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1.1 Z4EEE

1 Eit

1.1 —5HETE

111 ZHESALE | SMNoEE
EBAES @A, REERE O(M|match

)e

std::vector<int> edge[N];

std::vector<int> match(int nl, int nr) {
| std::vector<int> vis(nr + 1), match(nr + 1), ret(nl + 1);
| auto dfs = [&](auto dfs, int x) -> int {
| | for(int y : edge[x]) if(!vis[y])
| ] | ifCvisly] = 1, !match[y] |l dfs(dfs, match[y]))
| | | | return match[y] = x, 1;
| | return 0;
|}

| for(int i = 1;i <= nl;++1i) if(dfs(dfs, 1))

| | memset(vis.data(), 0, vis.size() << 2);

| for(int i = 1;i <= nr;++i) if(int t = match[i]) ret[t] = i;

| return ret;

std::array<std::vector<int>, 3> minedgeconver(int nl, int nr) {
std::vector<int> vis(nr + 1), match(nr + 1), ret(nl + 1);
auto dfs = [§](auto dfs, int x) -> int {
| for(int y : edgel[x]) if(!vis[y]l)
| | if(vis[y] = 1, !matchly] ||l dfs(dfs, matchly]))
| | | return matchly] = x, 1;
| return 0;

| memset(vis.data(), 0, vis.size() << 2);
for(int i = 1;i <= nr;++i) if(int t = match[i]) ret[t] = i;
for(int i = 1;i <= nl;++1i) if(!'ret[i]) dfs(dfs, i);
std::vector<int> le, ri;
for(int i = 1;i <= nl;++i) if(ret[i] && !vis[ret[i]]) le.push_back(i);
for(int i = 1;i <= nr;++i) if(vis[i]) ri.push_back(i);

|
|
|
|
1
g
| for(int i = 1;i <= nl;++i) if(dfs(dfs, 1))
|
|
|
|
|
| return {le, ri, ret};

1.1.2 ZHEHALE (bitset k)
ERGES D, FiEgERE O(n?/w |match

).

const int N = 505;
using set = std::bitset<N>;
set edge[N];
std::vector<int> match(int nl, int nr) {
| set unvis; unvis.set();
| std::vector<int> match(nr + 1), ret(nl + 1);
| auto dfs = [&](auto dfs, int x) {
| | for(set z = edgel[x];;) {
| | | z &= unvis;
| | | int y = z._Find_first();
| | | if(y = N) return 0;

| | if(unvis.reset(y), !matchly] || dfs(dfs, matchl[y])) {
| | | return matchl[y] = x, 1;
I
| }
}
for(int i = 1;i <= nl;++1i)
| if(dfs(dfs, 1)) unvis.set();
for(int i = 1;i <= nr;++i) ret[match[i]] = 1i;
return ret[0] = 0, ret;

1.1.3
EBEEmn, HEERE O(My|match])

ZHEHRALE (Hopcroft-Karp) & H/NhEE

std::vector<int> e[N];
std::vector<int> matchl, matchr, a, p;
std::vector<int> match(int nl, int nr) {

}

matchl.assign(nl + 1, 0), matchr.assign(nr + 1, 0);
for(;;) {

| a.assign(nl + 1, 0), p.assign(nl + 1, 0);
static std::queue<int> Q;
for(int i = 1;i <= nl;++1)

| if(!matchl[i]) a[i] = p[i] = i, Q.push(i);
int succ = 0;
for(;Q.size();) {

| int x = Q.front(); Q.pop();
if(matchl[a[x]]) continue;
for(int y : e[x]) {

| if(!'matchrly]) {

| for(succ = 1;y;x = p[x])
| | matchr[y] = x, std::swap(matchl[x], y);
| break;

f(!plmatchrlyl])

|
|
|
|
[
[
WE

1
| | | Q.push(y = matchr[yl), plyl = x, alyl = alx];
|

}

f('succ) break;

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
)
| 1

return matchl;

std::array<std::vector<int>, 3> minedgecover(int nl, int nr) {

}

match(nl, nr);

std::vector<int> 1, r;

for(int i = 1;i <= nl;++i) if(!a[i]) l.push_back(i);
for(int i = 1;i <= nr;++i) if(al[matchr[i]]) r.push_back(i);
return {1, r, matchl};

