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RECAP: Hello World (new C++)

C++ offers >1 way to do almost anything

C++23
introduces

int main O

1
fmt: :print("Hello World!\n");

// Positional Arguments
fmt::print("{1} {0}.\n", "World", "Hello");

fmt: :print( R
"Hello, {name}! The answer is {number}. Goodbye, {name}\n", Standarc» based
fmt::arg("name”, "World"), fmt::arg("number", 42)); on tt]€3

FMT library

whovian@phy504:~/host$ nano hello3.cpp . .
whovian@phy504:~/host$ g++ hello3.cpp -0 hello3 -std=c++20 -1fmt (Wthh I Wlll
whovian@phy504:~/host$ ./hello3

Hello World! UScC a 10t here)

Hello World.
Hello, World! The answer 1is 42. Goodbye, World



https://github.com/fmtlib/fmt
https://github.com/fmtlib/fmt

RECAP: Functions C vs C++

#include <string>

#include <iostream> Functions in C—|——|— aHOW

o) BAGREIGE &, Cotie v naming overloading.

{;#
std::cout << "Printl: " << C++ lets you Specify >1]

X+y << std::endl; . .
function with the same name
in the same scope

void Print(double x, int y)

SN HRR O verloading works on types
St SRR Argument order is imp.

f(int, double) and

. f(double, int) are different

: . Whovian@phy504:~/host/CPP$ g++ -std=c++20 functions2.cpp -o func2
Print(1.6, 2); whovian@phy504:~/host/CPP$ ./func2

LNt maiﬂ()

return 0; Printl: 3
1 Print2: -1



RECAP: Functions C vs C++

std: :tuple<double, char, std::string>
get_student(const int 1
{
switch (id)
{
case 0:
return {3.8, 'A', "Lisa Simpson"};
case 1:
return {2.9, 'C', "Milhouse Van Houten"};
case 2:
return {1.7, 'D', "Ralph Wiggum"};
}

// C++ error handling (we will revisit them later
throw std::invalid_argument("id");

}

int mainQ)
{ // Many ways to access the return type of get_students

/3 (Best) with C++17 structured binding:
const o [ gpa, grade, name ] = get_student(l);

fmt::print("ID: {0}, GPA: {1}, grade: {2}, name: {3}\n",
1, gpa, grade, name);

Many ways to receive
the elements of a tuple

Options change n
subtle but key features

Provide the compiler
information for users
to use keyword
(a C++ superpower)

< Bad example if C++14
but ok if C++17!



Functions C vs C

#include <fmt/core.h>

// (1) Does the optional arg have a logical default? :I: . ll
// (2) Is the function implemented the same when the unCthIlS CaIl aVC

Y/ optional ar is given and when it's not? . 1

// From SO: stackoverflow.com/a/56388368/2472169 0O tlona ar uments
// if YES and YES, use default argument I) 2;

// if NO and YES, then use std::optional<T>

if NO and NO, then use overloading and retum Values.

SiNgRfptrE=RintE ) @nt"Wint>;
How?

int add(int x, int y, fptr sum = nullptr) {
return (sum == nullptr) ? x + y : sum(x, Yy);
1. default values
int sum(int x, int y) { return x + y;}
P 2. overloading
{
fmt: :print("Default arg: {0} \n", add(2, 3));

fmt::print("Default arg: {0} \n", add(2, 3, &sum)); StdI.Opthnal<T>

}

whovian@phy504:~/host$ g++ optional3.cpp -o opt3 -std=c++20 -1fmt
whovian@phy504:~/host$ ./opt3

Default arg: 5
Default arg: 5


https://en.cppreference.com/w/cpp/utility/optional
https://en.cppreference.com/w/cpp/utility/optional

Functions C vs C++

UsSTngRfptrd=RIntR{ (&) @ntHELnt);

Functions can have

int add(int x, int y) { // here we avoid if/else struct
return x + y; .
} optional arguments

int gdd(imt X, int y, fptr sum) {
o BRI ELICH 28 and return values.

