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/// Returns the leftmost index % such that a[i] >= key (a must be sorted).
/// This is "lower_bound".
pub fn lower_bound<T: Ord>(a: &[T], key: &T) -> usize {
let mut lo: usize = 0;
let mut hi: usize = a.len(); // invariant: answer 4s in [lo, hi]
while lo < hi {
// mid is safe from overflow: lo + (hi - lo)/2
let mid = 1o + (hi - 1lo) / 2;
if &al[mid] < key {



lo = mid + 1;
} else {
hi = mid;
}
}
lo
}
#[cfg(test)]

mod tests {

use super::lower_bound;

#[test]

fn lower_bound basic() {
let a = [1, 2, 2, 2, 5, 9];
assert_eq! (lower_bound(&a, &0), 0);
assert_eq! (lower_bound(&a, &1), 0);
assert_eq! (lower_bound(&a, &2), 1);
assert_eq! (lower_bound(&a, &3), 4);
assert_eq! (lower_bound(&a, &10), a.len());
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/// A safe "stack" with explicit operations and no invalid states.
pub struct Stack<T> {

v: Vec<T>,

impl<T> Stack<T> {
pub fn new() -> Self { Self { v: Vec::new() } }
pub fn push(&mut self, x: T) { self.v.push(x); }
pub fn pop(&mut self) -> Option<T> { self.v.pop(O) }
pub fn peek(&self) -> Option<&T> { self.v.last() }
pub fn len(&self) -> usize { self.v.len() }
pub fn is_empty(&self) -> bool { self.v.is_empty() }
}
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cargo new algo_lab

cd algo_lab

cargo test

cargo run —--release

cargo fmt
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cargo new algo_handbook

cd algo_handbook
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New-Item -ItemType File -Path .\src\lib.rs -Force

:QHa0dl Al

algo_handbook/
Cargo.toml
src/
1lib.rs
main.rs
search.rs
sort.rs
heap.rs
tests/

integration.rs

plng yoe Cargo.toml alo
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[package]
name = "algo_handbook"
version = "0.1.0"

edition = "2021"



[profile.release]
opt-level = 3

lto = true
codegen-units = 1

panic = "abort"

cargo build

cargo test

cargo run --release
cargo test --release
cargo fmt

cargo clippy -- -D warnings

/* src/lib.rs */
pub mod search;
pub mod heap;

pub mod maps;

pub use search::*;
pub use heap::*;

pub use maps::*;

(j9aing) cargo yolgl pal

anulwll alaagll lny)
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pub fn sum_i64(a: &[i64]) -> i64 {
let mut s = 0i64;
for &x in a {

s += X;

oBall JAla olwjjlgal) &mut [T] padiwl

pub fn reverse_in_place<T>(a: &mut [T]) {

let mut i = Ousize;

let mut j = a.lenQ);

while i < j {
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j =1
a.swap(i, j);

i+=1;

Cloneg Move g Copy (w §1all padal

pub fn copy_move_clone_demo() {

let x: ubd = 7;

let y = x;

let _ = (x, y);

let sl = String::from("abc");
let s2 = s1;

let 83 = s2.clone();

let _ = (83,);

awlwall Ol 16 3gndall pé Al Qi

pub fn contains_sorted<T: Ord>(a: &[T], key: &T) -> bool {

let mut lo Ousize;

let mut hi = a.len();

while lo < hi {
let mid = 1o + (hi - lo) / 2;
if &al[mid] < key {

lo = mid + 1;
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} else {

hi = mid;

}
lo < a.len() && &al[lo] == key

Qilpidig Vec J Jleall pladuwll P
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pub fn filter_non_negative(a: &[i32]) -> Vec<i32> {
let mut out = Vec::with_capacity(a.len());
for &x in a {
if x >= 0 {
out.push(x);

out
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pub fn rotate_left_by_one<T>(a: &mut [T]) {

pub

pub

if a.len() <= 1 { return; }

a.rotate_left(1);

fn is_sorted_i32(a: &[i32]) —-> bool {
a.windows(2).all(|lw| w[0] <= w[1])

Qilpill olaalg Jaa
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fn merge_sorted(a: &[i32], b: &[i32]) -> Vec<i32> {

let mut out = Vec::with_capacity(a.len()

let (mut i, mut j) = (Ousize, Ousize);
while i < a.len() && j < b.len() {
if ali] <= b[j] {
out.push(alil); i += 1;
} else {
out.push(b[jl); j += 1;

}
out.extend from slice(&ali..]);
out.extend_from_slice(&bl[j..]1);

out

+ b.len());



Yo

BinaryHeap 9 HashMap (Ul &supw doado E.
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use std::collections::HashMap;

pub fn frequency(words: &[&str]) -> HashMap<String, usize> {
let mut m: HashMap<String, usize> = HashMap: :new();
for &w in words {

*m.entry(w.to_string()) .or_insert(0) += 1;

cdgoll haall lhoi :HashMap

use std::collections::HashMap;

pub fn fib(n: u64) -> u6d {
fn go(n: u64, memo: &mut HashMap<u64, u64>) -> u64 {
if let Some(&v) = memo.get(&n) { return v; }

let v = match n {

0=>0,

1 =1,

_=>go(n - 1, memo) + go(n - 2, memo),
18
memo.insert(n, v);

A%



Al

let mut memo = HashMap::new();

go(n, &mut memo)

k psi alaiwl :BinaryHeap

use std::collections::BinaryHeap;

pub fn top_k(a: &[i32], k: usize) -> Vec<i32> {
let mut heap = BinaryHeap::new();
for &x in a {
heap.push(x) ;
}
let k = k.min(heap.len());
(0..k).filter_map(|_| heap.pop()).collect()

Reverse plaAiwt min-heap ¢Jglhw

use std::cmp::Reverse;

use std::collections::BinaryHeap;

pub fn k_smallest(a: &[i32], k: usize) -> Vec<i32> {
let mut heap: BinaryHeap<Reverse<i32>> = BinaryHeap::new();
for &x in a {
heap.push(Reverse(x));
}
let k = k.min(heap.len());
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let mut out: Vec<i32> = (0..k)
.filter_map(|_| heap.pop())
.map(|r| r.0)

.collect();
out.sort();

out

aqauA; olaag ohwial &us 0.l
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pub fn lower_bound_i32(a: &[i32], key: i32) -> usize {

let mut lo = Ousize;

a.len();

while lo < hi {
let mid = 1lo + (hi - 1lo) / 2;
if a[mid] < key {

let mut hi

lo = mid + 1;
} else {
hi = mid;
}
}
lo
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fn baseline_lower_bound(a: &[i32], key: i32) -> usize {
for i in 0..a.len() {

if ali] >= key { return i; }

}
a.len()
}
plaaiwll éalel) Pl wE .l
&bl ablé épanill daeld Jsay Guusll
il Jsua
iy e

Algorithm: <NAME>

Contract:
- Inputs:
- Outputs:
- Preconditions:

— Postconditions:

Invartants:

- (loop invariants)
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pub fn algo_name() {

unimplemented! ()
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pub fn sum_indexing(a: &[i64]) -> i64 {
let mut s = 0;
for i in 0..a.len() {

s += alil;

pub fn sum_iterator(a: &[i64]1) -> i64 {

a.iter().copied().sum()

28 8332 pé &l 9% B35 Pgadll LLVM Jujs Lo W «guaall clidl (né .0 (n) loalls
Ol 038 gios
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pub fn has_duplicate_naive(a: &[i32]) -> bool {
for i in 0..a.len() {
for j in (i + 1)..a.len() {
if alil == alj]l {

return true;

false

‘HashSet (e iy Ja Jldo

use std::collections::HashSet;

pub fn has_duplicate_hash(a: &[i32]) -> bool {
let mut seen = HashSet::with_capacity(a.len());
for &x in a {
if !seen.insert(x) {

return true;

false

I
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pub fn quadratic_example(n: usize) -> usize {
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let mut ¢ = 0;
for i in 0..n {
for j in 0..n {
if i == j {

c += 1;

pub fn linear_example(n: usize) -> usize {
let mut ¢ = 0;
for i in 0..n {
if i % 2==0{

c += 1;

G0 lgll WAl a2 ol oy gl 138 &cjuy Gulae pué A2l A1 2uns 1 634j &0

6513l GJglwg gulSoJI adell .r
ruile 15§y 65131 Wglw .ol e dwadl Jéy U uldall bl
&uirnll 8513l delas -
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.paall agano ¢

pub fn stack_array_example() -> i32 {
let arr = [1, 2, 3, 4, 5];

arr.iter().sum()

dogsll yile JunAill
.p;a]lgu’:gpo .
pub fn heap_vector_example(n: usize) -> i64 {

let v: Vec<i64> = vec![0; n];

v.iter() .sum()
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iAol 351301 clal uas Vee Jio éjglaial 85131

pub fn contiguous_scan(v: &[i64]) -> i64 {
let mut s = 0;
for &x in v {

s += x;

:adaoll JLas dnaspall JSuall

pub struct Node {
pub value: i64,

pub next: Option<Box<Node>>,
Aol clal e, dlndio Glpbgo pe Jaiil

aogS)l léo guasall .M
ouasall (ailaa
02l aut olal -

.ol cleaiwll go guafall jolas Jad -
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pub fn factorial_recursive(n: u64) -> u64 {
if n <=1 {
1
} else {

n * factorial_recursive(n - 1)

: SOl Jyal

pub fn factorial_iterative(n: u64) -> u64 {
let mut result = 1;
for i in 2..=n {

result *= i;

result

a0g5)l goi blasl
lall e, olalal JAla j)5iodl gaunAill

pub fn inefficient_concat(a: &[&str]) -> String {
let mut s = String::new();
for &part in a {

s = s + part;
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pub

pub

:J=all wglwil

fn efficient_concat(a: &[&str]) -> String {
let total: usize = a.iter().map(|s| s.len()).sum();
let mut out = String::with_capacity(total);
for &part in a {
out.push_str(part);

out

Jgn9all pe pawnAdll ciny €0

AdpAll olalall (s dals ollas)l g8 go gawniil

giaall plaaiwl éalel

fn reuse_buffer(a: &[i32], buffer: &mut Vec<i32>) {
buffer.clear();
for &x in a {
if x >0 {
buffer.push(x);
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Al Ja Qilpidl padiwl

pub fn print_slice(a: &[i32]) {
for &x in a {

println! ("{}", x);

wrnas U gl oljSall JAa

pub fn count_even(a: &[i32]) -> usize {

a.iter().filter(l&&x| x % 2 == 0).count()

Rust (14 clall gubd 0.1

.awbd) ad wlall gapas U

ywolyl release gAg

cargo run —--release

cargo test —-release

Instant pladiwl hauw (uld

use std::time::Instant;



pub

use

pub

fn measure_example() {

let data: Vec<i32> = (0..1 000 _000).collect();
let start = Instant::now();

let sum: i32 = data.iter().sum();

let duration = start.elapsed();

println! ("Sum: {}, Time: {:7}", sum, duration);

std::time: :Instant;
fn benchmark<F: Fn()>(f: F, iterations: usize) {
let start = Instant::now();
for _ in O..iterations {
£O;
}

let elapsed = start.elapsed();
println! ("Elapsed: {:7}", elapsed);

