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a->0101
b->0110
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a&b->0100
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AMrazBhinz®

- BHE JSSEMpT R (HEZERR) NEARE

- MR RARER&EEZE

e & ('_5)’ | (EE)’ = (E”E)
: N (FED)
. << (BRI, >> (M)

Nr=E 0 ‘ ‘ 1
&

o fHlF : —EZFAIEEE 8-bit MOS 6502 0
- 3510 BAE ; 56 £i5S , BEUE MBI EAIEE

AND .... and (with

BMI .... branch on
BNE .... branch on

BPL .... branch on

ASL .... arithmetic
BCC .... branch on
BCS .... branch on
BEQ .... branch on
BIT .... bit test

Instructions by Name

ADC .... add with carry

accumulator)

shift left
carry clear
carry set

equal (zero set)

minus (negative set)
not equal (zero clear)

plus (negative clear)

BRK .... break / interrupt

branch on overflow clear

branch on overflow set

. clear carry

. clear decimal

. clear interrupt disable

. clear overflow

. compare (with accumulator)

. compare with X

. compare with Y

decrement

. decrement X

. decrement Y



https://www.masswerk.at/6502/6502_instruction_set.html

AMrazBhinz®
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- BRI IS SRR (HEZ4ERE
- (IEERARREE SIS
© (5,1 @) ~ @)
.+ N (SE)
<< (BRI, >> (EHED)

) FUEZAREETT

0

o {HIF : —(RIEZTALIEEE 8-bit MOS 6502
- 3510 RAAE ; 56 RIS , BEUESVBINRIEIIEE

» HF FEARBHEELIAEEKER 01 FRE8

. B RO ERIAAEI 4 (IR EE
o IMELE B AMEEER R _ESCH fundamentally EEIME (T4 ?)

*  “Circuit Complexity”



https://www.masswerk.at/6502/6502_instruction_set.html

FA - EEI<ERY Bit String

VN

e 142857 -> 0000 0000 00O 0010 0010 1110 00O 1001
« Rig 32-bit EEY : 9% MSB £/4 , LSB I£A

e 010
X: 5 -> 0101 (x>>1)&1 @@1"&

| :
&2 R?

X: 0000 0000 0000 0010 00190 1110 0000 1001

(x>>16)&OXFF X&OXFF



FA - EEI<ERY Bit String

e 142857 -> 0000 0000 00O 0010 0010 1110 00O 1001
« Rig 32-bit EEY : 9% MSB £/4 , LSB I£A

» BB . FRFERR(E
- = /E 16 i

X: | 0000 0000 0000 0010|0010 1110 0000 1601

((x & OXFFFF)<<16) ((x >> 16) & OXFFFF)



I

RS ZEE

& |, ~, ... M TFEKEZHE—A bit XA E GHT) @

» WIRBA R ERIXTSRMIGFE— bit EIRZAY
s BANE—FESEMLI 7S MMEE
« SIMD (Single Instruction, Multiple Data)

- 5]+ : Bit Set
-+ 32-bitBE x >S5<{0,1,2,3,..,31}
- MEBEXIFTE bit BERTF5RAY
« C++ Hpfg bitset , MEEIFFEEIN,

5 -> 9101 S: {0,2}

10



Bit Set: EARE

« Mixx € S 5
* (S > x) &1

0101 -> S: {0,2}
S

e 3KS' =5 U{x}

S | (1 << x)

0101 | (0001 << 1)
0101 | @010 -> 0111

« BZ 3
« 3X|S|
« KS;US,, S;NS,
* XS, \ S
B SHHIFTETTE ( foreach)

S1: {0,2}, S2: {1,2}
e101 0110
|: o111
&: 0100
S1 \ S2: 0001

S1 & (~S2)

R | O[O
Ol |-, |[O
R | O[O | O




IRTBZ M)

=1 |y

Bit Set: 3k

S| (ST

« Wi x € S
C (s 5> %) & 1 5 -> 9101 -> S: {0,2}

int bitset size(uint32 t S) {
int n = 0;
for (int 1 = 0; i < 32; i++) {
n += bitset contains(S, 1i);

¥

return n;

¥

12
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yPan:s

HIRTEZ M)

int bitset size(uint32 t S) {

int n;

for (int 1 = 0; i < 32; i++) {
n += bitset contains(S, i);

n,

int bitset sizel(uint32 t S) { // SIMD

}
return
}

S = (S
S = (S
S = (S
S = (S
S = (S
return

& Ox55555555)
& 0x33333333)
& OXOFOFOFOF)
& OXPOFFOOFF)
& OXPOOOFFFF)
S;

