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Work

Definition.
The of a program (on a given input) Is the sum
total of all the operations executed by the program.
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Reducing Work

® |[ess work = faster code.

e Reducing the work of a program does not automatically reduce its
running time, however, due to the complex nature of computer hardware:
= Instruction-level parallelism (ILP),
= caching,
= vectorization,
= speculation and branch prediction,

= eftc.
e Nevertheless, reducing the work serves as a good heuristic for reducing

overall running time.

e Algorithm design can produce dramatic reductions in the work to solve a
problem, as when a ©(nlgn)-time sort replaces a ©(n?)-time sort.
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New Bentley Rules

Data structures Logic

L.C)B%Eing anq encoding Fouﬁ(&[e%a}% folding and propagation
e Augmentation e Common-subexpression elimination
e Caching e Algebraic identities

e Precomputation e Creating a fast path

e Compile-time initialization e Short-circuiting

® Sparsity e Ordering tests

Loops e Combining tests

e Loop unrolling Functions

e Hoisting e Inlining

® Sentinels e Tail-recursion elimination

® [ oop fusion e Coarsening recursion

e Eliminating wasted iterations
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Packing and Encoding

The idea of packing Is to store more than one data value In a
machine word. The related idea of encoding Is to convert
data values Into a representation that requires fewer bits.

Example: Encoding dates

e The string “September 3, 2020" can be stored in 17 bytes —
more than two 64-bit words — which must must move
whenever the date i1s manipulated.

e Assuming that we only store dates between 4096 B.C.E. and 4096
C.E., there are about 365.25 x 8192 = 3 M dates, which can be
encoded In [Ig(3><106)] = 22 bits, easlly fitting in a 32-bit word.

® Problem: How can we represent dates compactly so that
determining the year, month, and day Is fast?
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Packing and Encoding (2)

Example: Packing dates
® | et us pack the three fields into a word:

typedef struct {
i years 18y
T G- dMOMEA. W4
LI dayar 5.
} date t; 7

e This packed representation still only takes 22 bits, but the
Individual fields can be extracted much more quickly than
If we had encoded the 3 M dates as sequential integers.
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Augmentation

The idea of data-structure augmentation 1s to add

Information to a data structure to make common operations
do less work.

Example: Appending singly linked lists.
e Appending one list to
another requires walking

head

the length of the first list to L
set its null pointer to the

—> —>
start of the second.

e Augmenting the list with a head tail
tail pointer allows t | e ]
appending to operate Iin |_) ., .,
constant time.
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Caching

The idea of caching is to store results that have been accessed
recently so that the program need not compute them again.

}

double hypotenuse(double A, double B) { | Before
return sqrt(A*A + B*B);

About 30% faster
If cache Is hit 2/3
of the time.
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. After

double cached A = 0.0;
double cached B = 0.0;
.0

double cached h =

o

J

OO0

double hypotenuse(double A, double B) {
if (A == cached A & & B == cached B) {
return cached h;
}
cached A = A;
cached B = B;
gachedehn=-‘sqrt (AtA%E BEB)S
return cached_h;
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Precomputation

The idea of precomputation is to perform calculations in

advance so as to avoid doing them at “mission-critical” times.

Example: Binomial coefficients

(E) T K (nn!— K)!

ldea: Precompute the table of coefficients when initializing,
and perform table look-up at runtime.

Note: Computing the “choose” function by implementing this
formula can be expensive (lots of multiplications), and watch
out for integer overflow for even modest values of n and k.
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Step 1: Pascal’s Triangle

1 (%] (%] %] (%] (%] (%]
1 1 (%] (%] (%] (%] (%]
1 2 1 (%] (%] (%] (%]
1 3 3 1 (%] (%] (%]
n n!
— ' ' 1 4 6 4 1 (%] (%]
k kl'(n —k) 1 5 10 10 5 1 o
1 6 15 20 15 6 1
1 7 21 35 35 21 7
NV
nNy 1 8 28 56 70 56 28
int choose(int n, int k) {
ik Sl S Re tlrh "ok
jiie Clali==a GPR-REEURRNE 35
return choose(n-1, k-1) + choose(n-1, k);
; 7
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Step 2: Precomputing Pascal