Jwbdll AT wias
oy Jlip U Josdl oi a5 -
,release &A9 paiiwl -

«Olpo 6ae gubidll s -
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(&wipo dagano) Two Sum &Juwo P

(RHDEO pladiwl 1A ¢op Two Sum &l Ja gSoy o dagano JUall g5 baic
Aualal 513l gl asiadl pladiwl cuial) il JUiwl gile (ol Jlio 13

aJluwoll

Gy (4, ) guuadll aagl darget AN 3aeg 3 o dyph J1hso

i<j 9 ali|+alj] = target
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pub fn two_sum_sorted(a: &[i32], target: i32) -> Option<(usize, usize)> {
if a.len() < 2 { return None; }
let mut i: usize = 0;

let mut j: usize = a.len() - 1;

while i < j {
let s = al[i] + al[j];
if s == target {
return Some((i, j));

} else if s < target {

i+=1;
} else {
j—=15
}
}
None

O(n) 1ol

O(1) 85131 -
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Cwlgil
240 pnic QUS) Wl gAgoll Ul iy write pbgoll

.63030 3[0..write] 14 polivll o -

e L ': .ull
pub fn remove_duplicates_sorted(a: &mut [i32]) -> usize {
if a.is_empty() { return 0; }
let mut write: usize = 1;
for read in 1..a.len() {
if al[read] '= al[read - 1] {
alwrite] = alread];
write += 1;
}
}
write
ad<ill
O(n) :gopl

O(1) 85131 -
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pub fn sliding window_template(a:

let mut 1: usize = 0;

let mut best: usize = 0;

let mut freq = [0u32; 256];
let mut bad = Ou32;

for r in 0..a.len() {

let x = al[r] as usize;

adljioll 630Ul Ay .
:(rubdall 65a) (196 proei (@ ddljiall 634l
.U (ile L, 6346 -

630WI guwgd r el -

gl Al aie @nydd | elas -

loph @iy ghdo pndl/Jghl alayl -
Joph g0 £9020 i/ pslaly) -
g8 20 Glagano gl duni ghléo dalleo

Lo o Gaay gl Aslgdl 3e -

pladinwll éalel (plé pole

&[u8]) -> usize {
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freqlx] += 1;
if freql[x] == 2 {
bad += 1;

while bad > 0 {
let y = a[l] as usize;

if freqlyl == 2 {

bad = 1;
}
freqlyl —= 1;
1l +=1;

let len = + 1 - 1;

if len > best { best = len; }

best

@l J$i 99a ghdo Jghi  E.P

adljioll 630WI &uidi) uubdll Juioll (1a dlwall 03

pub fn longest_unique_substring_ bytes(s: &str) -> usize {
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let
let
let
let

for

best

mut
mut

mut

(r,
let
let

s.as_bytes(Q;
last = [-1i32; 256];
1l: usize = 0;

best: usize = 0;

&ch) in b.iter() .enumerate() {
idx = ch as usize;

p = last[idx];

if p >= 0 {

}

let p = p as usize;
if p>=1{
l1=p+1;

last[idx] = r as i32;

let

len =r + 1 - 1;

if len > best { best = len; }

use std::collections::HashMap;

char e a0y AL

pub fn longest_unique_substring_chars(s: &str) -> usize {

let mut last: HashMap<char, usize> = HashMap: :new();

let mut 1: usize = 0;
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let mut best: usize = 0;

for (r, ch) in s.chars().enumerate() {
if let Some(&p) = last.get(&ch) {
if p>=1{
l=p+1;

}

last.insert(ch, r);

let len = + 1 - 1;

if len > best { best = len; }

best

&hdo cgono gndl oW

Cwl p2n) 630U ggono

pub fn max_sum_fixed_window(a: &[i64], k: usize) -> Option<i64> {
if k == || a.len() < k { return None; }
let mut sum: i64 = a[..k].iter().sum();

let mut best = sum;

for i in k..a.len() {
sum += alil;
sum -= al[i - k];

if sum > best { best = sum; }
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pub

}
Some (best)

fn max_subarray_kadane(a: &[i64]) -> Option<i64> {
if a.is_empty() { return None; }
let mut best = al[0];

let mut cur = a[0];

for &x in &all..] {
cur = (cur + x).max(x);
best = best.max(cur);

}

Some (best)

Kadane duojjlga
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fn baseline_two_sum_sorted(a: &[i32], target: i32) -> Option<(usize, usize)>
- {
for i in 0..a.len() {
for j in (i + 1)..a.len() {
if ali]l + al[j] == target {

return Some((i, j));

None

Jnall daila V.K
and ©lojjlga el dlnyaio Glaaio Jr i luy daliall 534lilg Glubdol
Wols Jndll 1aa b

.0(1) 6)5139 O(n) ¢op dwpo Wbl ke Two Sum Ja -

.8anlg culgi pladiwl goll Jala oSl aljl -

.plaaiwll 8alel Jilé adljio 6340 lé
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pl0] =0, pli+1] = pli] + ali]

198 all] + -+ + alr — 1] y1ao (il ggoao gl Baicg
sum(l,r) = plr] = p[]
gwaia buAjl

Anlall Ul wial n + 1 ojad Ugh paduwl -
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pleiullg clill :Azaiil

pub fn prefix_sums_i64(a: &[i64]) -> Vec<i64d> {
let mut p = Vec::with_capacity(a.len() + 1);
p-push(0);
for &x in a {
let next = plp.len() - 1] + x;
p-push(next) ;

pub fn range_sum(p: &[i64], 1: usize, r: usize) -> i64 {

plr]l - pl1]

sl

8513 O(n) g lioj O(n) :cliyl +

O(1) :pllsiwl J5 -
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use std::collections::HashMap;

pub fn count_subarrays_sum_k(a: &[i64], k: i64) -> i64 {
let mut freq: HashMap<i64, i64> = HashMap: :new();
freq.insert (0, 1);

let mut p: i64 = O;
let mut count: i64 = 0;

for &x in a {
P += X;
if let Some(&c) = freq.get(&(p - k)) {
count += c;
}
*freq.entry(p) .or_insert(0) += 1;
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count

ub<il
nwgiall 14 O(n) ol *

ol igwi (16 O(n) 1A -

@9)all daganmo auidy H.E
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pub fn diff range_add(n: usize, updates: &[(usize, usize, i64)]) -> Vec<i64>
- {
let mut d = vec![0i64; n + 1];

for &(1, r, v) in updates {
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d[1] += v;
dlr + 1] -= v;

let mut a = vec![0i64; n];
let mut cur = 0i64;
for i in 0..n {

cur += d[i];

alil = cur;

ad<ill
O(m) :olyaail -
O(n) el 6ale] -
O(n) 65131 -
sy Ul yuilis &3l ggano  E.E

Culi goj y16 Jabhiwo (1l ggano wlwa o sl bl (il &l ggoao Likoy
il

ply + [z + 1] = gly][z] + plyl[z + 1] + ply + 1][z] — ply][z]
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:Qgian-cni Juhiuo cgoaog

S = ply][x1] — plvol[x1] — plyillwo] + plyo] o]

J9lai0 AL 3440

pub struct Prefix2D {
h: usize,
wW: usize,

p: Vec<i64>,

impl Prefix2D {
fn idx(&self, y: usize, x: usize) -> usize {

y * (self.w + 1) + x

pub fn new(g: &[Vec<i64>]) -> Self {
let h = g.len();
let w=if h == 0 { 0 } else { g[0].1len() };

let mut p = vec![0i64; (h + 1) * (w + 1)];
let mut obj = Self { h, w, p };

for y in 0..h {
for x in 0..w {

let val = glyl [x];

let a
let b

obj.plobj.idx(y, x + 1)]1;

obj.plobj.idx(y + 1, x)];
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pub

let ¢ = obj.plobj.idx(y, x)1;
obj.plobj.idx(y + 1, x + 1)]

obj

fn rect_sum(&self, yO:
{

let pll = self.pl[self
let p01 = self.plself.
let pl0 = self.pl[self
let p00 = self.p[self.

pll - p01 - p10 + p0O

usize,

.idx(y1,

idx (yoO,

Lidx(y1,

idx(yO0,

val + a + b - c;

x0: usize, yl: usize, x1: usize) -> i64

x1];
x1)]1;
x0)];
x0)1;

O(hw) el -

O(1) : plisiwl J5 -

O(hw) 8513l -
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use std::collections::HashMap;

pub fn longest_equal_O_1(bits: &[u8]) -> usize {
let mut first: HashMap<i64, usize> = HashMap::new();

first.insert (0, 0);

let mut p: 164 = 0;

let mut best: usize = 0;

for (i, &b) in bits.iter().enumerate() {
pt+t=1if b == 0 { -1 } else { 1 };

let pos =1 + 1;



L

if let Some(&start) = first.get(&p) {
let len = pos - start;
if len > best { best = len; }

} else {

first.insert(p, pos);

best

aioljioll pé (1ol dalleo (3
dauiill Gl go (1aall yile Glpaail go s aac 3gag aic Gopall dagano PAALL
Jnda aglaill
aley Ul auilis eollail (4
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b A :‘ .u"

pub fn binary_search<T: Ord>(a: &[T], key: &T) -> Option<usize> {
let mut lo: usize = O;

let mut hi: usize = a.len();

while lo < hi {
let mid = 1lo + (hi - 1lo) / 2;
if &a[mid] < key {
lo = mid + 1;
} else if &a[mid] > key {
hi = mid;
} else {

return Some(mid);
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None

ud<ill

O(logn) :oofl -

O(1) 8513 -

gilell anlg guall an)l 1.0
:dyua<buyygiau3JchJ.3gggojh$w‘6#zmgﬂcbunuaﬂlg1d

key =< a[i] ¢uay i gu@a Jol :Lower Bound -

.key < a[i] ¢uay i gu@a Jol :Upper Bound -

Lower Bound

pub fn lower_bound<T: Ord>(a: &[T], key: &T) -> usize {
let mut lo: usize = 0;
let mut hi: usize = a.len();
while lo < hi {
let mid = 1o + (hi - 1lo) / 2;
if &al[mid] < key {

lo = mid + 1;
} else {
hi = mid;
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pub

pub

lo

fn upper_bound<T: Ord>(a: &[T], key: &T) ->
let mut lo: usize = 0O;

a.len();

let mut hi: usize
while lo < hi {
let mid = lo + (hi - 1lo) / 2;
if &a[mid] <= key {
lo = mid + 1;
} else {

hi = mid;

lo

fn count_equal<T: Ord>(a: &[T], key: &T) ->
let 1b = lower_bound(a, key);

let ub = upper_bound(a, key);

ub - 1b

usize {

usize {

Upper Bound

OISVl 2ae ol
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dunn doud Jol :plel hodll

pub fn first_true(mut lo: i64, mut hi: i64, pred: impl Fn(i64) -> bool) ->
~ 164 {
while lo < hi {
let mid = lo + (hi - 1lo) / 2;
if pred(mid) {

hi = mid;
} else {
lo = mid + 1;
}
}
lo

DA L}ﬁizgjﬁn

pub fn can_ship(weights: &[i64], days: i64, cap: i64) -> bool {
let mut used_days = 1;

let mut cur = 0;

for &w in weights {

if w > cap { return false; }
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if cur + w <= cap {
cur += w;