+ + + + +

((S
((S
((S
((S
((S

>> 1) & Ox55555555);
>> 2) & 0x33333333);
>> 4) & OXOFOFOFOF);
>> 8) & OXOOFFOOFF);
>> 16) & OXOO0OFFFF);

13



IRTEZ0M)

=1 |y

Bit Set: 3k |S| (S1#

. S:0b10 > S = {1}

S [al|b

S&0x1
- o

S&0x1 + (S>>1)&0x1
(S>>1)&0x1

¢ S: 0b1110 > S = {1,3)

S |a|b]|c]|d S&O0x5 + (S>>1)&0x5

11111|0
S&0x5
- o

(S>>1)&0x5 2 1



(S—

Pais

FJU?E/_F’I;E %77 MM )

S&0x55555555 + (S>>1)&0x55555555

31 30 29 28 27 26 25 24

0

1

1

1

0

0

1

1

3 2 10

011101

S&0x33333333 + (S>>2)&0x33333333
S&O0xOFOFOFOF + (S>>4)&0x0FOFOFOF

S&O0x00FFOOFF + (S>>8)&0x00FFOOFF

S&Ox0000FFFF + (S>>16)&0x0000FFFF

|S]

15
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yPan:s

HIRTEZ M)

int bitset size(uint32 t S) {

int n;

for (int 1 = 0; i < 32; i++) {
n += bitset contains(S, i);

n,

int bitset sizel(uint32 t S) { // SIMD

}
return
}

S = (S
S = (S
S = (S
S = (S
S = (S
return

& Ox55555555)
& 0x33333333)
& OXOFOFOFOF)
& OXPOFFOOFF)
& OXPOOOFFFF)
S;

+ + + + +

((S
((S
((S
((S
((S

>> 1) & Ox55555555);
>> 2) & 0x33333333);
>> 4) & OXOFOFOFOF);
>> 8) & OXOOFFOOFF);
>> 16) & OXO00OFFFF);

16



I B SHRYITER

e Lowbit : ¢ ZI;

X=5 -> 0101

0101 : x(1<<0)
0100 : xA(1<<2)

« xMowbit(x)

° X &

=191

-X
- XETARM?

17



Bit Set: IR[A] S # ¢ PPEANTE=

S HHEx = eb+++++100 , F{IHESEIR/SH 100
- 180X ERERNRPOE—EER | geiC+++++HER D EkiHE

X

. |

Ob+++++100
X - Ob+++++011
~X Ob----- 011
~X+1 Ob----- 100

» —LEHEITF
e X & (x-1) - Ob+++++000; x ~ (x-1) —> 0boooLO111;
e X & (~x+1) > 0boLVLO10O (lowbit)
* X & -X, (~x & (x-1))+ 1 #ZPAILASClowbit
« RIBHEFERTTEALUIMEXK|S|

18



Lowbit: x&-x

» TATSEEEN

o 32{[EEE] . Ox0 ~ OXFFFFFFFF ( 32\ )

T SN

» RIRTNE - RS

- WMERNA (BERA ) ¢ SUEURARAIN—
+ FRIESRSCIURGA

X = Ob+++++100

x&-x . 0b00000100 - lowbit

19



Bit Set : 3]|log, (x)]

« ZE[EF31-clz(x)

int clz(uint32_t x) {

int n = 0;

if (x <= 0x0000ffff)
if (x <= OxQOffffff)
if (x <= Oxofffffff)
if (x <= Ox3fffffff)
if (x <= Ox7fffffff)
return n;

+ (FHEHIRED ) (RIZxE Lowbi tAILEER ?

