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Last time

* Pointers and memory
* How is your data actually stored in memory?
* Introduction to memory addresses
* Pointers and pointer operations
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Plan for today

* Allocating memory

* Number representation
e Overview of Binary and Hex
* Byte ordering
* Endianness
* Encoding integers

* Logical operators

* Boolean logic
* Bitwise operators



Allocating Memory in C: malloc()

 Last time we talked about pointers and memory,

* We can declare an array of fixed size at compile time, but how do you
dynamically allocate a block of memory while a program is running?

* On a normal CPU, dynamic memory allocation with: malloc()

Declaration in library file: void *malloc(size t size);

ptr = (float*) malloc (100 * sizeof (float)):;
’% VN

* When you’re done using that memory we have to explicitly call free ()
free (ptr);

* In embedded programming we usually don’t do this
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Memory allocation on microcontrollers

e The function is commonly not re-entrant
(thread friendly)

* Challenging for use in real-time operating system

* Its performance is not deterministic
* Time to allocate a memory block may vary
* Challenge in a real-time application.

* Memory allocation may fail
* If you run out of memory or memory is fragmented

* malloc() is slow

RAM address

<

Heap
Stack




Number representation

0 0000 0

. 1 0001 1

+ How does our Arduino represent > o010 | 2
nhumbers? 3 | 0011 3

: . 4 0100 4

" Humans think about numbers in base 10, but = 0101 5
compulters represent numbers in base 2 6 0110 6

= Binary encoding is what allows computers to 0111 ] 7
do all of the amazing things that they do! 8 1000 8

. o 9 1001 9

®= Hexadecimal (Hex) encoding is base 16 10 | 1010 A

11 | 1011 | B

. . 12 1100 C

+ Helpful to memorize this table for 13 | 11011 D
converting between them 14 | 1110 | E
15 1111 F
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Binary Encoding

+» With n binary digits, how many “things” can you represent?

= Need n binary digits to represent N things, where 2" > N §bH <
= Example: 5 binary digits for alphabet because}j =32>26 /) b‘«ﬁ’t
Unsgned chou

+» A binary digit is known as a bit
« A group of 4 bits (1 hex digit) is called a nibble

= A group of 8 bits (2 hex digits) is called a byte
= 1 bit = 2 things, 1 nibble — 16 things, 1 byte —>£§__6 things

6175174972322 91
@ 2| 22727272 @ MSB = Most significant bit
MSBIOIO[O!110101011/|LSB LSB=Leastsignificant bit

X =13 OH;
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Why do we use Base 2?

+ Electronic implementation
= Easy to store with bi-stable elements

= Reliably transmitted on noisy and inaccurate wires

——me O > < 1 > — 0 —_—
3.3V —
2.8V — T T N\
0%~ / \
0.0V ——~—— \’\f

+» Other bases possible, but not yet viable:

= DNA data storage (base 4: A, C, G, T) is hot @UW
= Quantum computing
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Byte Ordering

» How should bytes within a word be ordered in memory?

= Want to keep consecutive bytes in consecutive addresses
= Example: store the 4-byte (32-bit) f1loat: Ox Al B2 C3 D4

» By convention, ordering of bytes in hardware called endianness
= The two options are big-endian and little-endian

Example: 4-byte data 0xA1B2C3D4 at address 0x100

0x100 Ox101 O0x102 0Ox103
Big-Endian | A1 | B2 | c3 | D4 |

0x100 O0x101 0x102 0Ox103
Little-Endian | D4 | c3 | B2 | A1 |
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Encoding Integers

+» The hardware (and C) supports two flavors of integers
" unsigned — only the non-negatives
" signed — both negatives and non-negatives

+» Cannot represent all integers with w bits
= Only 2% distinct bit patterns

= Unsigned values: 0..2%-1
* Signed values:  —2w—1 .. 2w-l-]

» Example: 8-bit integers (e.q., char)

-0 « > +00

—128 0 +128 +256

_28- 0 +28-1 428
1
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Unsigned Integers

+» Unsigned values follow the standard base 2 system
" b7bgbsbab3babibg=b727 +bg2° + -+ by 2! + by 2°

unsigned int number = 17; 3211618141211 1=17
‘uint8_tj number = 17; 25124123 (22(21]1920
Uinlo. t 0jojo|1fojolof1

» Useful formula; 2N-1 42N=-2 4 4241 =2N_1
" je., Nonesinarow=2N—1
= e.0.,0b111111=63
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Not used in practice
for integers!