1.1.4 ZHEH/NMUTE
BELZOENESRENADSNGES, DINSASTHONS (BERTMED.
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1.2 MEHRAKR (dinic) 3

|}
| cost += d[@], h = d;

|
11 e[N][N]; 21 |
»|std::vector<int> KM(int n, int m) { 2| | }
| std::vector<1l> 1(n + 1), r(m + 1); »s| | return std::tuple(cost, R, rv);
std::vector<int> p(m + 1), ans(n + 1); x|}

for(int 1 = 1;1i <= n;++1) {

| std::vector<ll> d(m + 1, 1lel8);
std::vector<int> pre(m + 1), done(m + 1);
int x, v, u = 0;

for(plo] = i;x = plul;u = v) { L e
| done[u] = 1; 1.2 WEHFAR (dinic)
1l min = 1e18; PN = ot — s
for(int j = 1;j <= m;++j) if(!donel[j]) { é{trﬁctﬁﬁgiﬁwgc {T BX, BES—TR
| auto w = e[x][j] - 1x] - r[j]; struct T {
| if(w < d[3]) d[j] = w, pre[j] = u; | int to, nxt, v;
} e[N << 31;

int h[N], head[N], num = 1;
void link(int x, int y, int v) {

|
|
|
|
| | e[++num] = {y, h[x], v}, hix]
|
|
|
|
|
|

|

|

|

|

| | if(d[j] < min) min = d[j], v = j;
|}

| for(int j = 0;j <= m;++j) {

|

|

|

1
1
1
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
1 |
1

1

| if(done[j1) l[p[j1] += min, r[j] -= min; = num;
| else d[j] -= min; | el[++num] = {x, h[yl, @}, hly]l = num; // 1!
10 }
} ) 1 int dlS[N];
for(th viuju = v) {_ . " bool bfs(int s, int t) {
| v = preful, plu]l = plv]; 1 | std::queue<int> Q;
) " | for(int i = s;i <= t;++i) dis[i] = -1, head[i] = h[i]; //WMRHSFE
. . . . . . [S,T], REMXE
foi(lnt j = }}Jﬂa%f?;f+g)[8?s[p[J]] = J; s| | | for(Q.push(t), dis[t] = 0;!Q.empty();) {
return ans; Moo w| | | | int x = Q.front(); Q.pop();
¥ vl | | | for(int i = h[x];i;i = e[il.nxt) if(el[i " 1].v && dis[e[i].to] < 0)

{
| | | dis[e[i].to] = dis[x] + 1, Q.push(e[i].to0);
N
\
\

return dis[s] >= 0;

RAMIER. BERAR, GRS ELEGEDEOHS, WEQBR. LIE T HTRR
0--- |match| ®BALMR. EHEEZE O(|match|(L? + |E|)).

std::vector<std::pair<int, 11>> e[N];
bool down(1l & x, 1l y) { return x >y ? x =y, 1 : 0; }
auto KM(int n, int m) {
| std::vector<ll> h(n + 1), rv(m + 1);
std::vector<int> R(m + 1);
11 cost = 0;

int dfs(int s, int t, int lim) {

| if(s = t |l !1im) return lim;

| int ans = 0, mn;

| for(int & i = head[s];i;i = e[il.nxt) {

| | if(dis[e[i].to] + 1 = dis[s] & (mn = dfs(e[i].to, t, std::min(lim,
for(5;) 1 elil.v))))

| for(;bfs(s, t);) ans += dfs(s, t, 1le9);

}
if(d[0] >= inf / 2) break; // or inf/2=0 | return ans;

|
|
| for(int r = po[0];r;r = po[R[r]1]) {
|
|

|
|
|
| | std::vector<ll> d(n + 1); . - s A N
| | std::vector<int> vis(n + 1), po(n + 1), pl(m + 1); " l } I l gg;];z mn m?imeEi mn?]‘v = mn;
| | for(int i = @;1i <= m;++i) d[R[i]] = inf; ol |1 ]| if(1lim) éreak- !
| ] for(int x = @;vis[x] "= 1;) { N R ’ !
|| | 1l min = 1el8; ol 11}
I f0§(a;§?j5j: g? : e[x]) if(down(d[R[31T1, dIx] +w - rv[31)) pOIRIIIT| | | | return ans;
I f?r(int j = 1;3 <= nj++j) if(1vis[j] &6 down(min, d[j] - h[31)) x = | I int flow(int s, int t) {
Ji x| | | int ans = 0;
|
|

| rvlr] += d[R[r]] - d[p1[rll;
| R[r] = pllrl;
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14

—RExKLTE (FIER)

4

1.3 S/NERR

/S W\, T &K, REH—TEE
namespace mcmf {

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

using pr = std::pair<ll, int>;

const int N = 10005, M = 1le6 + 10;

struct edge {
| int to, nxt, v, f;