#define CHOOSE_SIZE 100
int choose[CHOOSE SIZE][CHOOSE SIZE];

void init_choose() {
LoFa(ahEaim™ = Ok T L AGNOOSEASTZ E gttt 4

choose[n][0] = 1;

choose[n][n] = 1;

}
TOR Rt '=%1 T %I EHOOSE- SIZEF SFn)*{

choose[0][n] = 0;

FORMERT - dcEr Inlkxa n stk
choose[n][k] = choose[n-1][k-1] + choose[n-1][k];
choose[k][n] = 0;

I

}

: 4
Now, whenever we need a binomial coefficient (less than

100), we can simply index the choose array.
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Compile-Time Initialization

The idea of compile-time initialization is to store the values of
constants during compilation, saving work at execution time.

Example

int choose[10][10] = {
{ 1.’ @J @.’ @J @J @J @) @J @) @J }.’
{ 1.’ 1) @) @.’ @J @.’ @) @) @) @J })
{ 1) 2) 1.’ @.’ @J @J @) @J @) @J }.’
{ 1) 3) 3) 1) @J @J @) @J @) @J }.’
{ 1) 4) 6.’ 4.’ 1) @J @.’ @) @) @J })
o 13 SF. a0l “ LY 2 1, 0, 0, 0, &),
T, 6% ~15% W0, " g5 6, 1 9, 9, -
=514 s W20 el T3 54008 7ir; 1, 9, (% Pt
L, SV 28U 56V, ™ 156, . 8% 8, 1% O Ik
&' A D, - A36" SUBATEN 2.6 g 1265 884 , - %26 ke 1l

}s 7
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Compile-Time Initialization (2)

|dea: Create large static tables by metaprogramming.

#define N 100
int main(int argc, const char *argv[]) {
init_choose();
printf("#define N %3d\n”, N);
printf("int choose[N][N] = {\n");
for (int a = @; a < N; ++a) {
PrEfafE ),
for (int b = 0; b < N; ++b) {
PRINCF(E %34 B chioose aJifiz] )y
i
PELGERE" 1% NET )5

}
Pr Lt G ae)
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Compile-Time Initialization (3)

|dea: Multi-stage Programming

static dyn_var<int> choose(dyn_var<int> n,

dyn var<int> k, const int MAX N) {

int comp[MAX N]J[MAX NJ;
for (int i = @; 1 < MAX_N; i++) {
eampT Wolkr=, 1s;

comp[i][i] = 1;

}
for (int i = 1; 1 < MAX_N; ++i) {
comp[@][i] = ©;

TOorseint Jys 1575 1; 44
comp[i][j] = comp]
comp[j][i] = ©;

}

}

dyn_var<int[]> comp r;

resize(comp_r, MAX N * MAX N);

for (static_var<int> i =0; i < M
comp_r[i] = comp[i / MAX_

}

return comp_r[n * MAX N + k];

¥

int choose (int arg@, int argl) {
int vare = argl;
int varl = argo;
int var2[1e0];

var2[e] = 1;
var2[1l] = ©;
var2[2] = 0;

var2[94] = 126;

var2l9s5}.=:126%

var2[96] = 84;

var2[97] = 36;

var2[98] = 9;

var2[99] = 1;

int var3 = var2[(varl*10)+ vare];
return var3;

See the Buildlt research project if you are interested
© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

(https://buildit.so/)

17


https://buildit.so/

Sparsity

The idea of exploiting sparsity Is to avoid storing and computing
on zeroes. “The fastest way to compute Is not to compute at all.”

Example: Matrix-vector multiplication
( \/ A

3000 160]| 1
@ 4105 9] a4
| @ @0 2 0 6 | 2
Y"1 5 060 30 0| 8
5 @ 0 0 8 0 || 5
@0 0 0 9 7 0 /)7,

Dense matrix-vector multiplication performs n? = 36 scalar
multiplies, but only 14 entries are nonzero.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



Sparsity

The idea of exploiting sparsity Is to avoid storing and computing
on zeroes. “The fastest way to compute Is not to compute at all.”