} else {
used_days += 1;
cur = w;

if used_days > days { return false; }
true

pub fn min_ship_capacity(weights: &[i64], days: i64) -> i64 {
let mut lo = O;
let mut hi = 0;
for &w in weights {
if w> 1o { lo = w; }
hi += w;
}
first_true(lo, hi, |cap| can_ship(weights, days, cap))

8)930 &6gano (14 Gl E.0

A5 Qi @ni (1l 8glhA JS 18 23ai . gipe glani aagy $)9a0llg dupall daganall (14
ol i

pub fn search_rotated_distinct(a: &[i32], key: i32) -> Option<usize> {

if a.is_empty() { return None; }
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let mut lo: usize = 0;

let mut hi: usize = a.len() - 1;

while lo <= hi {
let mid = 1o + (hi - 1lo) / 2;
if a[mid] == key {

return Some(mid) ;

if allo] <= a[mid] {
if allo] <= key && key < al[mid]
if mid == 0 { break; }
hi = mid - 1;

} else {
lo = mid + 1;
+
} else {

if al[mid] < key && key <= al[hi]
lo = mid + 1;

} else {
if mid == 0 { break; }
hi = mid - 1;

None
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lales Jnall 138 (1

.agia0-cani @i pladiwl S Gyl
.olwnllg sl dallea) Lower/Upper Bound -+
first_true hhoi plaaiwl LUl gle dadl -
.8)930 44gano (1 ¢yl -

A=l jglaig agaal clnAl wiial blAil dosld -

hiAg culgill 9985 cun uidlly pundillg jrall Olwjjlgd (il Jdiiuw Ul Jadll (né
.awall guai aganll
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sort_unstable (pldo sort 1.1

:oEall 18 ailuidl jpa) Guiwlnl (uid)h Rust 8 jags
Ko jpa sort_by(...) g sort() °
Hiluo pé jpa sort_unstable by(...) 9 sort_unstable() *
:udeil oy gudi laalg djldall (e doisy Lalls
ol igwig huwgiall (14 O(nlogn) ol

N Dl &awlpionl cuua O(n) 9 O(1) gw 6513l -

Lac jhéiwll (s, 13l

Jygluwiall puilaall O3 paliel) gl il gile Adly jdiuell jal
:aliaoll ;<59 aliao cuun Glaw jia) Led 13]

ol @y (ile Bk jdinall jall -
Wilguiie @iy 32y A8 yatuall pe jiall -
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YLD jb

gy o (gl Qlido) Jalpodl aa<io ja Ul &all sie sort paALwl -

Bale Jaal elal aypg jhaiwll pay U loaic sort_unstable padiwl -

#[derive(Clone, Debug, PartialEq, Eq)]

struct Item {

pub

key: 132,
id: 132,

hill) (ausgs Jio

fn stable_vs_unstable _demo() -> (Vec<Item>, Vec<Item>) {
let mut a = vec![

Item { key: 1, id: 10 1},

Item { key: 2, id: 20 },

Item { key: 1, id: 11 },

Item { key: 2, id: 21 },

Ttem { key: 1, id: 12 },

1l g

let mut b = a.clone();

a.sort_by_key(|x| x.key);
b.sort_unstable_by_key(|x| x.key);

(a, b)
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dnnioll oljlaadl .

: s Jnda (el cuipll cuun jall ggsy U Wi

Qwlao 6ac cuun -

.()A2y) yuja iy cuun

O)léall ade

WS Ly gl @any of ey
JELI &LlE -
LAdldl pac -

.Sl -

e.uLo.o 62 jpall

#[derive(Clone, Debug, PartialEq, Eq)]

struct Person {
last: &'static str,
first: &'static str,

age: u32,

pub fn sort_people(a: &mut [Person]) {
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a.sort_by(lp, ql {
p.last.cmp(q.last)
.then(p.first.cmp(q.first))
.then(p.age.cmp(&q.age))
s

aL‘i.d.o alp.‘u.uL; jrall

pub fn sort_by_abs(a: &mut [i32]) {
a.sort_by_key(|x| x.abs());

apiell alacll ja

:NaN agag pac oy Juoll g8 13l .NaN cuww Ord Gulny U 64

pub fn sort_f64_no_nan(a: &mut [£64]) {
a.sort_by(lx, y| x.partial_cmp(y).unwrap());

(k) pai=dl Quickselect .1

Quickselect. plaaiwly O(n) huwgioy piy o Loy Juidll .O(nlogn) @l Joll jall
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adell

:Audill a2
Jr)l Ay @Agall 13a (16 ggluw (13l pnisll ga k gupaall aic jaiell -
< ald pnliall -
> 0asy aligll

-Jols iy glad g9a -

< :' on'l
Ny

pub fn quickselect_kth(a: &mut [i32], k: usize) -> i32 {

assert!(k < a.len());

let mut lo = Ousize;

let mut hi = a.lenQ);

while hi - 1o > 1 {
let pivot_index = lo + (hi - lo) / 2;

let p = partition_around(a, lo, hi, pivot_index);

if k == p {
return alp];

} else if k < p {

hi = p;
} else {
lo =p + 1;
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fn partition_around(a: &mut [i132], lo:

—

al[lo]

-> usize {
a.swap(pivot_index, hi - 1);

let pivot = alhi - 1];

let mut store = lo;
for i in lo..(hi - 1) {
if ali] < pivot {
a.swap(store, 1i);

store += 1;

}
a.swap(store, hi - 1);

store

usize, hi: usize, pivot_index: usize)

BinaryHeap plaaiwb Top-K  €.7

133 gilb Top-K ha
: gzl Gl

polic Kk caw of palisll guoa g4 -

n). 3 &jldo pen k loaic Jaal) k <ol pan) dogs plaiwl -
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use

pub

use

use

pub

Qg ag)all

std::collections: :BinaryHeap;

fn top_k_simple(a: &[i32], k: usize) -> Vec<i32> {
let mut heap = BinaryHeap::new();
for &x in a {
heap.push(x);
}
let k = k.min(heap.len());
(0..%k) .filter_map(|_| heap.pop()).collect()

cwl pan) dogs

std::cmp: :Reverse;

std::collections: :BinaryHeap;

fn top_k_streaming(a: &[i32], k: usize) -> Vec<i32> {
if k == 0 { return vec![]; }

let mut heap: BinaryHeap<Reverse<i32>> = BinaryHeap: :new();

for &x in a {
if heap.len() < k {
heap.push(Reverse(x));
} else if let Some(&Reverse(min_k)) = heap.peek() {
if x > min_k {

heap.popQ);
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heap.push(Reverse(x)) ;

let mut out: Vec<i32> = heap.into_iter().map(lr| r.0).collect();
out.sort_unstable_by(lx, y| y.cmp(x));

out

clallg jhdiwll ¢ djjlgall 0.7
Jiaiaw Ul ahm JLio

.Jaloll 2a=io ja

aygluiall sl G JBaUl iy gile Blaall -

.Guoail gl oAl dwaia Glio -

Jpainwll pac JAd; (o

.62y50 puilaodl -
.Qgqlwiall pnliell cuwiy sy U -

.l gle Blaall o eal clall -
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Jpadl padiuwl + LolS Uiy qliag cus 13] -

Jdndll dosh 1.1

:dndll laa (b
.sort_unstable 9 jJdiuoll sort G guwaidll §all coag -
.cmp().then(...) laoi pladiwl diol d&nnio Gljldo Cuiy -
.yt ooj huwgiay k paiell Juial Quickselect waga; -
.BinaryHeap plaaiwb Top-K bl -
Uil cuspillg elallg jldiwll g &jlgall Gaaa -

daopllg duill pguplg dueponil il (ile aoies OLoj)lga gl Jdiiiw doald)l Jonadll (1a
8,98 WlliAlg SyS13l 88,83 §)lal Qg ade (hlAilll gudiy x$iolall
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(Heap & Greedy Algorithms)

BinaryHeap daui (Internals) adalaJl 1.V

Rust g1a .51l (14 G)glaio dagano Jala lijai oi dlols aulis 6w (na dulidl dogsll
.std::collections::BinaryHeap<T> pc l@pagi oi
:gualpal JSiy (max-heap) ylalac dogs (1ag

,(0rd @a9) ynic psi =y peek()

gaic pSi Qo pop()

.6095)l Ly )9 Ilmc Ay push(x) *

daganoll Juios

v panll go 1 dagano (14 &ogSl (ujas aic
(i-1)/ 2:0l gyaa -
2%i + 1 Dl cpll guaa -

NI
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2xi + 2 :goull (pll guaa -
:ywaagll Gogsll (14 (heap invariant) dogSIl cub

v[parent(i)] > vli]

gl el JS)

Olulo=)l 4alss
O(1) ¢op :peek °
(sift-up) O(logn) ¢pop :push -
(sift-down i pAll &0 )32l Juaw) O(logn) goj :pop -

O(n) ¢op :(heapify) Vec ¢po clisyl -

%lac d2ypn (na 1alod
«cache locality ¢puas §glaioll 651aJ1 -
b goilegl jluodl -

aialw ologs Jal &hall oljléall iy el @alss el (1a objldall Wi -
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pub struct MaxHeap<T: Ord> {

v: Vec<T>,

impl<T: Ord> MaxHeap<T> {
pub fn new() -> Self { Self { v: Vec::new() 1} }
pub fn with_capacity(cap: usize) -> Self { Self { v:
— Vec::with_capacity(cap) } }

pub fn len(&self) -> usize { self.v.len() }
pub fn is_empty(&self) -> bool { self.v.is_empty() }

pub fn peek(&self) -> Option<&T> {
self.v.get (0)

pub fn push(&mut self, x: T) {
self.v.push(x);
self.sift_up(self.v.len() - 1);

pub fn pop(&mut self) -> Option<T> {
let n = self.v.len();
if n == 0 { return None; }

if n == 1 { return self.v.pop(); }

self.v.swap(0, n - 1);
let out = self.v.pop();
self.sift_down(0);
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out

fn sift_up(&mut self, mut i: usize) {
while i > 0 {
let p=(i-1)/ 2;
if self.v[p] >= self.v[i] { break; }
self.v.swap(p, 1i);

i=p;

fn sift_down(&mut self, mut i: usize) {

let n = self.v.len();

loop {
let 1 =2 % i + 1;
let r =2 *x i + 2;

if 1 >= n { break; }

let mut best = 1;
if r < n && self.v[r] > self.v[1l] {

best = r;

if self.v[i] >= self.v[best] { break; }

self.v.swap(i, best);

i = best;
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#[cfg(test)]
mod tests_maxheap {

use super: :MaxHeap;

#[test]

fn pushes_and_pops_in_order() {
let mut h = MaxHeap::new();
h.push(3);
h.push(1);
h.push(5);
h.push(2);

assert_eq! (h.pop(), Some(5));
assert_eq! (h.pop(), Some(3));
assert_eq! (h.pop(), Some(2));
assert_eq! (h.pop(), Some(1));
assert_eq! (h.pop(), None);

(Space and ownership) @<lollg daluwall
50 JSi 6 sl (move) Jai iy Gyl 13l . l@apnlic cllios aogX)l
,(lightweight keys) ¢jgll &auas auilao ORA ¢