} e[M << 11;

int h[N], num = 1;

void link(int x, int y, int v, int f) {
| el[++num] = {y, h[x], v, f}, h[x] = num;
| el++num] = {x, h[yl, @, -f}, hlyl = num;

}
1l d[N], dis[N];
int vis[N], fr[N];
bool spfa(int s, int t) {
| std::queue<int> Q;
std:: fill(d + s, d + t + 1, 1e18); // CHECK
for(d[s] = 0, Q.push(s);!Q.empty();) {
| int x = Q.front(); Q.pop(); vis[x] =
for(int i = h[x];i;i = e[i].nxt)

| dle[i].to]
| frlel[i].to] = i;

|
I = d[x] + e[i].f;
|
|
|

}

|
|
|
|
|
|
|
|
|
|
| return d[t] < 1lel7;

}

|
|
| ] if(!vis[e[i].to]) vis[e[i].to] = 1,
|

| if(e[il.v && d[e[i].to] > d[x] + e[i].f) {

Q.push(e[i].to);

bool dijkstra(int s, int t) { // EESEFEZE dijk

| std::priority_queue<pr, std::vector<pr>, std::greater<pr>> Q;
dfi], d[i] =

| for(int i = s;i <= t;++i) dis[i] =

0; // CHECK

for(Q.emplace(d[s] = 0, s);!Q.empty();) {
| int x = Q.top().second; Q.pop();

if(vis[x]) continue;

vis[x] = 1;

for(int i = h[x];i;i = e[i].nxt) {

|
|
|
| | if(e[il.v 66 dle[il.to] > dix] + v) {
| | | frlel[il.to] = 1i;
[ }) Q.emplace(d[e[i].to]
[

|}
}
for(int i = s;
return d[t] < 1e17

}
std::pair<1l, 11> EK(int s, int t) {
| spfa(s, t); // MRMEEHNEE dijk
| 1L f=0,c=o0;
| for(;dijkstra(s, t);) { // EEALA spfa
| | 1l fl = 1e18;

le18, vis[il]

| const 11 v = e[i].f + dis[x] - dis[e[i].to];

= d[x] + v, e[il.to);

<= t ++1) d[i] += dis[i]; // CHECK

| | | for(int i = fr[t];i;i

frle[i * 1].to]) fl = std::min<11>(el[i].v,

f1);

| | | for(int i = fr[tl;i;i = frle[i " 1]1.tol) e[il.v -= f1, e[i ™ 1].v +=
f1l;

| ] | f+=fl, c += fl % d[t];

I

| | return std::make_pair(f, c);

|

}
}
// in flow problems with lower bounds (or with negative cycles), flow the
negative edges first
// after the first round, revert the auxiliary edges

1.4 —RERKLE (HER)
edge BHEWEH. BITH4R/E match ZHEN SLREH SRS, MERHLRENY 0.

int n;

2| std::vector<int> edge[N];

int pre[N], match[N], fa[N], vis[N], t[NI;
int find(int x) {

| return fa[x] = x ? x : fa[x] = find(falx]);
void aug(int s) {
std: queue<1nt> Q;
for(lnt i=1;1 <= n;++1) {

}\ pre[i] v1s[1] = t[i] = o, fa[i] =

auto lca = [&§](int x, int y) {
| static int tick = 0; ++tick;
| for(;;std::swap(x = pre[match[x11, y)) {
| | if(vis[x = find(x)] = tick) return x;
| | vis[x] = x ? tick : 0;
| }

b

auto blossom = [&](int x, int y, int z) {
| for(;find(x) != z;x = pre[y]) {
| | pre[x] =y, y = match[x], fal[x]
\ }| if(tlyl = 2) Q.push(y), tlyl =
\

b
Q.push(s), t[s
for(;Q. 51ze(),
int x = Q.f
for(int y :
| if(tly]
if(tlyl

= faly] =
1;

1;

1 =

)

ront(); Q.pop();
edge[x]) {

2) continue;

| 1) {

| | int z = lca(x, y);

| blossom(x, Y, 2);

| | blossom(y, x, z);

|

|

|

|

} else if (int p = match[y]) {
| prely]l = x, tlyl = 2, tlp] =
| Q.push(p);

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| } else {
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1.5 mIMHEE

int z;
for(prelyl = x;y;y = z) {
| x = prelyl, z = match[x];
| match[x] = vy, match[y] = x;

return ;

1
1
1
1
1
1
1
1
1

}

void run() {

| for(int i = 1;i <= n;++i) if(!match[i]) {
|| aug(i);
|}
}

1.5 sPMRFEE

F3 DMST::link 5032, AR DMST::solve(root) BEIG/ M EIAMNEKS, MRRAEEBRIREZE »