#define LOG2(x) \

+=

+=

+=

++ -

)

16, x <<= 16;
8, x <<= 8§;
4, x <<= 4;
2, X <<= 2;

. 0x00000001

. 0x00010000

. 0x01000000

X | X | X | X

. 0x03000000

s = {0}

("-01J2GK-3@HNL ; -=47A-IFO?M: <6-E>95D8CB"[(x) % 3771 - '0')

16
24
28
30
31



Bit Set : >k]|log,(x)] (cont'd)

« FH—EAITiRIE ( meta-programming ) ; i—izllog2.c
import json

n, base = 64, '0’
for m in range(n, 10000):
if len({ (2*%*i) % m for i in range(n) }) == n:
M ={ j: chr(ord(base) + i)
for j in range(@, m)
for i in range(0, n)
if (2%xi) % m == 3 }
break

magic = json.dumps(''.join(
[ M.get(j, '-') for j in range(0, m) ]
)).strip('“”)

print(f'#define LOG2(x) ("{magic}"[(x) % {m}] - \'{base}\')') A


http://jyywiki.cn/pages/ICS/2020/demos/log2.c
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Henry S. Warren, Jr. Hacker's Delight (2ed), Addison-Wesley,
2012.

s IHFERENERIICEHAZR "BE"
- TEASERZMEZFE (FREUEBML )
« BEMiuL : hackersdelight.org
- WIR—TEIERY "&FHEuEIH"

Hacker’s Delight

SEcoND EDITION

23


http://hackersdelight.org/

\Y V4 \\*
ﬁIE&ikﬁlﬁ]lll:

H5 Undefined Behavior
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Undefined Behavior (UB)

Undefined behavior (UB) is the result of executing computer
code whose behavior is not prescribed by the language
specification to which the code adheres, for the current state
of the program. This happens when the translator of the source
code makes certain assumptions, but these assumptions are
not satisfied during execution. -- Wikipedia

» CXYUBHYIT REAMBE{AIZIZRAY , HEEAXLE 7 &R T
- BRI UB : IEERFLIE (IEEH#RS 1. FEER. BERIENEFESE).
HER., BEFSEEat. RETERMENE.....
- BENERICEERM , Lal wrong answer, crash

25



JITAC/C++ 2F UB ?

- T RATBEERY (zero-overhead)
« REENERIERREH undefined 7
« Java, js, python, ... IEEFTEEREEIHITESIAERE

o T FRB BT RR G
- BLUEH /o SFEEATIERRE
- BUSEHIEH AL
« %F undefined 7




Undefined Behavior: — N B4R B4R

[ ]
e

BT 7 KRR

e CVE: Common Vulnerabilities and Exposures , INFFARfEEFPHIRIRE
* buffer/integer overflow T 51E CVE B9—fE 21

- BRREILLSEIEBHMINEI DS /BT

« {BI5F : CVE-2018-7445 (RouterOS), (VX ESICHEEZRE X /M. ...

while (len) {
for (i = offset; (i - offset) < len; ++i) {
dst[i] = src[i+1];
3
len = src[i+1]; ...
offset = 1 + 1;

27


https://nvd.nist.gov/vuln/detail/CVE-2018-7445

Undefined Behavior: 225

Xk
<T

AS

I

K

g

H

UINT_MAX+1
INT_MAX+1; LONG_MAX+1

char ¢ = CHAR_MAX; c++;

1< -1
1 << 0
1 << 31
1 << 32
1/ 0
INT_MAX % -1

* W. Dietz, et al. Understanding integer overflow in C/C++.

In Proceedings of ICSE, 2012.

0

undefined

varies (??7?)

undefined
1
undefined
undefined
undefined

undefined



B ER{EUB

1 #include<stdio.h>

= Ox%08x\n",
Ox%08x\n",
OXx%08x\n",
= Ox%08x\n",

why@why-VirtualBox: ~/Documents/ICS2024/test

Y |




1 #include<stfilio.h>
&‘/\HjUB #include<limits.h>
int cmp(int x){ (x + 1) > x;}
int main(){
printf("INT MAX = %d, cmp: %d %d\n", INT MAX,

(INT MAX + 1) > INT MAX, cmp(INT MAX));
0;




FELmHMImEA

int f() { return 1 << -1; }

- IRIEFM , X2EPUB , FRclangiXtFa-&

0000000000000000 <f>:
0: c3 retq

» iR ICIX MTEEREMR 7

W. Xi, et al. Towards optimization-safe systems: Analyzing the
impact of undefined behavior. In Proceedings of SOSP, 2013.

« if(UB==0) yes; else if(UB!=0) no; //???