Sign and Magnitude

» Designate the high-order bit (MSB) as the “sign bit”

" sign=0: positive numbers; sign=1: negative numbers

+ Benefits:

= Using MSB as sign bit matches positive numbers with unsigned
= All zeros encoding is still =0

» Examples (8 bits):
= Ox00 = 00000000, is non-negative, because the sign bit is O
= Ox7F=01111111, is non-negative (+1274)
= 0x85=10000101, is negative (-51()
= 0Ox80 = 10000000, is negative... zero???
f S'sjk ‘0:')’
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Not used in practice
for integers!

Sign and Magnitude

+» MSB is the sign bit, rest of the bits are magnitude

+ Drawbacks?

15 0 -7 +0

1111 0000
1110 0001

1101 0010
1100 0011

1111 0000
e
1110 0001

1101 0010
1100

13

12

Unsigned
11\ 1011 0100
1010 0101
1001 0110
1000 0111

Magnitude
4 _3\1011 8 0100 [, 4

1010 0101
1001 0110
1000 0111
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Not used in practice
for integers!

Sign and Magnitude

+» MSB is the sign bit, rest of the bits are magnitude

+ Drawbacks:

= Two representations of 0 (bad for checking equality)

1111
1110
1101

1100

0000
0001
0010

Magnitude
_3\1011 8 0100 [, 4

1010 0101
1001 0110
1000 0111
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Sign and Magnitude L e |

+» MSB is the sign bit, rest of the bits are magnitude
+» Drawbacks:

= Two representations of 0 (bad for checking equality)
= Arithmetic is cumbersome —7 0

- Example: 4-3 != 4+ (-3) 1111 0000
_5 / 1110 0001 \ 42
4 0100 4 0100 . 1101 0010
~ + 3
- 3|z 00l p+ 31+ 1011 1100 Signand 0011
1 =7 1111 :
1 000 _ 3| 1011 Magnitude 0100 , 4
d X 1010 0101
- Negatives “increment” in wrong -2 1001 0110 /+5
direction!

1000 0111
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Two’s Complement

+ Let’s fix these problems:

1) “Flip” negative encodings so incrementing works
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Two’s Complement

+ Let’s fix these problems:

1) “Flip” negative encodings so incrementing works
2) “Shift” negative numbers to eliminate -0

+ MSB still indicates sign!

= This is why we represent one

more negative than positive
number (281 to 2N-1 _1)
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Two’s Complement Negatives

+» Accomplished with one neat mathematical trick!

bw—1 has weight —2%¥—1, other bits have usual weights +2!

byt | DByro v b

= 4-bit Examples: -1 +0
1111 0000
1110 0001
1101 0010
1100

« 1010, unsigned:
1*23+40%22+1%21+0*20=10 -3

- 1010, two’s complement:
-1%2340%22+1*21+0*20=-6

-X tZ_ 1011 Complement 4,
= -1 represented as: > 4
5 ) 1010 0101

- MSB makes it super negative, add up
all the other bits to get back up to -1

1000 0111
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Two’s Complement is Great

+» Roughly same number of (+) and (=) numbers
+» Positive number encodings match unsigned
+ Single zero _q +0

+ All zeros encoding =0 1111 0000

1110 0001
1101

0010
1100

*

+» Simple negation procedure:

Complement
_g\io11  “OMPIEMENt 0100 /4
1010 0101

1001
1000

= Get negative representation
of any integer by taking
bitwise complement and
then adding one!

L(_@ijl::-x)

0111
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Numerical Encoding Desigh Example

Encode a standard deck of playing cards

* 52 cardsin 4 suits

Operations to implement:
* Which is the higher value card?
* Are they the same suit?