GEEn=1).

namespace DMST {
| struct edge {
| int u, v, id; 11 w;
| bool operator < (const edge & y) const {
| | return w < y.w;
|

} ent[N], val[m];
int 1s[M], rs[M], size[M], cc; 11 tag[m];
int fs[N], fw[N], rt[N];
void put(int x, 11 v) {
| if(x) vallx].w += v, tag[x] += v;

void pushdown(int x) {
| put(ls[x], tag[x]);
| put(rs[x], taglx1);
| tag[x] = 0;

| if(!x |l ly) return x | y;

| if(vally] < vallx]) std::swap(x, y);
| pushdown(x), rs[x] = merge(rs[x], y);
| if(size[rs[x]] > size[ls[x]]) {

| | std::swap(ls[x], rs[x1);
|

|

|

size[x] += sizelyl;
return x;

void ins(int & x, const edge & z) {
| vall[++cc] = z, size[cc] = 1;
| x = merge(x, cc);

void pop(int & x) { x = merge(ls[x], rs[x]1); }
edge top(int x) { return vallx]; }

1
1
1
1
1
1
1
1
1
1
1
1
1
|
| int merge(int x, int y) {
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

int find(int x, int * anc) {
| return anc[x] = x ? x : anc[x] = find(anc[x], anc);
void link(int u, int v, int w, int id) {
| ins(rtlv], {u, v, id, w});

int pa[N = 2], tval[N % 2], up[N = 2], end_edge[M], cmt, baned[M];
std::vector<int> solve(int r) {

| std::queue<int> roots;
for(int i = 1;i <= n;++1) {

| fs[i] = fw[i] = i, tvall[i] = ++ cmt;

| if(i !'= r) roots.push(i);

}
std::vector<edge> H;
std::vector<int> ret;
for(;!roots.empty();) {
| int k = roots.front(); roots.pop();
if(!rt[k]) return ret;
edge e = top(rt[kl); pop(rtlkl);
int i = e.u, j = e.v;
if(find(i, fs) = k) roots.push(k);
else {
| H.push_back(e); end_edgel[e.id] = tvallk];
if(find(i, fw) != find(j, fw)) {
| fw[find(j, fw)] = i;
| ent[k] = e;
} else {
paltvall[k]] = ++ cmt, up[tvallk]] = e.id;
put(rt[k]l, -e.w);
for(;(e = ent[find(e.u, fs)1]).u;) {
| int p = find(e.v, fs);
| paltvallpl] = cmt;
| upltvallpl] = e.id;
| put(rtlpl, -e.w);
| rtlk] = merge(rt[k]l, rtlpl);
| fslpl = k;

}
tvallk] = cmt;
r

\
|
\
|
|
|
|
|
\
|
| roots.push(k);

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| }

| }
}
reverse(H.begin(), H.end());
for(edge i : H) if(!'baned[i.id]) {

| ret.push_back(i.id);

| for(int j = i.v;j !'= end_edge[i.id];j = pal[j]l) ++ baned[up[jl];

sort(ret.begin(), ret.end());
return ret;

}
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1.8 FHH

1.6 5EZEE5E (kosaraju)
e AN, re BERMIA. A solve BEIFABEASE. MEAERE O(L).

using set = std::bitset<N>;
// re BRIEA, FHEESF
set e[N], re[N], vis;
std::vector<int> sta;
void dfs@(int x, set * e) {
| vis.reset(x);
| for(;;) {
| ] int go = (e[x] & vis)._Find_first();
| | if(go = N) break;
| | dfse(go, e);
|
|

sta.push_back(x);
}
std::vector<std::vector<int>> solve() {
| vis.set();
| for(int i = 1;i <= n;++i) if(vis.test(i)) dfse(i, e);
| vis.set();
| auto s = sta;
| std::vector<std::vector<int>> ret;
| for(int i = n - 1;i >= 0;--1) if(vis.test(s[i])) {
| | sta.clear(), dfse(s[i], re), ret.push_back(sta);
|
|

return ret;

1.7  BRhIE B/ BRBL R
MREEME, BASEEBED, idH8E. FE id FRAZE [1,m] 2.

src BER, MRERAEE, K—TEHATH (TAE)/HEXTAE (GRE) B¥R1ER src, MREE

B, E—MERIETHRIER src.