Undefined Behavior

- F2FFEYdark side
 Sanitizer : FmFEEEEFHFB5fF N\ assert

1 #include<stflio.h>
#include<limits.h>
int cmp(int Xx){ (x + 1) > x;}
int main(){

printf("“INT MAX = %d, cmp: %d %d\n", INT MAX,
(INT MAX + 1) > INT MAX, cmp(INT MAX));
0;

gcc —-fsanitize=undefined a.c && ./a.out

$ gcc -fsanitize=undefined int overfl
ow.C

int_overflow.c: In function ‘main’:
int_overflow.c:6:58: integer overflow in expression of type ‘int’ resul

ts in ‘-2147483648’' | ]

6 | (INT MAX 1) > INT MAX,
cmp (INT MAX));

32



B WE A2 RE R

() Terminal v 10A 16 12:02

fsanitize=xxXx

why@why-VirtualBox: ~/Document ts/ICS2024/test

GCC(1) GNU

NAME
gcc - GNU project C and C++ compiler

SYNOPSIS
gcc [-c|-S|-E] [-std=standard]

[-9] [-pg] [-Olevel]
[-Wwarn...] [-Wpedantic]
=T di e i (= Edrif eS|
[-Dmacro[=defn]...] [-Umacro]
[-foption...] [-mmachine-option...]
[-0 outfile] [@file] infile...

Only the most useful options are listed here; see below for the
remainder. g++ accepts mostly the same options as gcc.

DESCRIPTION
When you invoke GCC, it normally does preprocessing, compilation,
assembly and linking. The "overall options" allow you to stop this
process at an intermediate stage. For example, the -c option says not
to run the linker. Then the output consists of object files output by
the assembler.

Other options are passed on to one or more stages of processing. Some
options control the preprocessor and others the compiler itself. Yet
other options control the assembler and linker; most of these are not
documented here, since you rarely need to use any of them.

Most of the command-line options that you can use with GCC are useful
for C programs; when an option is only useful with another language
(usually C++), the explanation says so explicitly. If the description
for a particular option does not mention a source language, you can use
that option with all supported languages.

The usual way to run GCC is to run the executable called gcc, or
machine-gcc when cross-compiling, or machine-gcc-version to run a
specific version of GCC. When you compile C++ programs, you should
invoke GCC as g++ instead.

The gcc program accepts options and file names as operands. Many
options have multi-letter names; therefore multiple single-letter
options may not be grouped: -dv is very different from -d -v.

Manual page gcc(l) line 1 (press h for help or q to quit)




18Xl : -fsanitize

A\
-H

A 22 A

—+

T=

s (FRBHBZEEFTIXETHRIERT , EEIN— S
« assert(obj->low <= ptr && ptr < obj->high);

int *ref(int *a, int 1) {
return &alil;

}
void foo() {

int arr[64];
xref(arr, 64) = 1; // bug
}

. — NIRRT
e -fsanitize=address

e Address Sanitizer; asan “GISEFRDOIT

34
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SLYEL X

| &) Right Shift + Right Alt
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IEEE 754

36



SLERNTRIFRR

- SLHERRIFRES
- RBEFE32/64-bit 01 ERSRIRIR /IR SLEK
+ HE—FRSTTTE | 01 SR BEIEI— ST
+ IEERERAKRR
- IHTRIREAAHIH

- FEBTIEEE754
- 1bit S, 23/53bits Fraction (%), 8/11bits Exponent (F/13),

x = (—1)°%x(1.F)x2E-58

sign exponent(8-bit) fraction (23-bit)
] I |

0(0|1j1f1(1|1|0|0Of0O|1|0|0O|Of(O|O|O|O(O|O|O|O[O(O|O|O|O(O(O|0|O|O| = 0.15625

o @)
31 23

o0



?&éﬁlﬁ’ﬂi‘l‘%mi@ﬁ: X = (—1)5)((1_F)x2E—B

sign exponent(8-bit) fraction (23-bit)
L I !

0|0|1(1|1f1|1|0|0|0f1|0|0O(O|O(O|O|O(O|O(O|O|O|O|O(O|O|O(O|O(O]|O

@) @)
31 23

o0

(—1)0%x1.01,x2"24~127

1.01,%x273

0.00101,

0x27 1+ 0x272+1x273 + 0x2~ % +1x273

0.15625




gl
2

IEEE754: (FERBEARIIERYE

« — BRI A VR EERISEL (float o)