Qaqyla aagano gl i (indices) guylaa gja -
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.ay)gpA aklall a5 )Uio 9% loaic Arc<T> gi Box<T> poaAiwl -

(Custom Ordering) ponio cwipy .V

gl aal J=aiw bJLc il gaunAl L pniell egid Ord Axais gile Rust (1a &do0gsl anisi
Ord Gulaig struct (14 paill e -
amin-heap dJglw e Jgnall std::cmp::Reverse<T> pladiwl *

.a19)olll alido ga Joll yniell gl cun) tuples (ujai

Reverse plaAiwl (psen dogs

use std::cmp::Reverse;

use std::collections::BinaryHeap;

pub fn min_heap_demo(values: &[i32]) -> Vec<i32> {
let mut h: BinaryHeap<Reverse<i32>> = BinaryHeap: :new();
for &x in values {
h.push(Reverse(x)) ;
}
let mut out = Vec::new();
while let Some(Reverse(x)) = h.pop() {
out.push(x);

out

#[cfg(test)]
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mod tests_minheap {

use super::min_heap_demo;

#[test]

fn ascending_output() {
let out = min_heap_demo(&[3, 1, 4, 1, 5]1);
assert_eq! (out, vec![1, 1, 3, 4, 5]);

(Custom priority item) &nnio d,glgl pnic

ln)l cuun 8038l (tie-break) Jalsil pus go el &9)gl @ag plaall dgaa o
.ol
.bigger = higher priority :¢uny Ord g gl caqy 13) max-heap y1a BinaryHeap :pao

use std::cmp::0rdering;

#[derive(Clone, Debug, Eq, PartialEq)]
pub struct Task {
pub priority: i32,
pub created_at: u64, /* smaller means older */

pub id: u64,

impl Ord for Task {
fn cmp(&self, other: &Self) -> Ordering {
/* higher priority first */
self.priority.cmp(&other.priority)
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/* older first for equal priority */

.then_with(|| other.created_at.cmp(&self.created_at))
/* stable-ish tie-break */

.then_with(|| other.id.cmp(&self.id))

impl PartialOrd for Task {
fn partial_cmp(&self, other: &Self) -> Option<Ordering> {
Some (self.cmp(other))

#[cfg(test)]
mod tests_task_order {
use super::Task;

use std::collections::BinaryHeap;

#[test]
fn higher_priority_first_then_older() {
let mut h = BinaryHeap::new();
h.push(Task { priority: 5, created_at: 100, id: 1 });
h.push(Task { priority: 5, created_at: 90, id: 2 }); /* older */
h.push(Task { priority: 9, created_at: 200, id: 3 });

let a = h.pop() .unwrapQ);

assert_eq! (a.priority, 9);

let b = h.pop() .unwrapQ);
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assert_eq! (b.id, 2);

bugs) comparator (Avoiding Gljliall elnAT cuing
“(total order) WS Wiy clwip 9950 i Ly

,(consistent) Guuio °

(transitive) (nasj -

.83ypn dalleo go Ul daile)l alacll (1a NaN oué gy -

bl JSiy wpnis Gogsl Jeay a6 puan pe Ord A4k

(Task Scheduling and ©Lglgll 3yanig plaall dgaa K.V

Prioritization)

Gag next best task jloiwl AT cul .Glogsl dulagll Gloladiwll ikl o plac)l dJgan
:awbluw

,(earliest deadline first) ]Jgi yulai aego wyal
,(shortest job first) Ugi d&oao padl -
,(highest priority first) ]Jgi ayglgl (el -

Bpég (profit/cost) duwi JAal -
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JUla acgo Lpdl Gag dalleall A ol

.Reverse(deadline) Jlaiwl yyen dogis yulall acgall dum
cuun @l 13] aselgoll god @A gSoy Ja §aai «duration g deadline &) plao :Jlo
.yulail acgoll

use std::cmp: :Reverse;

use std::collections::BinaryHeap;

#[derive(Clone, Debug)]
pub struct Job {
pub deadline: i64,
pub duration: i64,

/* simple feasibility: run jobs in earliest-deadline order */
pub fn feasible_by_deadline(jobs: &[Job]) -> bool {
let mut h: BinaryHeap<Reverse<(i64, i64)>> = BinaryHeap::new();
for j in jobs {
h.push(Reverse((j.deadline, j.duration)));

let mut t = 0i64;
while let Some(Reverse((d, dur))) = h.pop() {
t += dur;

if t > d { return false; }

true
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#[cfg(test)]
mod tests_deadlines {

use super::{feasible_by_deadline, Jobl};

#[test]
fn feasibility() {
let ok = [
Job { deadline: 3, duration: 1 },
Job { deadline: 5, duration: 2 },
Job { deadline: 6, duration: 2 },
1;

assert!(feasible_by_deadline(&ok)) ;

let bad = [
Job { deadline: 3, duration: 2 },
Job { deadline: 4, duration: 3 },
1;

assert! (!feasible_by_deadline(&bad));

&glgl daild plariwl &fiolisa dJgaa B: haill
-dﬁﬁgicﬂlCD|gﬂuuplaﬂa_pgﬁgg_pmuﬂ|Lh35:" ilg & Al o

use std::collections::BinaryHeap;

pub fn dispatch_order(tasks: &[super::Task]) -> Vec<u64> {

let mut h: BinaryHeap<super::Task> = BinaryHeap: :new();
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use

use

pub

for t in tasks {
h.push(t.clone());

let mut out = Vec::with_capacity(tasks.len());
while let Some(t) = h.pop() {
out.push(t.id);

out

(Top-k) plao k JAaal Blaiall C: ol
QU (iia aagih Glaal k Jaal Kdial :(telemetry) Globdll (16 @il

std::cmp: :Reverse;

std::collections: :BinaryHeap;

fn keep_top_k(values: &[i32], k: usize) -> Vec<i32> {
if k == 0 { return vec![]; }

let mut h: BinaryHeap<Reverse<i32>> = BinaryHeap::new(); /* min-heap of
< size k */
for &x in values {
if h.len() < k {
h.push(Reverse(x));
} else if let Some(&Reverse(min_k)) = h.peek() {
if x > min_k {

h.popQ;
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h.push(Reverse(x)) ;

let mut out: Vec<i32> = h.into_iter() .map(lr| r.0).collect();
out.sort_unstable_by(la, bl b.cmp(a));

out

#[cfg(test)]
mod tests_keep_top_k {

use super::keep_top_k;

#[test]
fn basic() {
let a =[5, 1, 9, 2, 9, 3, 7];
assert_eq! (keep_top_k(&a, 3), vec![9, 9, 71);

(Designing Greedy dasuua)l OLaglpiwll pwons EV
Strategies)

i ig) hJLc adyilg dsypu 18 .69k JS (18 gilho 8 JAaal A deiiall ¢luojjlgall
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greedy alaicl (J1d buAil dajld
13305 iy cgaill qall el b
Slalo peni/ adhaes rsall -
Sylaall il Lo :jWAll sacls -
.(cut property) glhdll &unlA gi (exchange argument) Jhay gy :glapl 654 -

Slaule Blaa)l uay Glogleo Jal o @l -

(Interval Scheduling) ljiall dJgan (nSuwlls Jlio

Llall wla opall losla FAl :deainll 6aclall .alAlaioll pé Oldll (o aae pSi LAl :wglihall
bl

#[derive(Clone, Debug)]
pub struct Interval {
pub start: i64,
pub end: i64,

pub fn max_non_overlapping(mut v: Vec<Interval>) -> usize {
v.sort_unstable_by(la, b| a.end.cmp(&b.end).then(a.start.cmp(&b.start)));

let mut count = Ousize;

let mut cur_end: Option<i64> = None;

for it in v {

if cur_end.is_none() || it.start >= cur_end.unwrap() {
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count += 1;

cur_end = Some(it.end);

}
}
count
}
#[cfg(test)]

mod tests_intervals {

use super::{max_non_overlapping, Intervall};

#[test]
fn classic() {

let v = vec![

Interval { start: 1, end: 3 },
Interval { start: 2, end: 4 },
Interval { start: 3, end: 5 },
Interval { start: 0, end: 6 },
Interval { start: 5, end: 7 },
Interval { start: 8, end: 9 },

1 g

assert_eq! (max_non_overlapping(v), 4);

(Courses) ©lgall (1o aac pXi dgan :Greedy + Heap

acgall jglai 13] .gralae 8098 (1d aaall gAi o (uladl acgall L iy (@il hai
(gia allnl) 830 Johl winj (ilaill
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use std::collections::BinaryHeap;

#[derive(Clone, Debug)]
pub struct Course {
pub duration: i64,
pub deadline: i64,

pub fn max_courses(mut courses: Vec<Course>) -> usize {

courses.sort_unstable_by(|a, b| a.deadline.cmp(&b.deadline));

let mut total = 0i64;

let mut heap: BinaryHeap<i64> = BinaryHeap::new(); /* durations */
for ¢ in courses {

total += c.duration;

heap.push(c.duration) ;

if total > c.deadline {

if let Some(longest) = heap.pop() {
total -= longest;

heap.len()

#lcfg(test)]
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mod tests_courses {

use super::{max_courses, Course};

#[test]
fn example() {
let v = vec![
Course { duration: 100, deadline: 200 },
Course { duration: 200, deadline: 1300 },
Course { duration: 1000, deadline: 1250 },
Course { duration: 2000, deadline: 3200 1},
1;

assert_eq! (max_courses(v), 3);

(Awaid dulap daonl) $65all oda Josi 1alo)
bl agudll go Ugl Jolell oy (uilawl aegall cuun eyl +
38 pSb ulaall gopll JL&, 830 Jobl ia aegall jglat aic +

ARl s iia sliaall poliell go gao ac psi gile Kalas oda allnl éghd -

Jnall doslh 0.V
gl pladinll dLl8 duwaid olgals dsiiall Glojjlgally Glogsl Ay Jnall 13a

.sift-down g sift-up 34i5 o1y uSg ddganaly (rjall Qigai Codd -
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.heap
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Patterns)

(Designing State Transitions) JWI oU@ul owoni  |LA

Ja ¢l .alalaiall cliall old Jwall go Joleill guwaia buail (1a (DP) &xioliya)l dxopll
mlgmmulgbauum}mmweunDP
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a8, olly ak by Jasll

dpli] = min / max /choices over sum(dp[previous] + cost)

.ai5o0)l wljlal bguAao alaei 1@ DP auojjlgh JS

(Base Cases) auwlwll oUWl wuyei (3
auwlwll ol (hs i ey

«JBal p2 penl

46)la dagano Jio dall ol -
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ol cugps Al (4
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DP Template (1D)

State: dp[i] = best answer for prefiz <
Base: dp[0] = ...
Transition: dp[i] = f(dpl[i-1], dp[i-2], ...)
Order: for 4 4n 1..=n
*/
pub fn dp_template(n: usize) -> i64 {
if n == 0 { return 0; }

let mut dp = vec![0i64; n + 1];
dp[0] = 0;
dpl1] = 1;

for i in 2..=n {

dpli] = dpli - 1] + dpli - 2]; /* exzample recurrence */
}
dp[n]