Int¥add@ntRxXWINntRY/ s td F-nullptpEt) B{
// nullptr_t = type of nullptr (C++ version of NULL) ﬁ)
return x + vy, HOW .

ks
int sum(int x, int y) { return x + y;} 1. defalﬂt Values

int mainQ) .

{ 2. overloading
fmt::print("Overloading: {0} \n", add(2, 3));
fmt::print("Overloading: {0} \n", add(2, 3, &sum));

fmt::print("Overloading: {0} \n", add(2, 3, nullptr)); 3. Std:.Othnal<T>

whovian@phy504:~/host$ g++ optionald.cpp -o opt4d -std=c++20 -1fmt
whovian@phy504:~/host$ ./opt4d

Overloading: 5

Overloading: 5

Overloading: 5

¥



https://en.cppreference.com/w/cpp/utility/optional
https://en.cppreference.com/w/cpp/utility/optional

Functions C vs C

#1include <cstddef>

#include <optional>
#include <fmt/core.h>

// (1) Does the optional arg have a logical default? FunCtiOnS Can haVe

// (2) Is the function implemented the same when the
// optional ar is given and when it's not?

// From SO: stackoverflow.com/a/56388368/2472169 OptiOnal arguments

// if YES and YES, use default argument
// 1f NO and YES, then use std::optional<T>

if NO and NO, then use overloading and retum Valueso

usingRfptrZ=RintE > @nt"@Lnt);

int add(int x, int y, std::optional<fptr> sum) { HO VV ?

return (sum.has_value() == @ || sum == nullptr) ?
X + Yy : sum.value(Q(x,y);

1. default values

int sum(int x, int y) { return x + y;}

int mainG) 2. overloading

// interesting here - you must always give 3 args
fmt::print("std::optional: {0} \n", add(2, 3, nullptr)); .
fmt::print("std::optional: {0} \n", add(2, 3, {})); 3 Std“opt10na1<T>
fmt::print("std::optional: {0} \n", add(2, 3, std::nullopt)); ® e =1
fmt::print("std::optional: {0} \n", add(2, 3, &sum));

whovian@phy504:~/host$ g++ optionalS5.cpp -o opt5 -std=c++20 -1fmt

whovian@phy504:~/host$ ./opt5
std::optional: 5

std::optional: 5
std::optional: 5
std::optional: 5


https://en.cppreference.com/w/cpp/utility/optional
https://en.cppreference.com/w/cpp/utility/optional

#include <vector>

#include <opti 1> :

#:%nglzd: <$r?1t}?2ﬁges.h> FunCtlons C VS C_|__|_
std::vector<int> filter( Why not defaUJt Value in

std::vector<int>& data,
std::optional<int> min = std::nullopt, .
std::optional<int> max = std::nullopt) thlS Case?
{

std: :vector<int> result;
for (int x : data) { ”
LR E0 Gl % - There 1s a fundamental
< min.value()) { .
} T difference between not

if (max.has_value() && providing min and max and

X > max.value()) {
continue; . o
} having a default min/max
result.push_back(x);
}

return result;

) Question: 1s no value a
int main() { meaningful state?

std::vector<int> data = {-5, -1, 0, 1, 5, 10};

// bi ly: ini .
mts print (O AL Does the absence itself must

fmt::join(filter(data), ", "));

be preserved and observed

// unambiguously: min is 0
fmt::print("{}\n",
fmt::join(filter(data, @), ", ")); as data?
}




Functions C vs C

This code 1s slightly inefficient, as the
member function provides Checked Access (CA).
What 1s CA? throws
a exception 1f empty
USThgRfptid=RIntE %) @ntHR@Lht);

int add(int x, int y, std::optional<fptr> sum) {

return (sum.has_value() == 0 || sum == nullptr) ?
X + Yy : sum.value()(x,y);

C++ ofters both Checked and Unchecked Access to
the underlying data the C++ STL abstraction holds



Functions C vs C

Unchecked Access: usually done (not always) via
operators. In this case, we will use the operator

int add(int x, int y, std::optional<fptr> sum) {
return (sum.has_value() == 0 || sum == nullptr) ?