Example: Matrix-vector multiplication

( \/ A
3 1 1
4 1 5 9 || 4
2 6 || 2
Y~ | s 3 8
5 8 5
\ 9 7 J\7,

Dense matrix-vector multiplication performs n? = 36 scalar
multiplies, but only 14 entries are nonzero.
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Sparsity (2)

Compressed Sparse Rows (CSR)

o 1 |2 3 4 5 6 7 8
rows: [0 2 i 8 10 11 14]
cols:[@6 4/ 1 2 4 5 3 5 ©
vals:[3 1 4 1 5 9 2 6 5
) ( 3 06 6 0 1
1 @ 4 1 9 5
2 @ 0 06 2 0O
3 5 06 6 3 0
4 @ 06 06 9 5
5 \0 0 6 8 9
e 1 2 3 4

Storage is O(n+nnz) instead of n?

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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\
n==6
nnz = 14
J
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Sparsity (3)

CSR matrix-vector multiplication

typedef struct {
0 G ¥R,
int *rows; // length n
Rk ¥ Col S // length nnz
double«*all's e '/ /A8 engthinnz
} sparse_matrix_t;

void spmv(sparse matrix_t *A, double *x, double *y) {
TOr®Meint 1y o5 e A->nhyel+H=dq
Vil 8= 0
for (int k = A->rows[i]; k < A->rows[i+1]; k++) {
ot ala="A-Ddolslc]s
y[i] += A->vals[k] * x[j];
}
}
Y

4

Number of scalar multiplications = nnz, which is

potentially much less than n?.

See the TACO research project if you are interested (https://tensor-compiler.org/)

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Sparsity (3)

CSR matrix-vector multiplication
15

12

100
95
90
85
80
75
70

5
0
5
0
5
0
5
30
25
20
15
10
5

Density (%)

==5pMV =MV 8k x 8k double precision matrix

Number of scalar multiplications = nnz, which is
potentially much less than n?.

See the TACO research project if you are interested (https://tensor-compiler.org/)
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Sparsity (4)
Storing a static sparse graph

Vertex ID

%)
offsets| O 2 5 5 6 7
1

edges

e Many graph algorithms run efficiently on this
representation, e.g., breadth-first search, PageRank.

o Edge weights can be stored in an additional array or by
making each edges element a record containing the both
the edge index and the edge weight.

See the Graphlt research project if you are interested (https://graphit-lang.org/)

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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LOGIC
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Constant Folding and Propagation

The idea of constant folding and propagation is to evaluate
constant expressions and substitute the result into further
expressions, all during compilation.

##tinclude <math.h>

void orrery() {
const double radius = 6371000.0;
const double diameter = 2 * radius;
const double circumference = M PI * diameter;
const double cross area = M PI * radius * radius;
const double surface area =
circumference * diameter;
const double volume =
4. H 8y PES *SradiusiEy radiusT i radius¥/ 3%

e,
) 4
With a sufficiently high optimization level, all the expressions
are evaluated at compile-time.

Ihttps://en.wikipedia.org/wiki/Orrery#/media/File:Thinktank_Birmingham - object 1956500682.00001(1).jpg
© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

mechanical orrery?
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Common-Subexpression Elimination

The iIdea of common-subexpression elimination is to avoid
computing the same expression multiple times by evaluating the
expression once and reusing the result when you later need it.

a=>b+ c; a=b+ c;
b¥=aR " d'; b¥=a " d';
oY=""h gRic; oY=""h §Ric,;
de = (88" = el de =%

7 7
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Common-Subexpression Elimination

The iIdea of common-subexpression elimination is to avoid
computing the same expression multiple times by evaluating the
expression once and storing the result for later use.

a=>b+ c; a =|b + c;
o — e U Do
Q¥=""p Rt o= ThERic;
Che =203% = g8 o Pl |0}

7 7

The third line cannot be replaced by ¢ = a, because the
value of b changes in the second line.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Algebraic Identities

The idea of exploiting algebraic identities is to replace
expensive algebraic expressions with algebraic equivalents
that require less work.