Sauwlioll 61all DP (o< (1io
‘loaic (194 qubpo DP
«QlAlaio duejd (Jlwo aagi -

sl Jolo) Jiol qujas Jall ge pusill ooy -
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(Fibonacci Optimization) guiulgud cuwai A

iy guwaidll buAill g8 (iSuwlls glodes Jio guisligud
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lizy &naell glgilll Al -

Kol aie 851l Julds -

(Ubl hos) 3l cleiwll

pub fn fib_naive(n: u64) -> u64 {
if n <= 1 { return n; }

fib_naive(n - 1) + fib_naive(n - 2)

Apis Josll 13509 guwi aioj 13a

Memoization (Top-down)

pub fn fib_memo(n: usize) -> u64 {
fn go(i: usize, memo: &mut Vec<Option<u64>>) -> u64d {
if let Some(v) = memo[i] { return v; }
let v = if i <= 1 { i as u64 } else { go(i - 1, memo) + go(i - 2,

< memo) };
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pub

pub

memo [i] = Some(v);

A%

let mut memo = vec![None; n + 1];

go(n, &mut memo)

fn fib_dp(n: usize) -> u64 {
if n <= 1 { return n as u64; }
let mut dp = vec![Ou64; n + 1];
dp[0] = 0;
dpli]l = 1;
for i in 2..=n {

dpl[i] = dpli - 1] + dpl[i - 2];
}
dp [n]

fn fib_optimized(n: usize) -> u64 {
if n <= 1 { return n as u64; }

let mut a: u64 = 0;

let mut b: u64 = 1;

for _ in 2..=n {

iS5 Bottom-up

&b 8513 V] s



let ¢ = a + b;

Climbing Stairs .A

&Jluwoll

Sa0all Jongll dalidall gall aac oS .owighi gi 8gina agenll clifay .Glaya n ¢yl

aull
dpli] = &)l qul Jangll Gl asei
Juaill
dpli] = dp[i — 1] + dpli — 2]

pub fn climb_stairs(n: usize) -> u64 {
if n == 0 { return 1; }

if n == 1 { return 1; }



let mut a: u64

]
-
©0

let mut b: u6bd

I
—
S0

for _ in 2..=n {
let ¢ = a + b;
a = b;

b = c;

QU daljh guisligud (1a 0ia

House Robber E€E.A

aJluwall

.gS00 £9020 pSTangl .guyglaio guiio ddpu clifoy U . Jjlio 14 Dlgoi Jiaj a 46gano

aull

dpli] = @0 ggaao Jadla0..i)

Juisll

dpli] = max(dp[i — 1], dp[i — 2] + a[i — 1])
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pub fn house_robber(a: &[i64]) -> i64 {

let mut prev2: i64
let mut prevl: i64

for &x in a {

let take = prev2 + x;

let skip = previl;

let cur
prev2 = prevl;
prevl = cur;

}

prevl

0;
0;

if take > skip { take } else { skip };

.prev2 g prevl ;¢ A1 Qagas 1aa

85131 g olids  0.A

(Rolling Variables) daajnaio Glpio (1

Robber. House g guwiligua (16 CroaAiwl L had Gudlw Cuiowd (ile AW aoies Woaic

(Rolling Array) dyila dagano (2

:oll kAT (e dp[i] waaicel 13]

pub fn dp_k_rolling(n: usize, k: usize) -> i64 {

if n == 0 { return 0; }



let mut ring = vec![0i64; k.max(1)];
ring[0] = 1;

for i in 1..=n {
let mut s = 0i64;
for t in 1..=k {
if i >=t {
s += ring[(i - t) % k];

}

ringl[i % k] = s;
}
ring[n % k]

(2D « 1D) alull hen (3
:Knapsack 0/1 Juwo

pub fn knapsack_0O1l(values: &[i64], weights: &[usize], cap: usize) -> i64 {
assert_eq! (values.len(), weights.len());

let mut dp = vec![0i64; cap + 1];

for i in 0..values.len() {
let w = weights[i];

let v = values[i];

for ¢ in (w..=cap).rev() {

let candidate = dplc - w] + v;



if candidate > dplc] {
dplc] = candidate;

}
dp [cap]

60 o pST awdi paiell pladiwl gioy guusell )<l

(1cg) Bottom-up gl Top-down juial (4
.Qglhoall ol hdd cuuny Top-down -

aisgall 51Al Jadl Wleg cleaiwll Gac JSuivo 26 Ulol 51 Bottom-up -

aaliai bo haa gja (5

Glpbdo gia «wlidl 8alel qling cuis 131 . Jall juwo jas U Jada dplail dopdll qling cus 13|
.ol gf DI
.danlg dala 9a aalh| Wlogleo Ojai U :duwaid 6acld

Jnall doslh 1A
:auwlwll DP dylde Awy Jnall 13a
.295U aslgiie)l &SI, U aday Juillg Al wyyel iay pwanil -

6)513 < memoization < bottom-up «— a3lw cleaiwl :Jol jghill Akl gusligua -
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.ol 295 (Ul &age adlle (Jgai gile pblo cuyjas Climbing Stairs
.daaio A pladiwl " gihAds“g "AAl gw jwidl ($unlS a3g0i House Robber -

iy JWialg alel hea dypla olagano dapmaio Oluio Laaio i 8513l guuas -

utle DP (grid DP) wiKuidl (e DP DP: (o (ngél eollile (Ul Jaiiiw doaldl Jgnaall Yo
ouai gile duso @S &Ll dyalal Olipuas &o DP g (subsequence DP) &xe yall Juollul
.JWiullg AWl puoni buAil



(The Knapsack @Al audn hoji 19 Jnadll
Pattern)

0/1 @A)l dudn 1.9

1A8 jak .guadl aa% 6aalg 6po laua paic JX Al gLy Gl em Knapsack 0/1 laoj
16320 duaid oo (1d ol

623320 6,513 &uilipo oy Olipadl juiAl -
(A0 210 20 o Olgon duwi ¢
«Quioj Auilpo (o plao juial -

.adlh aqub (o Glaag juial -
&Jluwoll
:cllioy i pniell . nlic n cla)

(aalss) w; jg



< C glighl ggoao cuny pudll ggano plhes pnlic degano pAl L dew go

DP ala

dpl] = a2y @ain; gSoy doyd psic

mmlmdpunupgm

Juaisll
H(w,v) paie JS)

dplc] = max(dp[c], dp[c —w]+v)
;1@ Knapsack 0/1 (né auwlwll dabuaill daclél 5)

B0 30 JST paisll padiug U giia guusell olasly clewl o

duuno 10 8513y Apais
pub fn knapsack_Ol(values: &[i64], weights: &[usize], cap: usize) -> i64 {
assert_eq! (values.len(), weights.len());

let mut dp = vec![0i64; cap + 1];

for i in 0..values.len() {
let w = weights[i];

let v = values[i];



if w > cap { continue; }

for ¢ in (w..=cap).rev() {
let cand = dplc - w] + v;
if cand > dplc] {
dplc] = cand;

dp [cap]

(gnlial) Jal el 8ale]
:5)liaall pnliell ddpeo caainl 1Al
Jhé Clubgo 2o aleulll (il Ugan paaiwl -
(i)l @96 & Cuwy j3y) wlull Glogleo i gl

Uea dgline culs 13] U] cligl 8alel Glogleo ¢jas U tduwaia 6acld

(8513 Jasi aigl) (1eapo 20 Aais

pub fn knapsack_01_2d(values: &[i64], weights: &[usizel, cap: usize) -> i64 {
assert_eq! (values.len(), weights.len());

let n = values.len();
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let mut dp = vec![vec![0i64; cap + 1]; n + 1];

for i in 1..=n {
let w = weights[i - 1];
let v = values[i - 1];
for ¢ in 0..=cap {
dplil [c] = dpli - 1][c];
if w <= ¢ {
let cand = dpli - 1]1[c - w] + v;
if cand > dplil[c] {
dpl[il [c] = cand;

dp [n] [cap]

5

O(n-C) :gopl +

2D) dau) O(n - C) gl 1D) &Aw) O(C) 651l

(Unbounded Knapsack) 63g9aanll pe 1@l dudn .9

.ololl 0 39300 pé laac paic JS 34l ooy ol 133 (16



198 vngll jueill

. pnigll plajiwl éalel alowl) (rololl olaslly Glewll 530

Juaisll

dp[c] = max(dplc], dplc —w] + v)
rwny Cyanill g3

for ¢ in w..=cap

hd L ': .-.II

pub fn knapsack_unbounded(values: &[i64], weights: &[usizel, cap: usize) ->
- i64 {
assert_eq! (values.len(), weights.len());

let mut dp = vec![0i64; cap + 1];

for i in 0..values.len() {
let w = weights[i];
let v = values[i];

if w > cap { continue; }

for ¢ in w..=cap {
let cand = dplc - w]l + v;
if cand > dplc] {
dplc] = cand;



o

dp [cap]

:Unbounded Knapsack Jibi o JSib (na (Coin Change) wllo=ll mi JSUiwo

.(max Jas min pladiwl) paliell aac Julds gl -

o1l cuuns .9
Ol Juas Qo Gla gu 85131 Guuns

¢ Joi 1D lalo

20: &Awil (14

dpli)[c] = max(dpli — 1][c], dp[i — 1[c — wi] +v;)

Al hen g€y i) i — 1 @nll gile had anisy i @all 13]

.pladuull 8ale| giol guuse ¢yaay :0/1 -

.plaAuL Ll 8alel alowl) olol ¢yans Unbounded: -
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bl ¢yans okl @il UnA

.and g9 Unbounded il Jgai +— yrolol ¢yani+ 0/1 -

. pladiwll 6ale] gioy +— uuse cyani + Unbounded -

¢uaail ol LAl

pub fn knapsack_01_wrong(values: &[i64], weights: &[usize], cap: usize) ->
~ 164 {
/* WRONG: forward update turns it into unbounded behavior */
assert_eq! (values.len(), weights.len());
let mut dp = vec![0i64; cap + 1];
for i in 0..values.len() {
let w = weights[i];
let v = valuesl[i];
if w > cap { continue; }
for ¢ in w..=cap {
let cand = dplc - w] + v;
if cand > dplc] { dplc] = cand; }

dp [cap]
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jjlgall JpunAs tadlh awla EQ

9u)lau!