X +y : (Fsum)(X,y);

Why not just stick to C and use a C void* pointer and
an integer flag to select the options?

No right answer. You may stick to C and be happy.

What C++ offers 1s (when well coded) a stronger type
safety and checks (at compiler and runtime)



#include <vector>

(e o oney Functions C vs C

#include <fmt/format.h>

struct Student {
std::string name;

,,double - grade; The return type may also be

std::optional<Student> find_student(

std: :vector<Student> students, Opthnal

stdh:string name)

{
for (auto [n, gl : students) {
if (n == name) {

N return Student{n, g}; In thiS Case, What if the

} .
; return std::nullopt; St]_ldent 1S nOt found?

int main() {
std::vector<Student> students = {

Paobe, | 73 In C 1t 1s possible to recreate
b

auto result = find_student(students, "Bob"); the funCtiOHality by

if (result.has_value()) {
fmt::print("Found: {} with grade {}\n",

R, returning an integer (error
}
auto missing = find_student(students, "Dave"); COde) and haVing arg as

if (!'missing.has_value()) {
fmt::print("Student not found\n");

X Student double pointer




#include <cstddef>

#include <optional> F t. C
#include <cmath> unC 10ns VS
#include <fmt/core.h>

fmt::print("We called double f(double) \n");

// cbrt = cubic root ? FU.IIC.

// tgamma = gamma function (C++17 has many special functions!

return std::cbrt(x) + ” . ++ .
std::sqrt(std::abs(x)) + Overloadlng’ C 1S
std: :tgamma(x);

pedantic with types

louble f(double* x) . N~
(no 1mplicit casts).
fmt::print("We called double f(double*) \n");
if (x != nullptr) 1
return *x; 1S an bUt

else

T o) s sometimes

whovian@phy504:~/host$ g++ null.cpp -0 null -std=c++20 -1lfmt
null.cpp: In function ‘int main()’:
null.cpp:28:16: error: call of overloaded ‘f(NULL)’ is ambiguous
type is super important in C++. 28 | double rl = f(NULL);
louble rl = f(NULL); I o
louble r2 = f(2.0); null.cpp:6:8: note: candidate: ‘double f(double)’
ble r3 = f(nullptr); 6 | double f(double x)
| A

null.cpp:16:8: note: candidate: ‘double f(double*)’

16 | double f(double* x)
| A




int main()

<cstddef>

Sarkls Functions C vs

<fmt/core.h>
fmt::print("We called double f(double) \n");

// cbrt = cubic root Why ?

// tgamma = gamma function (C++17 has many special functions!
return std::cbrt(x) +
std::sqrt(std: :abs(x)) +

std: : tgama Function overloading:
double f(double* x) C—I__I_ mUSt be pedantic

fmt::print("We called double f(double*) \n");

1f (x != null )) 1 Il
' r"@iur‘t’a :i, A Wlt types
else

return -1.;

Don’t assume
functions 1n C and

({,qu typf 1s sup?r important in C++. Be careful

T (0 (oY C++ behave the same

whovian@phy504:~/host$ g++ null2.cpp -0 null2 -std=c++20 -1fmt
whovian@phy504:~/host$ ./null?2

We called double f(double)

We called double f(double*)




Maps



#include <map>
#include <string>
#include <fmt/core.h>

using std::map; // better way to avoid using std::

using std::string; // don't pollute your code whovian@phy504:~/host$ g++ maps.cpp -o mapsl -std=c++20 -1fmt

. _ whovian@phy504:~/host$ ./mapsl
int main O (1) Rihanna is @ years old

{ PP ) (2) Rihanna is © years old
// map<key type, value type> = initialize list (3) Rihanna is 35 years old

// init the map with some key,values

// We learned that we can use {} to init vars in C++

map<string, double> mymap = {{"Vivian", 37}, 1]_
{"Marcelo", 38, Maps allow us to
{"Vania", 58},
{"Isabella", 25}};

recover values from,

// Similar to Python, we can access some functions with .