##tinclude <stdbool.h>
##tinclude <math.h>

typedef struct {
double x, y, z; // spatial coordinates
double r; // radius of ball

} ball t;

Expensive

double square(double x) { routinel

retRpeEXs;

)

bool collides(bpfl t *bl, ball t *b2) {
double d = [sgrt|(square(bl->x - b2->x)
+ square(bl->y - b2->y)
+ square(bl->z - b2->z));
return d <= bl->r + b2->r;

) 4
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Algebraic Identities

The idea of exploiting algebraic identities is to replace
expensive algebraic expressions with algebraic equivalents

that require less work.

##tinclude <stdbool.h>
##tinclude <math.h>

typedef struct {

double r;
} ball t;

double square(double x) {
return x*x;

j

}

double x, y, z; // spatial coordinates

Vvu < v exactly when
u<<v?.

// radius ¢

bool collides(ball t *bl, ball t *b2) {
double dsquared = square(bl->x - b2->x)
+ square(bl->y - b2->y)

+ square(bl->z - b2->z);

return dsquared <= [square(bl->r + b2->r);

}

7

bool collides(ball t *bl, ball t *b2) {
double d = |sgrt(square(bl->x - b2->x)
+ square(bl->y - b2->y)
+ square(bl->z - b2->z));
return d <= bl->r + b2->r;

Caution: Be careful
with floating point!

4

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Creating a Fast Path

#include <stdbool.h>
##include <math.h>

typedef struct {
double x, y, z; // spatial coordinates
double r; // radius of ball

} ball t;

double square(double x) {
returp®exs;

}

bool collides(ball_t *bl, ball t *b2) {
double dsquared = square(bl->x - b2->x)
+ square(bl->y - b2->y)

+ square(bl->z - b2->z);
return dsquared <= square(bl->r + b2->r);

}

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Creating a Fast Path

#include <math.h>
typedef struct {
doubi e« s, * 2,

double r;
=Rl i

PeTLRp®E;

)

double dsquared

¥

##include <stdbool.

double square(double x) {

bool collides(ball t *bl, ball t *b2) {
= square(bl->x - b2->x)

return dsquared <= square(bl->r + b2->r);

h>

// spatial coordinates
// radius of ball

+ square(bl->y - b2->y)

+ square(bl->z - b2->z);

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Creating a Fast Path

#include <stdbool.h>
##include <math.h>

typedef struct {
double x, y, z; // spatial coordinates
double r; // radius of ball
=Rl i

double square(double x) {
PeTLRp®E;

)

bool collides(ball t *bl, ball t *b2) {
if ((abs(bl->x - b2->x) > (bl->r + b2->r)) ||
(abs(bl->y - b2->y) > (bl->r + b2->r)) ||
(abs(bl->z - b2->z) > (bl->r + b2->r)))
return false;

double dsquared = square(bl->x - b2->x)
+ square(bl->y - b2->y)
+ square(bl->z - b2->z);
return dsquared <= square(bl->r + b2->r);

}

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers




Short-Circuiting

When performing a series of tests, the idea of short-circuiting
IS to stop evaluating as soon as you know the answer.

#include <stdbool.h>
// All elements of A are nonnegative
bool sum_exceeds(int *A, int n, int limit) {
It stme'=40 ;
E O/ IN IR =" (O ol et )
sum += A[i];
}

return sum > limit;

}

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



Short-Circuiting

When performing a series of tests, the idea of short-circuiting
IS to stop evaluating as soon as you know the answer.

#include <stdbool.h>

It stme'=40 ;

EOIRNC NI =" O, I [
sum += A[i];

}

return sum > limit;

// All elements of A are nonnegative
bool sum_exceeds(int *A, int n, int limit) {

i++) {

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

#include <stdbool.h> iAﬂ?r
// All elements of A are nonnegative
bool sum_exceeds(int *A, int n, int limit) {
int sum = O;
16Ty (@R e G Amgle Bl (SR B TR B
sum += A[i];
if (sum > 1limit) {
return true;

}

}

return false;

J 7
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Ordering Tests

Consider code that executes a sequence of logical tests. The
iIdea of ordering tests Is to perform those that are more often
‘successful” — a particular alternative Is selected by the test
— before tests that are rarely successful.