16309 JS .ayliadl wlaag Jwoas lmisos Windows (ke Rust &oaA ¢lya)
(MB). 6513 oy -
(Oliwo/ glol/clal) doud (e -

.6pblo Knapsack 0/1 &Jluwo 03d .6)513 duilipo (o 6aila psl ayp

Qigodl
SS13l dyilpo = C sl -
V229l JUaiwl = w; gjodl -

.035la)l Aja = v; Goudll -

cly Bale] 2o 34465

#[derive(Clone, Debug)]
pub struct Module {
pub name: &'static str,
pub mem_mb: usize,

pub score: i64,

pub fn best_module_score(mods: &[Module], budget_mb: usize) -> i64 {

let values: Vec<i64> = mods.iter() .map(|m| m.score).collect();



pub

let weights: Vec<usize> = mods.iter() .map(|m| m.mem_mb).collect();

knapsack_01(&values, &weights, budget_mb)

fn choose_modules(mods: &[Module], budget_mb: usize) -> Vec<usize> {
let n = mods.len();

let cap = budget_mb;

let mut dp = vec![vec![0i64; cap + 1]; n + 1];

for i in 1..=n {
let w = mods[i - 1] .mem_mb;

let v = mods[i - 1].score;

for ¢ in 0..=cap {
dpl[il[c] = dpli - 1][c];
if w<=c {
let cand = dpli - 1]1[c - w] + v;
if cand > dplillc] {
dpl[il [c] = cand;

let mut ¢ = cap;
let mut picked: Vec<usize> = Vec::new();
for i in (1..=n).rev() {

if dplillc] !'= dpli - 1]1[c] {
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picked.push(i - 1);

¢ -= mods[i - 1] .mem_mb;

}
picked.reverse();

picked

JWAUl Joa duwaid dhallo
:ulaill gajoll g clidl dale] LAl
Ayilipall jolai pae o Gany -

-l go o8l ggoao Gullai o §aan -

Jnall doslh 0.9
:dole duwaid 81l jahll duda hos Ay Jndll 138
.guuse ¢yans pladiwl 6aalg 6pa) Ghlial daied) 0/1 Knapsack *
.gtolol ¢yani pladiwl Kl abla olial Unbounded Knapsack
.ouaall gle Judg bl Juai (ke aaie) 6513l hen -
Wea &)l dgulh 331y Eyanill olail -
e i 8lal Ul gipail il Jgai cus apalbl Glaagll gaunas alla dwlya -

Qlgo dlei (Ol Al (Olew hhdi (ana bl (gBo J5 g1 bhodl 138 aaiw
.&opll dalAill (né 6auéo Gliywaig



Rust 18 aubwl pquwl Juod - Jndll

(Adjacency List) oljglaoll aaild aaans LI

doild Juos gl b (Sparse). dpliio osi aulbwl pgwyl pheo duedlgll dakaill (ia
:gualiall LAl ga olglaoll

V2 &0 Jug calgall aae 20 cuwliis G513l -
golaio JSuiy Up 13] &iuAoll 65131 Guang Jlea (Traversal) jliall -

a8 g &48l8] Ul gl Jawll go -
Juwlwll 23goul
:alglanl &oslé .0..n dodpo gugdyl of uAral

glul ={v [ (u ) € E}
198 ywbidl Juowl Rust (14

pub type Graph = Vec<Vec<usize>>;

VY.
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(Undirected) aago pé oy cly

pub fn build_undirected(n: usize, edges: &[(usize, usize)]) ->
— Vec<Vec<usize>> {
let mut g = vec![Vec::<usize>::new(); n];
for &(u, v) in edges {
assert!(u < n && v < n);
glul .push(v);
glv] .push(u);

FTITRY ) CDU+UL33

ol (né
duutioll deull (Al o gugdyl Olya quual »
Aoin iy Qling i 13] gl iy -

B350 dlga (giny ad Juall gl gl ollul Jji -

Q) cuun Guuo (g

pub fn build_undirected_prealloc(n: usize, edges: &[(usize, usize)]) ->
< Vec<Vec<usize>> {

let mut deg = vec![Ousize; n];

for &(u, v) in edges {

assert!(u < n && v < n);
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deglul += 1;
deglv] += 1;

let mut g: Vec<Vec<usize>> =

(0..n) .map(li| Vec::with_capacity(deglil)).collect();

for &(u, v) in edges {
glul .push(v);
glv] .push(u);

Sulglaall daild 4% U (o

:aUaJcDiSIi!

<l gopp cuwly (1l gw &ala agag juial -

&8t 2y lowwy -

.Opliiall pguyl (e j$p JuaJl 1aa .l Bitset gi wiljglanll dagano ()g%i a2da

aagoll pe (bldo aagoll oyl [l
rolail calga (1giny aagall awyl

U< v
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‘gl aagoll pé awyl

U< v

Juodl (na gall
9[u] yrav<-u haa Up :ngg.oJI .

alsll OiA taagall pé -

aago owy cliy

pub fn build_directed(n: usize, edges: &[(usize, usize)]) -> Vec<Vec<usize>>
— {
let mut g = vec![Vec::<usize>::new(); n];
for &(u, v) in edges {
assert!(u < n && v < n);

glul .push(v);

olyillly s clloc
@9l dq)a ¢e wliaj (in-degree) Jgaal aqja -
Shliio pé Jogngll dillo] -

Aa2go lawy culap SCC g Sort Topological (o cuojjlgA +
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Jdoaal ulaja ol

pub fn indegrees(g: &[Vec<usize>]) -> Vec<usize> {
let n = g.len(Q);
let mut indeg = vec![Ousize; n];
for u in 0..n {
for &v in &glul {
indeglv] += 1;

indeg

(Weighted Graphs) digjgoll pgugl .|

(2w &oluo &4alS5) Ui Joas aala JS «gjgall awl (1

_ 1 l.’.-é | A & o

pub type WGraph = Vec<Vec<(usize, i64)>>;

U9j90 aago oy cliy
pub fn build_weighted_directed(
n: usize,
edges: &[(usize, usize, i64)]
) —> Vec<Vec<(usize, i64)>> {

let mut g = vec![Vec::<(usize, i64)>::new(); n]l;
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for &(u, v, w) in edges {
assert!(u < n && v < n);

glul .push((v, w));

09i90 Qg0 pé o) cliy
pub fn build_weighted_undirected(
n: usize,
edges: &[(usize, usize, i64)]
) => Vec<Vec<(usize, i64)>> {
let mut g = vec![Vec::<(usize, i64)>::new(); n];
for &(u, v, w) in edges {
assert!(u < n && v < n);
glul .push((v, w));
glv] .push((u, w));

Uigll ggi jwiAl
ol @il 64 -
Al pé olabuoll ues -

.50l gl awlwll Glwojjlgall (14 daile)l Alnlall cuiai
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ool Infinity lnos
pub const INF: i64 = i64::MAX / 4;

pub fn relax_example(dist_u: i64, w: 164, dist_v: &mut i64) {
if dist_u >= INF { return; }
let cand = dist_u + w;
if cand < *dist_v {

*dist_v = cand;

(Edge List) walgnll doila  E.I-
1alga &ould 20 sub Jasy Gluojjlgall (A,

#[derive(Clone, Copy, Debug)]
pub struct Edge {

pub u: usize,

pub v: usize,

pub w: i64,

120 Gulitodll Blaiall o<
Juiall) oliglkao doild -

Loyl dalleall alga dailé -
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CSR bg2rho (Jinsi  O.l
6513l (na &gl g GlawnAil aae Jla, Compressed Sparse Row Jutoil

#[derive(Clone, Debug)]

pub struct CSRWeighted {
pub n: usize,
pub off: Vec<usize>, /* length n+l */
pub to: Vec<usize>, /* length m */

pub w: Vec<i64>, /% length m */

impl CSRWeighted {
pub fn from_edges_directed(
n: usize,
edges: &[(usize, usize, i64)]
) => Self {
let mut deg = vec! [Ousize; n];
for &(u, v, _) in edges {
assert!(u < n && v < n);

deglul += 1;

let mut off vec! [Ousize; n + 1];
for i in 0..n {

off[i + 1] = off[i] + deglil;

let m = edges.len();

let mut to = vec![Ousize; m];
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let mut w = vec![0i64; m];

let mut cur = off[..n].to_vec();

for &(u, v, ww) in edges {
let idx = cur([ul;
to[idx] = v;
wlidx] = ww;

cur [u] += 1;

Self { n, off, to, w }

pub fn neighbors(

&self,
u: usize
) -> impl Iterator<Item = (usize, i64)> + '_ {
let a = self.off[u];
let b = self.off[u + 1];

(a..b) .map(move |i| (self.to[i], self.w[i]))

dnadll dosh LI
:Jndll 138 (1a

Splinall pgupll (ralial Juiail olhiglhall doild yile cigyes -
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.Jangll &ilkolg wlayall yile cli pilig aagoll peg aagall pwyl gu Cudya
aailll 2o Joleilg gjgll g9i juil y16 blAil 2o digjgall pgwyl (Ul 23gail Cigwg -
132 8l pguupl (16 clalll guuail CSR Jstas (ale cadyes -

Jabll pasll aljuuwally juia Ul Glojjlgd gl dah Juill gSoy «Jatoill dulnll &l oiay
.82Alg &1aai0g clal glod go biall éaiaoll



(BFS) sngiwwall (Ar Gadl Il Jaall
(DFS) Go=lu dalig

(Breadth-First Search) (nqiuall Ay Sadl LI
:oldnh JSib gile ulwl ouwyl BFS caibiing
(0 &alwo) uilanUl Guipt iay -

d &dbuo (le glpall guoa o -

J3%aq .2 ddluo oj °
.dlgall aa=y dalwo padl BFS cauny digjgall pé pgwyl (14
auwlw Dl awwl
BFS: wlhi

(FIFO). jouln -

Olaluo gf 6)bj dagano -
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.olglao doild

.VecDeque paAiuj Rust (1o

J1lg jano (o wldadl ol

use std::collections::VecDeque;

pub fn bfs_distances(g: &[Vec<usize>], start: usize) -> Vec<i32> {
let n = g.len();

assert!(start < n);

let mut dist = vec![-1i32; n];

let mut q: VecDeque<usize> = VecDeque: :new();

dist[start] = 0;

q.push_back(start);

while let Some(u) = q.pop_front() {
let du = dist[ul;
for &v in &glul {
if dist[v] == -1 {
dist[v] = du + 1;
q.push_back(v) ;

dist
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use std::collections::VecDeque;

pub fn bfs_shortest_path(

g: &[Vec<usize>],
start: usize,

goal: usize

) —> Option<Vec<usize>> {

let n = g.len();

assert!(start < n && goal < n);

let mut dist = vec![-1i32; n];

let mut parent: Vec<Option<usize>> =

let mut q: VecDeque<usize> = VecDeque: :new();

dist[start] = 0;

q.push_back(start) ;

while let Some(u) = q.pop_front() {
if u == goal { break; }
let du = dist[ul;
for &v in &glul {
if dist[v] == -1 {
dist[v] = du + 1;
parent [v] = Some(u);

q.push_back(v);

vec! [None; n];

Ul ol el 6alel
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if dist[goal] == -1 { return None; }

let mut path = Vec::new();
let mut cur = goal;
path.push(cur) ;
while cur != start {
cur = parent [cur].unwrap() ;
path.push(cur) ;
}

path.reverse();

Some (path)

.6)bj pac dolles 1- pladiwl -
S5 @l guagall &AL o ol BFS -

BS1301 16 2AgUl g CSR Jaios Jady Sl pguwyl (16 -

(Depth-First Search) Go<Ju &adl (L

g9l 1 gSoo jluo Gael cuiisiuy DFS

1J1a paAIIY

Jongll 480l o Gl -



\Y¢

Alnioll GlgLall

«J1aglgughll jall

Ol cuig
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3ol s a6

pub fn dfs_iterative(g: &[Vec<usize>], start: usize) -> Vec<usize> {
let n = g.len();

assert! (start < n);

let mut seen = vec![false; n];
let mut order = Vec::new();
let mut st: Vec<usize> = Vec::new();

st.push(start);

while let Some(u) = st.pop( {
if seenf[u] { continue; }
seen[u] = true;

order.push(u);

for &v in glul.iter().rev() {
if !seen[v] {

st.push(v);