// These are member functions that modify/access elements : l(:
// associated with a particular variable. eog., Strlng eys
mymap .insert({"Gilberto", 56});

mymap["Beyonce"] = 41; // some types have operators C—|——|— has a SpeCial type

// Operator [] is sometimes deemed unsafe for two reasons.

// key doesn't exist: the code adds it to the map for Strings (Std: :String)

// key does exists: [] modifies it while insert doesn't
fmt::print("(1) Rihanna is {0} years old\n", mymap["Rihanna"]);

mymap .insert({"Rihanna", 35}); // nothing happens NOtice the eXiStenCe

fmt::print("(2) Rihanna is {0} years old\n", mymap["Rihanna"]);

nymap["Rihanna®] - 35; of member functions.

fmt::print("(3) Rihanna is {0} years old\n", mymap["Rihanna"]);

E.g., x. (args)




#include <map>
#include <string>
#include <fmt/core.h>

using std::map; // better way to avoid using std::

using std::string; // don't pollute your code

int main O (1) Rihanna 1is

{

e ) (2) Rihanna is
// map<key type, value type> = initialize list (3) Rihanna is

// init the map with some key,values

// We learned that we can use {} to init vars in C++

map<string, double> mymap = {{"Vivian", 37},
{"Marcelo", 38},
{"Vania", 58},
{"Isabella", 25%}};

// Similar to Python, we can access some functions with .
// These are member functions that modify/access elements
// associated with a particular variable.

mymap .insert({"Gilberto", 56});

mymap["Beyonce"] = 41; // some types have operators

// Operator [] is sometimes deemed unsafe for two reasons.

// key doesn't exist: the code adds it to the map

// key does exists: [] modifies it while insert doesn't
fmt::print("(1) Rihanna is {0} years old\n", mymap["Rihanna"]);

mymap . insert({"Rihanna", 35}); // nothing happens
fmt::print("(2) Rihanna is {0} years old\n", mymap["Rihanna"]);

mymap["Rihanna"] = 35;
fmt::print("(3) Rihanna is {0} years old\n", mymap["Rihanna"]);

whovian@phy504:
whovian@phy504:

~/host$ g++ maps.cpp -o mapsl -std=c++20 -1fmt
~/host$ ./mapsl

@ years old

@ years old

35 years old

Notice again that
maps (container) have
type as arguments.

(key are integers) 1s
not the same as

(key are C++ strings)




#include <map>
#include <string>
#include <fmt/core.h>

using std::map; // better way to avoid using std::

using std::string; // don’t pollute your code whovian@phy504:~/host$ g++ maps.cpp -o mapsl -std=c++20 -1fmt

. _ whovian@phy504:~/host$ ./mapsl
int main O (1) Rihanna is @ years old

{ R ) (2) Rihanna is 0 years old
// map<key type, value type> = initialize list (3) Rihanna is 35 years old

// init the map with some key,values
// We learned that we can use {} to init vars in C++
map<string, double> mymap = {{"Vivian", 37},

barcelo?, 36, We can interact with
maps (containers) via

{"Isabella", 25}%;

// Similar to Python, we can access some functions with .
// These are member functions that modify/access elements

// associated with a particular variable. men/ZberfunCtionS’

mymap .insert({"Gilberto", 56});

mymap [ "Beyonce"] = 41; // some types have operators e.g., X. (argS)

// Operator [] is sometimes deemed unsafe for two reasons.