- HAROET | BB — A SCERAORE R A
« OJEES T RIEIRIBXIRE
.« BERZEFEEBSINEMT—

b

39


http://jyywiki.cn/pages/ICS/2020/demos/float.c

BEE B8 #E g R'E B

$

)0 @@ ¢ [0 =) @ 8l © [&)Right Shift + Right Alt

40




IEEE754: {RERIgEAFIERIE

gl
2

’—

C MR AV EERISER (foat.c)
HARSHE , TR T — N SRAOER

Al RER T RIESREXTIRE
- RIRSEF FRERINZN T —L

« 1.00000000000000000000000,x22%

« 16,777,216

« 1.00000000000000000000001,x22%

« 16,777,218

41


http://jyywiki.cn/pages/ICS/2020/demos/float.c

IEEE754: {RERIgEAFIERIE

gl
2

b

« — BRI A VR EERISEL (float o)

BRHIET | BB N — 1 SCE VRS R

- AR TERIESHVERTIRE
- RIRSEF FRERINZN T —L

 BIF HEL 4 o4+

#define SUM(T, st, ed, d) ({ \
Ts=0; \
for (int i = st; i !'=ed +d; i +=d) \
s += (T)1 / i; \
s; \
1)

LY

42


http://jyywiki.cn/pages/ICS/2020/demos/float.c

= NE BE R'RE BB

1 fidefine SUM(T, st, ed, d
Ts=0;\
(ANE1 = st M =ed -5 d: =)\
s = (T)Y / %1: X\

SR

}

1000000

int main(){
printf("%.16f\n", SUM(float, 1, n, 1));
printf("%.16f\n", SUM(float, n, 1, -1));
printf("%.16f\n", SUM(double Jem i) ) -
printf("%.16f\n", SUM(double, n, 1, -1));

}

~/Documents/ICS2021/teach/sum.c[1] [c] unix utf-8 Ln 1, Col 1/16

‘_ B X
¢ [0 = & 8l & (&) Rieht Shift + Right Alt

43



IEEE754: {RR] BEAKIIEHISSEE (cont'd)

Jinl

b

« a == b FEXKIZEEART (ERREWe)
s FRE (a+b)+c+a+ (b+0)

» AFRITSHEL ( Exponenent == @)
o x = (—1)°x(0.F)x27126

==
.é\

* +0.0,-0.09ShbitEA—HRY , {B+0.0 == -0.0

« Inf/NaN (Not a Number)
o Inf: FREURHEEN , AN1Z{/EHundefined behavior
* NaN(0.0/0.0) : REBWEX | =xFTANE

44



IEEE754 : BEE Y

e B8 T x = (—1)°x(1.F)x2E7B | IAEZE[E
« JEFNFRLEL +0.0/-0.0, Inf, NaN
o —ESRE T IR, (AEIHFAUSET e A RHANE)
. ?EJ%%N?%@%&*%FE%XKE" BRI PRI IEATR A IEEE 754 (ELAN=Fh GPU
HlIERT)
 Nvidia M Fermi A FFIA5EEES7 455 IEEE754 (2010)

An interview with the old man of floating-point.
Reminiscences elicited from William Kahan by Charles
Severance.

45


https://people.eecs.berkeley.edu/~wkahan/ieee754status/754story.html
http://http.cs.berkeley.edu/~wkahan/
http://www.dr-chuck.com/

BT : HEg=bvbitac

2a

» NRZ BECEAIRImAVESUES ?
« JHXEIRZE : —b v.s. Vb2 — 4ac (catastrophic cancellation)
« KICHE x + 1.0 == xHIFIF15
o : b?

« — N EFRN—IT IR EW‘E’ TV

. (-b)*~(VbZ—4ac)?
(-b)+Vb2—4ac /2a = (— b)+\/b2 4ac/2a (b<0)

. (—b—\/b2—4ac)-— (0 < b <10%%7)
2a

. _b ¢ 127
a+b(b>10 )

* P. Panchekha, et al. Automatically improving accuracy for floating point
expressions. In Proc. of PLDI, 2015.

46



EHA?

It looked pretty complicated. On the other hand, we had a
rationale for everything. -- William Kahan, 1989 ACM Turing
Award Winner for his fundamental contributions to numerical

analysis.

F RO LA ZES A ERE KN
+0.0/-0.0F0INFRIUE (Y/ %) /x A& A sign shift

o IEEE754 KA RIIRIHRIE 7 #EITRAVRRE

- WNRETHRIEEE754 , 15[#)ED. Goldberg. What every computer scientist
should know about floating-point arithmetic. ACM Computing Surveys, 23(1),

1991.