\Yo

order

pub fn dfs_with_parent(
g: &[Vec<usize>],
start: usize

) => (Vec<Option<usize>>, Vec<usize>) {
let n = g.lenQ);

assert! (start < n);

let mut parent = vec![None; n];

let mut seen = vec![false; n];

let mut disc = Vec::new();
let mut st: Vec<(usize, usize)> = Vec

st.push((start, 0));

while let Some((u, idx)) = st.pop() {
if !seenf[u] {
seen[u] = true;

disc.push(u);

if idx < glul.len(O {
let v = glul [idx];
st.push((u, idx + 1));

::new();
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if Iseen[v] {
parent [v] = Some(u);

st.push((v, 0));

(parent, disc)

alniall Glgsall I

AU Ul Jgngll @io JSI gSoy gugg) degano 9a Juiall ggsall aagall pé puwl (14

BFS plaAiwb aaiill

use std::collections::VecDeque;

pub fn connected_components(g: &[Vec<usize>]) -> Vec<Vec<usize>> {
let n = g.len();
let mut seen = vec![false; n];

let mut comps = Vec::new();

for s in 0..n {

if seen[s] { continue; }

let mut comp = Vec::new();

let mut q = VecDeque: :new();
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seen[s] = true;

q.push_back(s);

while let Some(u) = q.pop_front() {
comp.push(u) ;
for &v in &glul {
if !seen[v] {
seen[v] = true;

q.push_back(v);

comps . push (comp) ;

comps

guwoill auls ST Jutos

use std::collections::VecDeque;

pub fn component_ids(g: &[Vec<usize>]) -> Vec<usize> {
let n = g.len();
let mut seen = vec![false; n];
let mut id = vec![usize::MAX; n];

let mut cur_id = Ousize;
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for s in 0..n {

if seen[s] { continue; }

let mut q = VecDeque: :new();
seen[s] = true;
id[s] = cur_id;

q.push_back(s);

while let Some(u) = q.pop_front() {
for &v in &glul {
if !seen[v] {
seen[v] = true;
id[v] = cur_id;

q.push_back(v);

cur_id += 1;

id
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pub fn has_cycle_undirected(g: &[Vec<usize>]) -> bool {
let n = g.len();

let mut seen = vec![false; n];

for s in 0..n {

if seen[s] { continue; }

let mut st: Vec<(usize, usize)> = Vec::new();

st.push((s, usize::MAX));

while let Some((u, p)) = st.pop(O) {
if seen[u] { continue; }

seen[u] = true;

for &v in &glul {
if !seen[v] {
st.push((v, u));
} else if v !=p {

return true;
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false

angoll ol 18
Glgll padiius
J9jo pe =0 -
Aallea)l 6 =1 -
.Joifo =2 -
pub fn has_cycle_directed(g: &[Vec<usize>]) -> bool {

let n = g.lenQ);

let mut color = vec![0u8; n];

for s in 0..n {

if color[s] '= 0 { continue; }

let mut st: Vec<(usize, usize)> = Vec::new();

st.push((s, 0));
while let Some((u, idx)) = st.pop() {

if color[u] == 0 {

color[u] = 1;

if idx < glul.len() {
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let v = glul [idx];
st.push((u, idx + 1));

if color[v] == 0 {
st.push((v, 0));
} else if color[v] == 1 {

return true;

}
} else {
color[u] = 2;
}
}
}
false

Jnall éosta 0.l
:Jnall 138 (14
&igjgoll pé ooyl (16 Cloluall padh cuunyg Liuh ibiiuy BFS -
.gwagall glol glaal Rust (1 byly<s Aai DFS -
Sl pé gugdyl gile BFS/DFS IS ajiiws dlaioll oligall -
.ahgall 14 o)l @59 @agall pé 16 LI G4 : awyl £gs yile aniey Chgal s -

padl (aglgghll jiall Jio doadio wojjlgd gl JWlull ooy @uwlwl olall oday
wiaJl 6aionll jlaubllg «ljwwoll
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BinaryHeap polaAiwb Dijkstra duojjlga  LIC
A pe gligl 13 il oy y19 aalg jano (o lhluall pndl Dijkstra auojjlga cauwng
A%y pgwno pé gul) Qb cudiy 6gihA JS (1d pgdi dsibn d10j)lgA (n1ag
dduuoll bl
>0 9o ol way glighl groa -

.a2g0 pé of @ago awyl 9ols ol oy -

.&nnAiio Olojlga gl Bellman-Ford pladiwl way &dw gligh agag Ju (1é -

Gl a3gal
:digjgo Wljglao doild paAuw

pub type WGraph = Vec<Vec<(usize, i64)>>;

lEr
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BinaryHeap 2o Jolil

Reverse((dist,0aAiuj cl) min-heap Qliny Dijkstra .max-heap ga Rust (14 BinaryHeap
.node))

&l doxd WAl

pub const INF: i64 = i64::MAX / 4;

(hda olaluo) Dijkstra Aais

use std::cmp::Reverse;

use std::collections::BinaryHeap;

pub fn dijkstra(g: &WGraph, start: usize) -> Vec<if4> {
let n = g.len();

assert!(start < n);

let mut dist = vec![INF; n];
dist[start] = 0;

let mut heap: BinaryHeap<Reverse<(i64, usize)>> = BinaryHeap::new();

heap.push(Reverse((0, start)));

while let Some(Reverse((d, u))) = heap.pop() {
if d !'= dist[u] {

continue; /* */



for &(v, w) in &glu] {
debug_assert! (w >= 0);
if dist[u] >= INF { continue; }

let nd = d + w;
if nd < dist[v] {
dist[v] = nd;

heap.push(Reverse((nd, v)));

dist

Jlwoll el 8alel

use std::cmp::Reverse;

use std::collections::BinaryHeap;

pub fn dijkstra_with_parent(
g: &WGraph,
start: usize

) => (Vec<i64>, Vec<Option<usize>>) {

let n = g.len();

assert!(start < n);

let mut dist = vec![INF; n];
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let mut parent = vec![None; n];

dist[start] = 0;

let mut heap: BinaryHeap<Reverse<(i64, usize)>> = BinaryHeap: :new();

heap.push(Reverse((0, start)));

while let Some(Reverse((d, u))) = heap.pop() {
if d !'= dist[u] { continue; }

for &(v, w) in &glul {
debug_assert!(w >= 0);
let nd = d + w;
if nd < distl[v] {
dist[v] = nd;
parent [v] = Some(u);

heap.push(Reverse((nd, v)));

(dist, parent)

pub fn reconstruct_path(
parent: &[Option<usize>],
start: usize,
goal: usize

) —> Option<Vec<usize>> {
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if start == goal { return Some(vec![start]); }

let mut path = Vec::new();

let mut cur = goal;

path.push(cur) ;
while cur != start {
cur = match parent[cur] {
Some (p) => p,
None => return None,
3
path.push(cur);

path.reverse();

Some (path)

.Gayad wlA)| dalleo gioy dist[u] =! d bub -
NF =< dist[v] §aai Jgngll aLla)l pe rdell -

.0 adluoy @laldl 18 ade 6ac JUal 6a3a=io jalno aca Loy

(Union-Find / DSU) dlndioll Glegoaodl duiv  (.IC

:Oloell .dlndio Glegoao yUl poliedl oundi e DSU Khalai
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#[derive(Clone, Debug)]
pub struct DSU {
parent: Vec<usize>,

size: Vec<usize>,

impl DSU {
pub fn new(n: usize) -> Self {
let mut parent = Vec::with_capacity(n);
let mut size = Vec::with_capacity(n);
for i in 0..n {
parent.push(i);
size.push(1);
}
Self { parent, size }

pub fn find(&mut self, x: usize) -> usize {
let p = self.parent([x];
if p==x {
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X
} else {
let r = self.find(p);
self .parent[x] = r;

r

pub fn union(&mut self, a: usize, b: usize) -> bool {
self.find(a);
self.find(b);

let mut ra

let mut rb

if ra == rb { return false; }

if self.sizel[ral] < self.sizelrb] {

core: :mem: :swap(&mut ra, &mut rb);

self.parent[rb] = ra;
self.size[ra] += self.sizel[rb];

true

pub fn same(&mut self, a: usize, b: usize) -> bool {

self.find(a) == self.find(b)
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.Ololeiwll 6)i% aie cuwlio DSU -

.grala] juial &kl aie cuwlio BFS/DES -

DSU plaaiwl dnioll Glgloll aace

use std::collections::HashSet;

pub fn num_components_dsu(
n: usize,
edges: &[(usize, usize)]

) —> usize {

let mut d = DSU: :new(n);
for &(u, v) in edges {

d.union(u, v);
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let mut roots = HashSet::new();
for i in 0..n {

roots.insert(d.find(i));

roots.len()

09jg0 pé o padl

BFS. paAiwl

09jg0 Juo padl

.aw Oligl 3gag pac iy Dijkstra pariwl

ol &0 (1u)a5 Juadl

#[derive(Clone, Copy)]
pub struct TimedEdge {
pub t: i64,
pub u: usize,

pub v: usize,

pub fn earliest_connection(
n: usize,

mut edges: Vec<TimedEdge>,
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a: usize,
b: usize

) —> Option<i64> {
edges.sort_unstable_by(lx, y| x.t.cmp(&y.t));

let mut d = DSU::new(n);

for e in edges {
d.union(e.u, e.v);
if d.same(a, b) {

return Some(e.t);

None

L o ..ll |“I: o E.lr

Dijkstra
heap 9 Wljglao doild pladiwl
O((V + E)logV)
185131
©ldwol O(V) -

Qlgall O(E) -
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.]Jlja! O(E) yua (giay ad heap -

Union-Find

: 23l cawn 0319 jluall heA go

s cul gojs Jolss blac

JasUl GlolUsiwl
O(Q(V + E)) : plisiwl J<) BFS -

O(Qua(V)) o5 O(Ea(V)) cly DSU: -

Jndll doslh  O.IF

:Jnall 138 (na
.Qoyad)l GUWaUI auidig Reverse g BinaryHeap plaAuwb Dijkstra ucub .
.23l cunn 2019 juuall e &ialal DSU G3dj -
.DSU gi Dijkstra gf BES/DFS :&uwliall 8lalll Juasll JSUito cuny +
cOlgalll g Gl pAg) Guba ades Juas gial -

1aglgughnll jpall Liall 8aiawdl b Dl Jio doadio ¢lwojjlga Ul Jlull Loy guwll oiay
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(Naive Pattern Matching) drhuudl adslnodl LI
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WwaJ

mJoy T pi -

m Joku P hhoi
iy @ gyladll guoa e day

Tli..i +m) = P[0..m)
d4+m < n gl bpiy

(0] o
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il JAla bhaill difoo 8lalao JS Joli
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O(n - m)