// key doesn't exist: the code adds it to the map (:)
// key does exists: [] modifies it while insert doesn't peratorsg

fmt::print("(1) Rihanna is {0} years old\n", mymap["Rihanna"]);

c.g., operator

mymap . insert({"Rihanna", 35}); // nothing happens
fmt::print("(2) Rihanna is {0} years old\n", mymap["Rihanna"]);

mymap["Rihanna"] = 35; Free funCtionS (We

fmt::print("(3) Rihanna is {0} years old\n", mymap["Rihanna"]);

o will see 1t later)




#include <map>

#include <string> | _I_ M
#include <fmt/core.h> C aps
using std::map; // better way to avoid using std::

using std::string; // don't pollute your code C_I__I_ Offers different

[ ways to access /

// map<key type, value type> = initialize list .
// init the map with some key,values (j' 1? 1
// We learned that we can use {} to init vars in C++ mo 1 y e ems’
map<string, int> mymap = {{"Vivian", 37},
{"Marcelo", 38%,

Cania”, 583, 1.operator
{"Isabella", 25}%}};
2. mem func

// Operator [] is sometimes deemed unsafe for two reasons.

// key doesn't exist: the code adds it to the map

// key does exists: [] modifies it while insert doesn't 3 .mem func

// .at() throws an exception if key does not exists. 41 ]: :
// Sometimes you want that strictness in your code, where you . terat()rs (Np()lnterS)

// are adamant to control when you want to insert new keys
//(with .insert()) vs when you want to access known keys

fmt::print("Rihanna is {0} years old\n", mymap.at("Rihanna")); Slmllar but nOt

e equivalent
whovian@phy504:~/host$ g++ maps2.cpp -o maps2 -std=c++20 -1fmt
whovian@phy504:~/host$ ./maps2
terminate called after throwing an instance of 'std::out_of_range'

what(): map::at
gemu: uncaught target signal 6 (Aborted) - core dumped
Aborted




#include <map>

#include <string> ( E M
#include <fmt/core.h> _I__l_ aps
using std::map; using std::string;

int nain O Maps sort the keys

{

map<string, int> mymap = {{"Vivian", 37%,
{"Marcelo", 38%,

e S0, Inserting new

{"Beyonce", 41},

{"Rihanna", 35}}; keS iS exenSive
// How to get the number of keys?

fmt::print("Number of elements: {@}\n", mymap.size()); but access IS Chea

// How to loop over map elements. May ways to do that
for (auto 1t = mymap.begin(); it !'= mymap.end(); i1t++)

{ // 1iteration type is long (use auto!!!) (OppOSite behaVIOI'Z

fmt::print("Key: {0}, Val: {1}\n", it->first, it->second);

b o std::unordered map)

whovian@phy504:~/host$ g++ maps3.cpp -o maps3 -std=c++20 -1fmt
whovian@phy504:~/host$ ./maps3

Number of elements: 5

Key: Beyonce, Val: 41

Key: Marcelo, Val: 38

Key: Rihanna, Val: 35

Key: Vania, Val: 58

Key: Vivian, Val: 37



https://www.geeksforgeeks.org/inserting-elements-in-stdmap-insert-emplace-and-operator/
https://www.geeksforgeeks.org/inserting-elements-in-stdmap-insert-emplace-and-operator/
https://www.geeksforgeeks.org/inserting-elements-in-stdmap-insert-emplace-and-operator/
https://en.cppreference.com/w/cpp/container/unordered_map

// How to get the number of keys?
fmt::print("Number of elements: {@}\n", mymap.size()); ‘ —I——I— Maps

// How to loop over map elements. May ways to do that
for (auto 1t = mymap.begin(); i1t != mymap.end(); 1t++)

{ // iteration type is long (use auto!!!)
fmt::print("Key: {0}, Val: {1}\n", it->first, it->second);
¥

return 0;

In C, we learned that you can’t use pointer arithmetic for non-
contiguous containers (e.g., linked lists).

Rember what it++ does 1f 1t 1s an array of int and 1t 1s an 1nt
pointer (it would jump in mem in mem by sizeof(int)).

Because it++ 1s not allowed on linked lists, we had to use
while loops (never for loops)

Clearly, it looks like a pointer, but it can’t be a simple C
pointer. C++ must somehow allow operators like ++ to do
much more complex computations (yes — that 1s true!)




