any procedure call or indirect assignment through a pointer must
revious (according to the original block) evaluations of any

Computer Science and
Engineering
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principal uses of registers

In most machine architectures, some or all of the
operands of an operation must be in registers in
order to perform the operation.

Registers make good temporaries — places to
hold the result of a subexpression while a larger
expression is being evaluated, or more
generally, a place to hold a variable that is used
only within a single basic block.

Registers are often used to help with run-time
storage management, for example, to manage the
run-time stack, including the maintenance of
stack pointers and possibly the top elements of
Stack itself.

&M
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Descriptors for data structure ~=

<

Foreach availableregister, a registerdescriptor keeps track of the
variable nameswhose current value is in that register. Since we
shall use only those registers that are available for local use
within a basic block, we assume that initially,all register
descriptors are empty. As the code generation progresses, each
registerwill hold the value of zero or more names.

Foreach programvariable, an address descriptor keeps track of
the location or locations where the currentvalue of that variable
can be found. The location might be a register,a memory
address, a stack location, or some set of more than one of these.
The information can be stored in the symbol-tableentry for that
variable name.

Computer Science and
Engineering
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Machine Instructions for Operations

®Use getReg(x =y + z) to select registers for x, y,and z.
Call these Ry, Ryand R,.

®Ifyis notin Ry (according to the register descriptor for
R,), then issue an instruction LD Ry, y', wherey' is one
of the memory locations fory (according to the
address descriptor fory).

® Similarly, if z is not in R, issue and instruction LD R,,
z', where z' is a location for x .

®Issue the instruction ADD Ry, Ry, R,.

Computer Science and
Engineering




Rules for updating the register and address Nim

descriptors

For the instruction LD R, x
® Change the register descriptor for register R so it holds only x.
® Change the address descriptor for x by adding register R as an

additional location.

For the instruction ST x, R, change the addressdescriptorforx to

include its own memorylocation.

For an operationsuchas ADD Ry, Ry, R, implementing a three-

address instructionx =y + x
® Change the register descriptor for Ry so that it holds only x.

® Change the address descriptor forx so that its only location is R.
Note that the memory location forx is not now in the address

descriptor for x.
® Remove R, from the address descriptor of any variable other than x.

When we process a copy statement x =y, after generating the load
for y into register Ry, if needed, and after managing descriptors as
_ forall load statements (per rule I):

A d X to the register descrlptor for Ry,
han




Instructions generated and the
changes in the register and address
descriptors

R2 [ b | c [dR2] [R1 |R3

ADD R1, R3, R1

exit
ST a, R2
ST 4, Rl

aR2[ b [ c JdR1] [ [R3 |

AL K3, HL, K1

[ [t v ] [alblc[d[f2[Ri R3]

R Computer Science and
~__ Engineering
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Rules for picking register R, f e

Yify is currently in a register, pick a register
already containing y as R,. Do not issue a
machine instruction to load this register, as
none is needed.

If y is not in a register, but there is a register
that is currently empty, pick one such register
as Ry.

The difficult case occurs wheny is not in a
register, and there is no register that is currently
empty. We need to pick one of the allowable
registers anyway, and we need to make it safe to
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Possibilities for value of R

If the address descriptor for v says that v is somewhere besides R,
then we are OK.

If v is x, the value being computed by instruction I, and x is not
also one of the other operands of instruction I (z in this
example), then we are OK. The reasonis that in this case, we
know this value of x is neveragain going to be used, so we are
free to ignoreit.

Otherwise, if v is not used later (that is, after the instruction I,
there are no furtheruses of v,and if v is live on exit from the
block, then v is recomputed within the block), then we are OK.

[f we are not OK by one of the first two cases, then we need to
nerate the store instruction ST v, R to place a copy of v in its
location. This operation is called a spill.

Computer Science and
Engineering
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Selection of the register Rx ==

1. Since a new value of x is being computed, a register

that holds only x is always an acceptable choice for
Rx.

>.  Ifyisnotused after instruction I, and Ry holds only y
after being loaded, Ry can also be used as Rx. A
similar option holds regarding z and Rx.

Computer Science and
Engineering
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Possibilities for value of R

If the address descriptor for v says that v is somewhere besides R,
then we are OK.

If v is x, the value being computed by instruction I, and x is not
also one of the other operands of instruction I (z in this
example), then we are OK. The reasonis that in this case, we
know this value of x is neveragain going to be used, so we are
free to ignoreit.

Otherwise, if v is not used later (that is, after the instruction I,
there are no furtheruses of v,and if v is live on exit from the
block, then v is recomputed within the block), then we are OK.

[f we are not OK by one of the first two cases, then we need to
nerate the store instruction ST v, R to place a copy of v in its
location. This operation is called a spill.