.oaill JAla g hoil Gbab % aie Gaas @l iguwig

Unicode (bldo OlipWl :duwaia dhnllo

.83an alack épblo aiwyas <oy Ug UTF-8 jaiito Rust (na &str ggi
:0bwojjlgall (na

-l ngiwo e d&didaJl ddlaoll as_bytes() paAiwl -

.Unicode (ngiwwo yile adlno Uea pliay) Cuif 13l Jnda chars() paAwl -+

Ol e aaisi (Tokens «UgSqigp «law) dwlAill Gloladiwll plAso

Cwlll ngiwo yile dhudl adulhodl Audis

pub fn naive_find_all(text: &[u8], pat: &[u8]) -> Vec<usize> {

let n
let m =

if m ==

text.len();
pat.lenQ);
0 { return (0..=n).collect(); }

if m > n { return Vec::new(); }
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let mut out = Vec::new();

for i in 0..=(n - m) {
let mut ok = true;
for j in 0..m {

if text[i + j] !'= pat[j] {

ok = false;
break;
}
}
if ok {
out.push(i);
}
}
out

Tau0l8 Ayl ddypall §gsi (io
.Julé Glolsiwll aac
A lqwi (o pal écld)l aubla

KMP padiwl (nha audei glod Ul Gkl aie
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KMP &uwojjlga .1

109 6))Kall Oljléoll cuinis Knuth--Morris--Pratt duojjlgA

O(n+m)

6)<all
dvan &iab Jobl gul Jais Jo 0 Ul agi U daail (14 j gagall aie Ul ¢igaa aie

.GUaoll cjpll (o G8al (gluws
Pl &1l Ay 1a dhgano wlogleoll 038

KMP 3,415

pub fn kmp_find_all(text: &[u8], pat: &[u8]) -> Vec<usize> {
let n = text.len();

let m = pat.len();

if m == 0 { return (0..=n).collect(); }

if m > n { return Vec::new(); }

let pi = prefix_function(pat);
let mut out = Vec::new();

let mut j = Ousize;

for i in 0..n {
while j > 0 && text[i] !'= pat[j] {
j =pilj - 11;



YoV

if text[i] == pat[j] {

j +=1;
}
if j == m {
out.push(i + 1 - m);
j=pilm - 11;
}
}
out

&l dla pad PV

m[i] = g0 dan &ab Jobl Jah P[0..i]aio &dal (iglui

@l 3440

pub fn prefix_function(pat: &[u8]) -> Vec<usize> {
let m = pat.len();

let mut pi = vec![Ousize; m];

for i in 1..m {

let mut j = pili - 1];

while j > 0 && pat[i] !'= pat[j] {
j =pilj - 11;
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pi

if pat[i] == pat[j] {
=14

pilil = j;

JudAJl aigaul
J Ul Gl Jghy Kainl -
pi[-11 Ul ae @il aie

. 3j (&l aice

.ol g clisl padiuall Ghioll gudai ga 1aa

adoce Glolaaiwl  E.IW

llhuldl paad .1
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@lgSgigull Jalai . 2
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.Jnlga -
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.ytha goj g1 gai J5 gaadl @i baalg 6po pi cawal
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108 13
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-k Johy g9a haild vm mod k = 0 gl&g

pub fn smallest_period_len(s: &[u8]) -> usize {
if s.is_empty() { return 0; }
let pi = prefix_function(s);
let m = s.len();
let k =m - pilm - 1];
if k'=0&& m%k==0{k}else {m?}
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pub fn find_all_str(text: &str, pat: &str) -> Vec<usize> {
kmp_find_all(text.as_bytes(), pat.as_bytes())

Qlie) @bhgai wayy Unicode gulad) dGalall Ju ¢1a .ol gulad ¢1a éaleoll Glpbgoll

Jnall daslh’ O.IW

:Jnall 138 (na
.O(nm) Wbk lgwi %9 dlaw akhpudl adlaall -
.GUAll plleig O(n 4+ m) goiy KMP -
Lol AT olail Jies aall &l -

)93l Caliiiflg 8y <o)l Glolsiwll (& UgSgigul (@ lawdl Juas Jouis Olauail -

olaganog ylgall asjail Z-Function. Jio boads i1 olojjlga gul JWull ooy KMP olasl
.@algll
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,"SA" == country :dol adullho -
,[45,30] in age :(1aac Jlwo -
,"Man" contains name :yujx Ay °

."man" contains name AND [30,45] in age AND "SA" == country :lagub Qwoa ¢

puonil agud

Anlh plA; Wleleaiwl Gg9a Windows go Galgio Jnda jdime Rust -
KMP. g (ulil &audl BTreeMap HashMap :lada std &iso yile alaicll -

2l Juai go agagll (ke jpS il -

Jawl Qi3gos

.l 12ae @0 20 ol dlgh ol d5gloo String LA

#[derive(Clone, Debug)]

pub struct Record {

pub
pub
pub
pub
pub

id: u32,

name: String,
country: String,
age: u32,

score: i64,

impl Record {

pub

—

fn new(id: u32, name: &str, country: &str, age: u32, score: i64) ->

Self {
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Self {
id,
name: name.to_string(),
country: country.to_string(),
age,

score,

Ol hdaAs Gl
.a8,81J1 janas Vec<Record> (pjdi *
-aqiall 138 (Ul lpbdes guadll (ujas -
Olauwdl gulad Ul eadll go hilA el -

anyy pllall Jeayg dwdl Jlg, 13a

dallg «SUkall Qjjaill poa TLIE

tawbl bA ge dlue plieiwll ¢jao
il guad sl pladiwl ddgl (uaibpo degano juial |l
Al gulaall go il ghblds .r
(i)l cayl Jio) dwadall pé hgpidl Gubi F

.l Balel €
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.ablail dgaul (19l 0) bitmap £ Vec<u8> padiuwy

pub fn mark_bitmap(n: usize, indices: &[usize]) -> Vec<u8> {
let mut b = vec![0u8; n];
for &i in indices {

b[i] = 1;

pub fn bitmap_and_inplace(a: &mut [u8], b: &[u8]) {
for i in 0..a.len() {

ali]l &= bl[il;

byl 34400 :aanll gapo  PUE

impl Engine {
pub fn query_naive(&self, q: &Query) -> Vec<usize> {

let mut out = Vec::new();

for i in 0..self.records.len() {

let r = &self.records[i];

if let Some(ref c) = q.country_eq {

if &r.country != ¢ { continue; }
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if let Some((lo, hi)) = q.age_range {

if r.age < lo || r.age > hi { continue; }

if let Some(mins) = q.min_score {

if r.score < mins { continue; }

if let Some(ref needle) = q.name_contains {
if !'kmp_contains(r.name.as_bytes(), needle.as_bytes()) {

< continue; }

out.push(i);

out

Ju@aoll aaill  ELE
1650l
aplanl bpb @St il -

.&uJgl bitmap ol
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impl Engine {
pub fn query_indexed(&self, q: &Query) -> Vec<usize> {
let n = self.records.len();
let mut cand: Vec<u8> = vec![1u8; n];

let mut seeded = false;

if let Some(ref c) = q.country_eq {
if let Some(idxs) = self.idx_country.get(c) {
cand = mark_bitmap(n, idxs);
} else {
return Vec::new();

}

seeded = true;

if let Some((lo, hi)) = q.age_range {
let idxs = self.indices_age_range(lo, hi);

let b = mark_bitmap(n, &idxs);

if seeded {

bitmap_and_inplace(&mut cand, &b);
} else {

cand = b;

seeded = true;
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let mut out = Vec::new();
for i in 0..n {
if cand[i] == 0 { continue; }

let r = &self.records[i];

if let Some(mins) = q.min_score {

if r.score < mins { continue; }

if let Some(ref needle) = q.name_contains {

if !kmp_contains(r.name.as_bytes(), needle.as_bytes()) {

« continue; }

out.push(i);

}
out
}
}
#[cfg(test)]

mod tests_engine_correctness {

use super::{Engine, Query, Record};

#[test]

danll jliAl

O.IE
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fn naive_equals_indexed() {
let rows = vec![
Record: :new(1l, "Ayman", "SA", 41, 95),
Record: :new(2, "Hassan'", "SA", 33, 70),
Record: :new(3, "Mariam", "EG", 29, 88),
Record::new(4, "Salman", "SA", 27, 60),
i

let e = Engine: :new(rows);

let mut q = Query::default();
q.country_eq = Some("SA".into());
q.age_range = Some((30, 45));

g.name_contains = Some("man".into());

assert_eq! (e.query_naive(&q), e.query_indexed(&q));

clall pwas NLIE

use std::time::Instant;

pub fn time_queries(e: &Engine, q: &Query, iters: usize) -> (ul28, ul28) {

let mut sink: usize = 0;

let t0 = Instant::now();

for _ in 0..iters {
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let r = e.query_naive(q);
sink "= r.len();
}

let naive_ns = t0.elapsed().as_nanos();

let t1 = Instant::now();

for _ in 0..iters {
let r = e.query_indexed(q);
sink "= r.len();

}

let indexed_ns = tl.elapsed().as_nanos();
if sink == usize::MAX { eprintln!("{}", sink); }

(naive_ns, indexed_ns)

ajUiH Juay
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.asiwgill digpal Traits plaaiwl -

dole JupAd danlg

pub trait CandidateIndex {

fn candidates(&self, q: &Query, n: usize) -> Option<Vec<u8>>;

ALy gSoy dldiue wligle guadll puni 13ay
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aie &uuaid 838 gl Joaw &xojjleall dgyall of cull ggpitall 132
J1eg) gylaall ey -
K10 paubyoll Julas -
(1220 31005 20 &jlday lails danll Al -
o352l Jud elall gulid -
gaill Jildg culi many gaj aliall sale -
:auldell J Spauil cuw & pal

92 &l aclg welall ué j<io &iayl dalwall Jlé (giegy guladll pon

Rust. 14 ddo=ll Glojjlgdll dwaid a9y 1@ odag



(Complexity Cheat Sheet) a2l (palo A: Galall

JUal 138 (18 dosaimall blasll ($13lg giiopl udeill gilac gapo 9a @aloll [3a
t o5y

{(2dc «glrao gnlic) JAall paan -
Jaaill Jgh m -

Adell yvac Vo

«dlga)l aac -

Aeull C -

.Ololiwll 3ae @ -

(goc Quan) duvwll goill GUaso
<l Joe :0(1) -
Heap gl djjlgio épub (le ddace :O(logn) -

VI



vr
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9j£9 ouudi gl jya :0(nlogn)
429340 ddln :0(n?) -

(Bl padll cuiniy) diiall oleganall groa alags :0(27) -
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Vec -

O(1) :awaall
O(1) :(Lao) push

O(1) :pop -

O(n) :lbuwgll (na @i/l

O(logn) (o YIS 13]) QUL Caall
:(lhwgion) HashMap *

aa fgwi (18 O(n) Jawgio O(1) :@3a/cny/hal -
:BTreeMap

O(logn) :din/ciny/Qhal -

il aac k cya O(logn + k) :Jlao pleiwl -

:BinaryHeap °

O(logn) :pop/push -
O(1) :peek -
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O(n) :Vec ¢o clidl -
gl -
sort_unstable: O(nlogn) -

(p8iwo) sort: O(nlogn) -

Juall 3@ (1a Olojjlgall blasi
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:(Prefix Sum) &duuo Glegono

O(n) el -
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O(n) :(Monotonic Stack) cuj) Juaso *
O(n + m) KMP: -

O(V + E) DFS: / BFS -

O((V + E)logV) Dijkstra: -

bao O(1) go cuyd DSU: -

:Knapsack -
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