#include <stdbool.h> Lffﬁyf_
bool is whitespace(char c) {
retukng(c SSRE\RLELSC =90 5 Th NEIREEE = MU R L)

; 7
#include <stdbool.h> i:ﬂﬂ?{_
bool is whitespace(char c) {

retukng (sl S A | Sca == L g @ == W) .

J 7

Note that && and || are short-circuiting logical operators,
whereas & and | are not.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Combining Tests

The idea of combining tests Is to replace a sequence of tests
with one test or switch.

void full_add(int a, } else {
Full adder int b, if (b == @) {
AATES kS ('c T ==40" "5
Lnt ~HcacAy® | SCAT RyE =, O
O 0 O 0 0 if-éa(zz 9)@§ { } ilse { A
1 == sum = 0;
0O 0 1 0 1 b e Ry
O 1 0 0 1 *sum = 0; }
*carry = 0; } else {
0O 1 1 1 0 e A TE ey ¥ (2 T
1 0 O 0 1 *sum = 1; *sum = 0;
Ecarnyr = 9; *carry = 1;
1 0 1 1 0 } NI
1 1 0 1 0 figrelisenl *sum = 1;
GG, 0 *carry = 1;
1 1 1 1 1 *sum = 1: }
*carry = 0; }
} else { }
*sum = 0; }
gcarrys= "1;
}
}

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



The idea of combining tests Is to replace a sequence of tests

with one test or switch.

Full adder
O 0 O 0
O 0 1 0
O 1 O 0
O 1 1 1
1 0 O 0
1 0 1 1
1 1 O 1
S I i 1

b O O Fkr O Fk = O

Combining Tests (2)

In this case, the
outputs can be
computed

mathematically.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

void full_add(int

BnE
int
int
int
int test = ((a
b LG
" 4E
switch(test) {
case 9:
FSUME =405
*carry = 0;
break;
case 1«
&S UMR=%"1"
*carry = 0;
break;
case 2:
Hstimg'™="-15
*carry = .0;
break;

a)

b,

CJ

*sum,
*carry) {
=SSN L < DN
brE=" i< 1N
== 1);

case 3:
* SUllNa= g 2%
wearny =+i;
break;

case 4:
Esun>="ix
*carry = 0;
break;

case 5:
@sum ="06;
Feaglyie="4%
break;

case 6:
=S =0 ;
*carry = 1;
break;

case 7:
g =, 1%
*carry = 1;
break;
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LOOPS
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Why Loops?

Loops are often the focus of performance optimization. Why?

{ Loops account for a lot of work! }

Consider this thought experiment:

® Suppose that a 2 GHz processor can execute 1 instruction
per clock cycle.

® Suppose that a program contains 16 GB of instructions, but

It 1s all simple straight-line code, 1.e., no backwards branches.

® Question: How long does the code take to run?

[ Answer: at most 8 seconds! }

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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What Happens When a Loop Runs?

Pseudocode for |t sum = @;

] NS SN0
loop execution |if (i >= N)

goto loop exit;
SUlllegt= Al

i++;
- ikf(SE> ="3N )
A Slmple Ioop goto loop exit;
int sum = ©; sum += A[i];
for (int i = @; i < N; i+H) { JE=ES
sum += A[i]; i FNEe =5 N
} ‘\\-\\\ goto loop exit;
’ sum += A[i];
i++;
Loop if (i >= N)
control goto loc?p_exit;
sum += A[i];
i++;
e (@)
goto loop exit;
s

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



Loop Unrolling

attempts to save work by combining
several consecutive iterations of a loop into a single iteration,
thereby reducing the total number of iterations of the loop
and, consequently, the number of times that the instructions
that control the loop must be executed.

o loop unrolling: All iterations are unrolled.