C++ Maps

This looks like a pointer. Almost, not exactly

// How to loop over map elements. May ways to do that

for (auto 1t = mymap.begin(); 1t != mymap.end(); 1t++)
{ // iteration type is long (use auto!!!)

fmt::print("Key: {0}, Val: {1}\n", i1t->first, it->second);
¥

0,

They are 1terators. Iterators are “like” pointers with some

advantages (biggest one 1s allowing ++ operator on non-
contiguous containers). But they are more verbose
The keyword here 1s hiding the following

// How to loop over map elements. Many ways to do that

for (map<string,int>::1iterator 1t = mymap.begin(); it != mymap.end(); it++) {
// 1teration type is long (use auto!!!)

fmt::print("Key: {}, Val: {}\n", 1t->first, it->second);



#include <map>
#include <string>
#include <fmt/core.h>
whovian@phy504:~/host$ g++ maps4.cpp -o maps4 -std=c++20 -1fmt
using std::map; using std::string; whovian@phy504:~/host$
Key: Rihanna, Val: 35

i . Key: Vivian, Val: 37
int main O

{ Key: Rihanna, Val: 35
map<string, int> mymap = {{"Vivian", 37}, Key: Vivian, Val: 37
{"Rihanna", 35}};

// C++ allows for map elements to be accessed via
// Python style of loops in two different ways

C++ 1s compatible

// First way: x is a {key, value} pair

for Cavto x 5 mmap with Python style

// X 1s not a pointer. We access elements

// first and second via "." and not "->" IOOpS
fmt::print("Key: {0}, Val: {1}\n", x.first, x.second);
}

fmt::print("\n"); C—I_—I_ prOVIdeS many

for (auto [key, val] : mymap) SOlllthnS tO eaCh

{ // Second Way (C++17)

fmt::print("Key: {0}, Val: {1}\n", key, val); I)f()l)lf:fll'
, .

0,




#include <map>
#include <string>
#include <fmt/core.h>

#include <algorithm>

whovian@phy504:~/host$ g++ maps5.cpp -o maps5 -std=c++20 -1fmt
using std: :map; whoviah@phy5®4:~/host$ ./maps5
Key: Rihanna, Val: 35

using std::string;
g 95 Key: Vivian, Val: 37

using std::for_each;
. _ Key: Rihanna, Val: 35
int main O Key: Vivian, Val: 37
{

map<string, int> mymap = {{"Vivian", 37},

{"Rihanna", 35}}; PreVleW Of STL

// Lambdas are anonymous functions in C++

auto pf = [1Cauto 0 algorithms and

{

fmt::print("Key: {0}, Val: {1}\n", x.first, x.second); .
. Lambda functions
// STL provides many useful algorithms
for_each(mymap.begin(), mymap.end(), pf);

Lambdas are quite

fmt::print("\n");

// you can also write a lambda func in-place (Python style) powerful
for_each(mymap.begin(), mymap.end(), []JCauto x){
fmt::print("Key: {0}, Val: {1}\n", x.first, x.second);

3 We will discuss
them 1n detail later




#include <map>

#include <string>

#include <fmt/core.h> whovian@phy504:~/host$ g++ maps6.cpp -0 maps6 -std=c++20 -1fmt
#include <tuple> whovian@phy504:~/host$ ./maps6

Key: Rihanna, Age: 35, Surname: Fenty
using std::map; Key: Vivian, Age: 37, Surname: Miranda

using std::string;

using std::tuple; MapS can be
using std::get; . .
combined with

int main O

{ tuples to allow

map<string, tuple<int,string> > mymap =

{{"Vivian", {37,"Miranda"}}, multiple values of
{"Rihanna", {35,"Fenty"}}

} different types

for (auto [key, val] : mymap)

{ | For multiple
fmt::print("Key: {0}, Age: {1}, Surname: {2}\n",

key, get<int>(val), get<string>(val)); values of the same

o type, C++ offers
std::multimap



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjigcCqjfj9AhV7lGoFHfbbC1EQFnoECBsQAQ&url=https%3A%2F%2Fen.cppreference.com%2Fw%2Fcpp%2Fcontainer%2Fmultimap&usg=AOvVaw0L4YtH2FpJvMyk-QdbQ4Fg

#include <map>
#include <string>
#include <fmt/core.h>

using std::map; using std::string; whovian@phy504:~/host$ g++ maps7.cpp -o maps7 -std=c++20 -1fmt

whovian@phy504:~/host$ ./maps7?
int main O key Beyonce does not exist
{ key Beyonce does not exist
map<string, int> mymap = {{"Vivian", 37}, key Beyonce does not exist
{"Rihanna", 35%}%;

// Many ways to find if key exists

cuto x = "Beyonce"s How to find if a particular

// C++20 . .