N 2% 3 [fea[ies[ea 14.&-1. 24.&.1. 24.-1.“.24-*4-
& *» N R R B ool Il
)
Sl 5| o E| b ki b B ke bF| b k| b ey ¢ wE vy
4 2o [3o0 [ioa(;eoa laa Zo: 29: a6 o (a0
o - N X N R - 33
J e e vl ool v vl el v el v
A v v RvvSvw Bvewiive Sve Cvv ve
¢ Yo | v | vw
v v vvv|vvivvi vl aa
o &3 & Al aal &al oAl &g &af o‘aa
A 2 o §0‘}00§00§00300§00200'§0,0
¢ ¢ e, 0| 0%
° ° A IR I G PO [P
L R RN RN RN RN EX IR KL
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Representations and Fields

1) 1 bit per card (52): bit corresponding to card set to 1

HEAEEEEEEEEEEEEE NSNS EEEEEEEEEEEEEEEEEEE
52 cards

" “One-hot” encoding (similar to set notation)




YA/ UNIVERSITY of WASHINGTON CSE/ECE 474, Spring 2023

Representations and Fields

1) 1 bit per card (52): bit corresponding to card set to 1

HEAEEEEEEEEEEEEE NSNS EEEEEEEEEEEEEEEEEEE
52 cards

" “One-hot” encoding (similar to set notation)

= Drawbacks:
- Hard to compare values and suits
- Large number of bits required
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Representations and Fields

1) 1 bit per card (52): bit corresponding to card set to 1

HEAEEEEEEEEEEEEE NSNS EEEEEEEEEEEEEEEEEEE
52 cards

" “One-hot” encoding (similar to set notation)

= Drawbacks:
- Hard to compare values and suits
- Large number of bits required

2) 1 bit per suit (4), 1 bit per number (13): 2 bits set

4 suits

13 numbers

= Pair of one-hot encoded values
= Easier to compare suits and values, but still lots of bits used
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Representations and Fields

3) Binary encoding of all 52 cards — only 6 bits needed
= 26 =64 > 52

low-order 6 bits of a byte
= Fitsin one byte (smaller than one-hot encodings)

"= How can we make value and suit comparisons easier?

4) Separate binary encodings of suit (2 bits) and value (4 bits)

Uit value & 100

= Also fits in one byte, and easy to do comparisons e |01
K [a ] s [ ... 3] 2] a v 10
1101|1100 1011 | ... |0011|0010 0001 o 11
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Why go through all this effort to save space?

Example: Bluetooth Beacons
Preamble| Access Address Length Data CRC
OxAA Ox8E89BED6 (2 octets) (0-37 octets) (3 octets)
P
Advertiser
Payload
Address
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Manipulating bits: Logical operators

True a non zero value

False ZEeTro

&& AND

A && B True if both A and B are
non-zero.

|| OR

Qe

| | B True if either A and B are

non-zcero.

NOT

§o—
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Logical operators

True

False

&&
A && B

A || B

a non zero value.

Zero.

AND

True if both A and B are

non-zero.
OR

True if either A and B are

non-zcero.

NOT

TeuE TRUE

YES

_[>

INPUT

OUTPUT

0

1

AND

|

D
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NOT

_D&

INPUT

OUTPUT

1

0

OR

) -

XOR

) >

INPUT INPUT INPUT
OUTPUT OUTPUT OUTPUT
A B A B A B
0 0 0 0 0 0 0 0 0
1 0 0 1 0 1 1 0 1
0 1 0 0 1 1 0 1 1
1 1 1 1 1 1 1 1 0
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e o l
Bitwise operators 9 fo ,Ool

| 0o O
A very important C feature for embedded YES NOT
microcomputer systems. These operators are <[> _[>O
only defined for integer-like variables i.e. char, INPUT INPUT
| , , OUTPUT OUTPUT
short, int, and long signed or unsigned. A A
0 0 0 1
& bitwise AND 1 1 1 0
| bitwise OR AND OR XOR
A bitwise XOR 1 F I > ) >
_<_<_ left shift INPUT OUTPUT NPT OUTPUT il OUTPUT
. . Al B A|B A B
>>  right shift o o 0 o o 0 0 0 0
1| o0 0 1|0 1 1 0 1
C~> ones complement
b 0| 1 0 0|1 1 0 1 1
OI01011T10101011 1|1 1 1|1 1 1 1 0
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Example: Wind dispersed wireless sensors