Computer Science and
Engineering




Characteristic of peephole
optimizations

® Redundant-instruction elimination
® Flow-of-control optimizations

® Algebraic simplifications

® Use of machine idioms

Computer Science and
Engineering




Redundant-instruction

elimination
®LDa, Ro
ST Ro, a
®if debug ==1goto L1
goto L2

LI :print debugging information
L2:

Computer Science and
Engineering




if a<b goto L1

Ll: goto L2

Can be replaced by:
if a<b goto L2

Ll: goto L2




Global register allocation

® Previously explained algorithm does local (block based)
register allocation

® This resulted that all live variables be stored at the end of
block

® Tosave some of these stores and their corresponding loads,
we might arrange to assign registers to frequently used
variables and keep these registers consistent across block
boundaries (globally)

® Some options are:
® Keepvalues of variables used in loops inside registers
® Use graph coloring approach for more globallyallocation

Computer Science and
Engineering



Usage counts

® For the loops we can approximate the saving by
register allocation as:

® Sum over all blocks (B) in aloop (L)

® For each uses of x before any definition in the block we
add one unit of saving

® If x is live on exit from B and is assigned a value in B,
then we ass 2 units of saving

Computer Science and
Engineering
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d + £
a-c¢
bcdef

b,d,e, £ live

B4
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Code sequence using global _NReM
register assHcRRICELE

LD R3, c
ADD RO, R1, R3
SUB R2, R2, R1
LD R3, £
ADD R3, RO, R3
ST e, R3

SUB R3, RO, R2
ST £, R3

LD R3, c
ADD R1, R2, R3

ST b, R1
ST d, R2

Comjputer Science and
Engineering




Register allocation by Graph Y~
coloring

®Two passes are used

® Target-machine instructions are selected as though
thereare an infinite number of symbolic registers

® Assign physical registers to symbolic ones
e Create a register-interference graph

e Nodesare symbolic registersand edges connectstwo nodes if
one is liveat a point where the otheris defined.

e Forexample in the previousexample an edge connectsa and d
in the graph
e Usea graph coloringalgorithm to assign registers.

Computer Science and
Engineering




Intermediate-code tree for



Tree-rewriting rules

1)

R; +

Ca

{ LD Ri, #a }
{LD Ri, z}
{ ST »*Ri, Rj }

{ LD Ri, a(Rj) }

{ ADD Ri, Ri, a(Rj) }

{ ADD Ri, Ri, Rj }

Com u‘enlfﬁei&'ﬁ'cb and

ngineering
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your roots to success...
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Evaluating Expressions withan NRM
Insufficient Supply of Registers

® Node N has at least one child with label r or greater. Pick the larger
child (or eitherif theirlabels are the same) to be the "big" child and let
the other child be the "little" child.

® Recursively generate code for the big child, using base b = 1. The result
of this evaluation will appear in register R

® Generate the machine instruction ST ty, R, where ty is a temporary
variable used for temporary results used to help evaluate nodes with

label k.

©® Generate code for the little child as follows. If the little child has label r
or greater, pick base b=1. If the label of the little child is j<r, then pick
b=r-j. Then recursivelyapply this algorithm to the little child; the result
appears in R;.

® Generate the instruction LD Ry, tx.

pitthe blg child is the right child of N, then generate the instruction OP
R R big child is the left ch;:ldb generate OP R;, R4, R;.
W Engineering



Optimal three-register code
using only two registers

Engineering



N,/
2
NRCM

Dynamic Programming Algorithm

® Compute bottom-up for each node n of the expression tree T an
array C of costs, in which the ith componentC|[i] is the optimal
cost of computing the subtree S rooted at n into a register,

assuming i registersare availabl-efor the comlp<utiatSolnfor

® Traverse T, using the cost vectors to determinewhich subtrees of
T must be computed into memory.

® Traverseeach tree using the costvectorsand associated
instructions to generatethe final target code. The code for the
subtrees computed into memorylocations is generated first.

your roots to success...



Syntax tree for (a-
b)+c*(d/e)with cost vector
at each node




minimum cost of
evaluating the root with

DR, LI LELS AV HAR] S.iabreineo

t
register Ro, compute the right subtree with one register
available into register R1, and use the instruction ADD Ro

Ro, R1 to computethe root. This sequence has cost

2+5+1=8.
® Computethe right subtree with two registers available into

R1, compute the left subtree with one register available
into Ro, and use the instruction ADD Ro, Ro, Ri1. This

sequence has cost 4+2+1=7.
® Computethe right subtree into memory location M,
ompute the left subtree with two registers available into

ethe insteuction ADD Ro, Ro, M. This

Baineering