1f (mymap.contains(x) == true) { // C++ bool key eXIStS ln C—I——I— maps?
fmt::print("key {0} exists\n", x);

} else {
fmt::print("key {0} does not exist\n", x);

] Again, many options!

if (mymap.count(x) > @) {
fmt::print("key {0} exists\n", x);

} else § | .count() returns only O or 1
fmt::print("key {0} does not exist\n", x);

ks

(num of 1nstances of a key)

auto y = mymap.find(x);

if (y '= mymap.end()) {

fmt::print("key {0} exists\n", x); .ﬁnd() retums {kGYD Value}

} else {
fmt::print("key {0} does not exist\n", x);

} pair 1f 1t finds the key

0,


https://cplusplus.com/reference/map/map/count/
https://cplusplus.com/reference/map/map/find/

C++ maps (how do they work)?

This container 1s implemented as a binary
search tree =2 1its elements are always sorted.

Why? What do we mean by sorted?

, 5 » All elements to
1 W - :
< 5 (/ 6 the right (left) of
Ry 4 /\ . //\ a node are
/ \ (/ \\\. .// \ \ £
‘*\l/ \3 4 \\P// 7/> greater (smaller)

than the node
In Order Traversal: 1234567

Source:https://courses.grainger.illinois.edu/cs225/sp2022/resources /bst/



C++ maps (how do they work)?

How do you search for an element 1n a BST?
~ O(log(N)) 1in a well-balanced tree

1.Begin at the

Search for 3 tree’s root node

start 2.1t the value 1s
%‘K smaller than the
current node, move
6) Qa left
R “N

@ @ 7 ) 3.1t the value 1s larger

than the current
node, move right

Source:https://courses.grainger.illinois.edu/cs225/sp2022/resources/bst/



C++ maps (how do they work)?

How do you insert new elements in a BST?

E.g., insert num 8 (~ O(log(N)) 1n a well-balanced tree)

1. find the new node’s location 2. create the new node
5 /GD\ . ﬁ\ :
& . s

) @QV@Q

Source:https://courses.grainger.illinois.edu/cs225/sp2022/resources/bst/



C++ maps (how do they work)?

How do you remove a new element in a BST?

Depends on 1ts location. Easier: one-child remove

Remove 7 (One-Child Remove)

1. swap the node and its child 2. remove the target node (now a leaf)

N e

@ o @’”‘ﬁ ), @’ Q
Ve ><

Source:https://courses.grainger.illinois.edu/cs225/sp2022/resources /bst/



C++ maps (how do they work)?

How do you remove a new element in a BST?
Depends on its location. Harder: two-child remove

Need to find IOP: In-Order Predecessor
IOP = largest element on the left branch

Remove 4 (Two-Child Remove)

1. find IOP 2. swap IOP and target node 3. delete target, as it is now a leaf

@ s a
9 W ¢ N & e

¢ 9@ 90 9O DO K& ©

Source:https://courses.grainger.illinois.edu/cs225/sp2022/resources /bst/



Homework I

All functions should be defined inside a namespace with your name

* Generalize the following
code to be able to handle

USIngRfptrX=RintA &> @nth@int);
the Sum Of three numbers' int add(int x, int y) { // here we avoid if/else struct
The final code should still SRS
be able to handle null s I At
pOIHter Vla Overloa’dlng ?l”’if_ add(int x, int y, std::nullptr_t) {
// nullptr_t = type of nullptf (C++ version of NULL)
* Add a custom print o UniDE SR
message on eaCh funCtlon int sum(int x, int y) { return x + y;}
to make sure your test cases [H_—__s
. . {
on the main funCtlon arc fmt::print("Overloading: {0} \n", add(2, 3));
. fmt::print("Overloading: {0} \n", add(2, 3, &sum));
SeleCtlng the CorreCt fmt::print("Overloading: {0} \n", add(2, 3, nullptr));