47


https://dl.acm.org/citation.cfm?id=103163
http://http.cs.berkeley.edu/~wkahan/

&0

IR © e

48



« W F : Surface Norm

- FEEARE
ﬁﬁﬂzfr%;‘cﬂﬁ/)i%]‘

- WEAE
.« BRHETT
. _/\lf

o« IIAMEEIRRIEIES | RZE (1T ) TTESf (0)?
o AIRXMEERANREH AR , At EE—thigE
« 1502 : 640%x480 - 800%600 ( XPMHESFHARTERR )

49



A0 (DS

float Q_rsqrt( float number ) {
union { float f; uint32_t i; } conv;
float x2 = number * 0.5F;
conv.f = number;
conv.i = 0x5f3759df - ( conv.i >> 1 ); // ?27?
conv.f = conv.f *» ( 1.5F - ( x2 * conv.f * conv.f ) );
return conv.f;

- EERARE ST
* Matthew Robertson. A Brief History of InvSqrt, Bachelor Thesis, The University
of New Brunswick, 2012.

50



2= : 1TE(axb) mod m

int64_t multimod_fast(int64_t a, int64_t b, int64_t m) {
int64_t x = (int64_t)((double)a * b / m) * m;
int64_t t = (a * b - x) % m;
return t <0 ? t + .t

}

« Saxb=p-m+q
* axb > (p-m+ q) mod 26+
. x%({p'mm‘ om) mod 264

m

- NRFREEIBERTIRAY , x = (p - m) mod 2%
- ERHAGEI T q

51
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SRH R

« Everything is a bit-string!
- (BERANEEITHHIES iR
e bit-set/SIMD
o FRERIERT

« PA : 2P EHAR4EFRIES
. WMBRAETTHTESE | BMEIENE RS IS

53



End.
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recap

TERAT?
AR T ?
B A HFAT?

:

git
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Lab142PA23£ 3 fn £

PA2S

/Tl
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HRIPE—E LR TTEILERS

FERFRandiE K 264 32 10
mov [0 6 06 0] [ rt][ rs]

#5%: PC, RO (RA), R1, R2, R3 add [0 00 1] [ rt][ rs]
(8-bit) \ load [1110] [ addr ]
NA: 1657 (EFTimE) store [1111] [ addr ]

PC RO R1 R2 R3

0000 0000 0000
FAHE 0001 0100 0010
g

o
0001
0110

A& L> add rl r2

57




#include <stdint.h> int halt = 0; // 4idbri&
#include <stdio.h>
/] PIT KR4
#define NREG 4 void exec_once() {
#define NMEM 16 inst_t this;
this.inst = M[pc]; // iR
/] E XL switch (this.rtype.op) {
typedef union { /] BAERS RS FAE B AT
struct { uint8_t rs : 2, rt : 2, op : 4; } rtype; case ©boeee: { DECODE_R(this); R[rt] = R[rs]; break; }
struct { uint8_t addr : 4 , op : 4; } mtype; case 6b@@@l: { DECODE_R(this); R[rt] += R[rs]; break; }
uint8_t inst; case 6bl111@: { DECODE_M(this); R[@] = M[addr]; break; }
} inst_t; case 0b1111: { DECODE_M(this); M[addr] = R[©]; break; }
default:
#define DECODE_R(inst) uint8_t rt = (inst).rtype.rt, rs = (inst).rtype.rs printf("Invalid instruction with opcode = %x, halting...\n", this.rtype.op);
#define DECODE_M(inst) uint8_t addr = (inst).mtype.addr halt = 1;
break;
uint8_t pc = ©; // PC, CEFHEAMIMBIELR, RIKHSM KA RER }
uint8_t R[NREG] = {}; // #fr#s pc ++; // HEHPC
uint8_t M[NMEM] = { // WfF, HPEESDitsz = x + yWERF }
ebl1leelle, // load 6% | R[O] <- M[y]
obeeeeel1ee, // mov rl, r@ | R[1] <- R[O] int main() {
©b11100101, // load 5% | R[] <- M[x] while (1) {
o0beoe100e1, // add re, rl | R[@] <- R[@] + R[1] exec_once();
©b11110111, // store 7# | M[z] <- R[@] if (halt) break;
obeee1eeee, // x = 16 }
oboeleeeel, // y = 33 printf("The result of 16 + 33 is %d\n", M[7]);
obeeeeeeee, // z = 0@ return ©;
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