2 mm

Ambient light 7]
sensor gt

Temperature
and humidity
sensor :

Storage  Start-up Micro- RF switch
capacitor circuit  controller




Supplementary Video 5

Outdoor wind dispersal



Datasheet

I3 TEXAS HDC2010
INSTRUMENTS SNAS693D — JULY 2017 — REVISED FEBRUARY 2021
HDC2010 Low-Power Humidity and Temperature Digital Sensors
— e
1 Features 3 Description

Relative humidity range: 0% to 100%
Humidity accuracy: +2%
Sleep current: 50 nA

Average supply current (1 measurement per
second)

— RH only (11 bit): 300 nA

— RH (11 bit) + temperature (11 bit): 550 nA
Temperature range:

— Operating: —40°C to 85°C

— Functional: —40°C to 125°C

Temperature accuracy: +0.2°C typical
Supply voltage: 1.62 Vto 3.6 V

Programmable sampling rate (5 Hz, 2 Hz, 1 Hz,
0.2 Hz, 0.1 Hz, 1/60 Hz, 1/120 Hz) or trigger on
demand

I2C interface

The HDC2010 is an integrated humidity and
temperature sensor that provides high accuracy
measurements with very low power consumption, in
an ultra-compact WLCSP (Wafer Level Chip Scale
Package). The sensing element of the HDC2010 is
placed on the bottom part of the device, which makes
the HDC2010 more robust against dirt, dust, and
other environmental contaminants. The capacitive-
based sensor includes new integrated digital features
and a heating element to dissipate condensation and
moisture. The HDC2010 digital features include
programmable interrupt thresholds to provide alerts/
system wake-ups without requiring a microcontroller
to be continuously monitoring the system. This,
combined with programmable sampling intervals, low
inherent power consumption, and support for 1.8-V
supply voltage, make the HDC2010 well suited for
battery-operated systems.
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D a ta S h e Et 7.6.1 Address 0x00 Temperature LSB

Table 7-7. Address 0x00 Temperature LSB Register

7 6 5 4 3 2 1 0
TEMP[7:0]
..
Table 7-8. Address 0x00 Temperature LSB Field Descriptions
BIT FIELD TYPE RESET DESCRIPTION
[7.01 |TEMPERATURE [7:0] R 00000000 | Temperature LSB

7.6.2 Address 0x01 Temperature MSB

The temperature register is a 16-bit result register in binary format (the 2 LSBs D1 and DO are always 0). The
result of the acquisition is always a 14-bit value, while the resolution is related to one selected in Measurement
Configuration register. The temperature must be read LSB first.

Table 7-9. Address 0x01 Temperature MSB Register

7 6 5 4 3 2 1 0
TEMP[15:8]
-—
Table 7-10. Address 0x01 Temperature MSB Field Descriptions
BIT FIELD TYPE RESET DESCRIPTION
[15:8] |TEMPERATURE [15:8] R 00000000 |Temperature MSB

The temperature can be calculated from the output data with Equation 1:

TEMPERATURE[15:O])X165_ 40 & '@\"yQa) SQQM«?
2° s R W

Temperature (°C) = (
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/ @ading In
bool readSample () // ¢90&4{ // .. example continued
{ Vv // convert to Temperature/Humidity
uint8 t datalo6]; uintlo t val;
jzﬁﬁure.beginTransmission(OX4O); val = Qdata[lL << 8) + datal0];
Wire.write (byte (0x0F)); Serial.print ( -U/Z&
Wire.write (byte (0x01)); ((float)valiéé§)/655367é£);
Wire.endTransmission () ; Serial.print (", ");
Wire.beginTransmission (0x40) ; val = (data[3] << 8) + datalZ2];
Wire.write (byte (0x00)); Serial.println (
Wire.endTransmission()° ((float)100*val) /65536) ;
Wire.requestFrom ( OX4O
data[0] = Wire.read :]T'ﬂ1f return true;
datal[l] = W%re.read(), } 00000 HSon
ials] - Wi reaa() | Howidf dage[1] 7
= Wire.read () ; )