o loop unrolling: Several, but not all, of the iterations
are unrolled.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Full Loop Unrolling

int sum = 0; . Before int sum = @; | After
o @ T IS0 1R TOR Y it sum += A[0];

sum += A[i]; sum += A[1];
} 7 sum += A[2];

sum += A[3];
sum += A[4];
sum += A[5];

sum += A[6];
sum += A[7];
sum += A[8];

sum += A[9]; 7
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Partial Loop Unrolling

int sum = 0; i__’_gf'_c?_rf'_

TCURe (B T Y= O R TR "M, & S TS
sum += A[i];

int sum
1A it

jrel iy

sum +
sum +=
sum +=
sum +=
}
Hor (ine
sum +=

}

R T e T 1 TR
Al1];

7

Benefits of loop unrolling

* Fewer instructions devoted to loop control.
* Enables more compiler optimizations.
Caution: Unrolling too much can cause poor use of the
Instruction cache, because the code Is bigger.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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The goal of

Hoisting

— also called

— Is to avoid recomputing loop-invariant code each time
through the body of a loop.

##tinclude <math.h>

Y[i] = X[i] *
}
¥

void scale(double *X, double *Y, int N) {
froge (it * 367 =, O ;s KNG *iF+) 41

' Before

exp(sqrt(M _PI/2));

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

#include <math.h>  After
void scale(double *X, double *Y, int N) {
double factor = exp(sqrt(M _PI/2))
FONC IR ESAS" 0 AW NSRG53

Y RLLEEA] i et s
}
}

o
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Hoisting

The goal of — also called
— Is to avoid recomputing loop-invariant code each time
through the body of a loop.

#include <math.h> . Before
void scale(double *X, double *Y, int N) {
RORIM(T M e =, Oingil KNy e )
YAF1 ] « =8X[1 ]« RESD (SURECKTRENFY ;
}
}

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



Sentinels

are special dummy values placed in a data structure
to simplify the logic of boundary conditions, and in particular,
the handling of loop-exit tests.

##tinclude <stdint.h>
##tinclude <stdbool.h>

bool overflow(uint64 t *A, size t n) {
// All elements of A are nonnegative
uinté4 t sum = 9;
for (size t i = 0;|i < n; ++1i) {

sum += A[i];

if (sum < A[i])| return true;

¥

return false;

) 7
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Sentinels

are special dummy values placed in a data structure
to simplify the logic of boundary conditions, and in particular,
the handling of loop-exit tests.

#include <stdint.h> L?f@?f_
##tinclude <stdbool.h>

#include <stdint.h> . After

bool overflow(uint64_t *A, A T e el LA

// All elements of A are nol
uinté64 t sum = ©

) // Assumes that A[n] and A[n+1l] exist and
J
for (size t i = 0;|i < nj;| +

// can be clobbered
bool overflow(uint64 _t *A, size t n) {

sum += A[i]; 1
if (sum < A[i]) return tr // All elements of A are nonnegative
A[n] = UINT64 MAX;

} — . 3 .
return false; /A[nﬂ] =1; // or any positive number
} S17e. 9N =50 ;

( _ uinté64_t sum = A[Q];
L Sentinel while [(sum >= A[i])] {

sum += A[++i];

}

Retlen (& <BnE
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The idea of loop fusion — also called jamming — is to

Loop Fusion

combine multiple loops over the same index range Into a

single loop body, thereby saving the overhead of loop

control.

} CLagl =" (ALITS<=RB[1])

}

?

(o) 4 (Tl o o T T T L I |

D[i] = (A[i] <= B[i]) ? B[i]

For T (imit 1, =%0; 1 N +¥1) 1

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

. Before
A[i]l:|B[i];
~
Ternary operator
. for if-else.
: A[L]; 4
/

For s (Lmt i, =%0,; "1 @ns+¥1) | Lfﬁ?ﬂ
Gl =" AT T R=RET 1 19T B Al I - "BEL]s
D[i] = (A[i] <= B[i]) ? B[i] : A[i];

} #
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Eliminating Wasted Iterations