. . }
corresponding overloading

function



Homework II (can be impl. in C)
A Binary Tree can be

: : TreeNode
implemented using the val - t
following C struct. TreeNode* left:
We will soon implement it TreeNode* right;

} TreeNode;

using a C++ class

(1)Create a function that just allocate a new Node

TreeNode* newNode( vaDJ
(2) A valid Binary Search Tree (BST) 1s such that

For every node, the value of all the nodes in its left subtree must be less than the node's value, and the value of all the
nodes in its right subtree must be greater than the node's value.

Using function recursion, create a function that validate a BST

1sVali1d(TreeNode* node, minVal, maxVal)



Homework III (can be impl. in C)

(1) Given an integer n, return the number of structurally unique

BST with exactly n nodes of unique values from 1 to n.

Key Insight: To build BSTs with n nodes , we must:

1.

2
3.
4

Choose a root: Pick any value 1 from 1 to n to be the root

. Left subtree: All numbers <1 — total 1-1 nodes.

Right subtree: All numbers > 1 — total n-1 nodes.

. n(BSTs) with 1 as the root = numTrees(1-1) X numTrees(n-1)

The numbers are known as Catalan Numbers.



Homework IV (can be impl. in C)

A balanced BST is a Binary Tree in which the number of left
notes 1s similar to the number of right nodes.

(1) To convert a sorted integer array into a height-balanced
Binary Search Tree (BST).

Tip: use a divide-and-conquer approach and function
recursion

(2) Use the function you developed on HW 1I to test that the
BST you created 1s a valid BST.



Homework V (can be impl. in C)

In-order traversal is one of the standard ways to visit all
the nodes 1n a binary tree.

Example: In-order traversal:
Go to the left subtree of 5 — at 3
S Go to the left subtree of 3 — at 2 (no left child)
/\ Visit 2
Back to 3, visit 1t
3 7 Go to the right subtree of 3 — visit 4
/N Back to 5, visit 1t
Go to the right subtree of 5 — at 7, visit it
2 49 Go to the right of 7 — visit 9
In-order output: 234579

S I A ol

Using this concept & function recursion: write a C function
that find the kth smallest element in a BST



Additional Reading: Logging

#include <fmt/core.h>
#include <spdlog/spdlog.h>

#include <tuple> InStead Of /

#include <string>

std::tuple<double, char, std::string> get_student(int id) ]:
{ ,luse a
switch (id)

o professional logging

return {3.8, 'A', "Lisa Simpson"};

}

N library in C++ named
fmt::format("id error on function {0}", __FUNCTION__); g
throw std::invalid_argument(emsg);

spdlog

fmt::print("This won't run!!");

U spdlog has an option to
spdlog::@nfocxagiting s?glogwiiﬁrﬁry"); . . .
spdl:g::lnfo( y %% d"); dlsable exceptlons. Thls
; onst auto [ gpa, grade, name ] = get_student(3); aVOids the loophole

catch (std::exception& ex) {
spdlog: :critical(ex.what());

| e shown on the last slide.

catch (...) { . ;
spdlog: : critical("Unknown exception”); whovian@phy504:~/host$ g++ tuples8.cpp -o tuple8 -std=c++20 -1fmt

exit(1); whovian@phy504:~/host$ ./tuple8

1 [2023-03-23 22:53:59.008] [info] Testing spdlog library
return @; [2023-03-23 22:53:59.015] [info] Hello, World!
} [2023-03-23 22:53:59.018] [critical] id error on function get_student


https://github.com/gabime/spdlog
https://github.com/gabime/spdlog
https://github.com/gabime/spdlog