The idea of eliminating wasted iterations is to modify loop

bounds to avoid executing loop iterations over essentially

empty loop bodies.
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for (int i = @; i < n; ++i) { | Before
fio e CITE-YIV=00 ;0" < N, i) 4
IR ST e
int temp = A[i][j];
A[1][J] = A[J][1];
A[j]1[i] = temp; for (int i = 1; i <.n; ++i) { |ATer
} ifio e CITE-YT/=00,  F <0, b+ T
} ity emp = ATl ks
} A[1][J] = A[J][1];
} A[J][1i] = temp;
J 7
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FUNCTIONS
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Inlining

The idea of inlining Is to avoid the overhead of a function call by
replacing a call to the function with the body of the function itself.

double square(double x) { if?@?f_
ReHurn®™oene:

}

double sum_of squares(double *A, int n) {
double sum = 0.0;
o CrnithE ek TS Bk i F{
sum += |square(A[i])|;

} double sum_of_squares(double *A, int n) {ifﬁfﬂ
return sum; double sum = 0.0;
} EOr SEINte I w0k IRk =iy §

double |[temp = A[i]];
sum +=|temp*temp|;

}

return sum;
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Inlining (2)

The idea of inlining Is to avoid the overhead of a function call by
replacing a call to the function with the body of the function itself.

4 ) inline| double square(double x) {
Ask the compiler e UL

to inline for you. !

L 4 double sum_of_squares(double *A, int n) {
double sum = 0.0;
for (int 1 = 0; 1 < n; ++1i)
sum += square(A[i]);
return sum;

} 7

Inlined functions can be just as efficient as macros, and they
are safer to use and better structured.
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Tail-Recursion Elimination

Tall-recursion elimination removes the overhead of a recursive call
that occurs as the last step of a function. The call is replaced with
a branch to the top of the function, and the storage for the local
variables of the function is reused by the erstwhile recursive call.

e Al o e

i O Se it e Gy =)
quiclksont GAE AR iS5

Ol alaSEOT te (AN TR S g Mg 1R Gl

} void quicksort(int *A, int n) { | After
while (n > 1)| {

1 rPEIC= e RO G, CA =T
quicksort (A, r);

A+=1r + 1;
n -=r + 1;

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers } 7

53



Coarsening Recursion

The idea of coarsening recursion i1s to increase the size of the
base case and handle it with more efficient code that avoids

function-call overhead.

while |[(n > 1)|{

A+=1r + 1;
n -=r + 1;
}
}

void quicksort(int *A, int n) { iBPﬁW?

inG r = paktitionGAs; n);
guiekSorts(A, r);
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#define THRESHOLD 64 | After
voiLd quicksorb(ing *A, TThtgmd {

while [(n > THRESHOLD)| {
int#rl = partition(A,.n);
quifcKserrty ¥ (A, )5
ATE= AT
T, [

}

// insertion sort for small arrays
TORL @LMEY ] LSRHE G Wik Tt 3% 24
int*key = Al ];
n o A Uy Ll
while (i >= 0 & & A[i] > key) {
A[i+1] = A[i];
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SUMMARY
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New Bentley Rules

Data structures Logic
e Packing and encoding e Constant folding and propagation
e Augmentation e Common-subexpression elimination
e Caching e Algebraic identities
e Precomputation e Creating a fast path
e Compile-time initialization e Short-circuiting
® Sparsity e Ordering tests
e Combining tests

Loops

e Loop unrolling Functions

e Hoisting e Inlining

® Sentinels e Tail-recursion elimination

® [ oop fusion

e Eliminating wasted iterations
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e Coarsening recursion
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Closing Advice

e Avoid premature optimization. First, get correct working code.
Then optimize, preserving correctness by regression testing.

e Reducing the work of a program does not necessarily decrease Its
running time, but it iIs a good heuristic.

e Many optimizations involve tradeoffs. Use a profiler to see what
code needs to be optimized. (See Homework 2.)

e The compliler automates many low-level optimizations, but not all.
We will see how to look at the compiler output in upcoming lectures.

If you find interesting examples of work
optimization, please let us know!
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