MREMR, REBREE s, BARE [(s; =sre, —1), (s2,id(s; = $2)),..., (Sp, id(sp—1 — sp))], W

RERK, B4 s, =s; =src. TENRESE.

std::vector<pr> e[N]; // (dest, id)
std::vector<pr> eulerwalk(int n, int m, int src) {
| std::vector<int> d(n + 1), it(n + 1), vis(m + 1);
| std::vector<pr> | ret, s = {pr(src, -1)};
// | ++ dlsrcl; // WREFERREREZE, M LEXT
| for(;s.size();) {
| auto [x, id] = s.back();
| int & 1 = it[x];
| if(i = (int) el[x].size()) {
| | ret.push_back(s.back()), s.pop_back();
| | continue;
|
|
|

auto [y, o] = e[x][i++];
if ('vis[o]) {
| -- d[x], ++ dly];

1
1
1
1
1
1
1
1
1

| | vis[o] = 1, s.emplace_back(y, o);

\
}

for(int x : d) if(x < @ || size(ret) !'=m + 1) return {};
return std::vector(ret.rbegin(), ret.rend());

1.8 3CECH

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
'

std::vector<int> e[N];
struct domtree {

std::vector<int> dfn, p, sdom, dom, anc, min, pa;
std::vector<std::vector<int>> b, re;
int cc;
void dfso(int x) {
| dfn[x] = ++cc, plccl = x;
| for(int y : e[x]) {
| | if(!dfnly]) dfse(y), paldfnlyl]l = dfn[x];
| | re[dfn[yl].push_back(dfn[x]);
|}

int find(int x) {
| int t = anc[x];
| if(anc[t] = t) return t;
| anc[x] = find(t);
| if(sdom[min[t]] < sdom[min[x]]1) min[x] = min[t];
| return anc[x];
}
int get(int x) { return find(x), min[x]; }
domtree() : b(n + 1), re(n + 1), cc(0) { }
auto getdom(int s) {
| pa = dfn = p = dom = anc = std::vector<int>(n + 1);
dfso(s);
for(int i = 1;i <= cc;++1i) anc[i] = 1i;
dom = sdom = min = anc;
for(int i = cc;i;--1) {
| for(int w : re[i]) sdom[i] = std::min(sdom[i], sdom[get(w)]);
| if(i > 1) b[sdom[i]].push_back(i);
| for(int w : b[i]) {
| ] int v = get(w);
| | dom[w] = sdom[v] = sdom[w] ? sdom[w] : v;
|
|

\
\
\
\
\
\
\
\
}
\ ) anc[i] = palil;

\

| std::vector<int> ans(n + 1);

| for(int i = 1;i <= cc;++i) {

| | if(dom[i] != sdom[i]) dom[i] = dom[dom[i]];
\ }| ans[p[i]] = pl[dom[i]];

\

\

return ans;

}
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1.9 Tree And Graph

1.9.1 HEITE Prufer/5%|
PFIE pruferdRlB——3I R, —F n N EAIN, EpruferdmfBKEHR n — 2, BEHA d; Msprufer fHiEFH
Md; — 1%

SRR RAEE n - 2 5, 8 | SEUTHN T IHRAGRMFSHH TS, 155 HEEN S0
S APruferFFINE | MTTE pr, FHUMIFH AN M, E2REEE—MER n — 2 fPrufer
FUF— A RAEFE A SRR,

EFFISEIR: SR A aMERAIES 1, AR M L EM% S7EPruferF 5t BIBRE, SEISN EME;
WiTn - 2%, 8 i SEMAER/MFSHER 1 958 u 5 0 = p; 1%, SRR RI—K8, F35 u 7 0 ME
B BEBERMTHENER 1 0SS0, AR,

1 n AN AFTRE, SN REMIKRA didy,....dy, SHEFRBHORRS: o
30 ny N, BILE ny MENTR S SEMERMIERS 02T xn) T
m MEBSR, BMEBRE o; M, BENLWEBHERNERE: (T )™ [T o
1.9.2 ARINEHE

HE S Sy = lejsz/j? FRnN+ 1M ESNERWNEBER a1 =
1, as = 2, ag = 4, as = 9, dg = 20, Qa9 = 286, ail = 1842.

1.9.3 FTiRWHIITE

n REEH, E a, — X1 a4, MREETAS.

n BHBHE, B 4y — X777 @in—; + Lan)5(anjs + 1) HTEMFARR
1.9.4 ST 3 Kirchhoff’s Matrix-Tree Thoerem

Kirchhoff Matrix T = Deg — A, Deg RE#H X b, A RMBFEEN. TEEEREMRERENSER BREE
BIEMERENRNE.

SEEERE Alu][v] FR u — v BN, EDRBLEHE, BT ITAES

TEEE BT ¢ = |[K BEE1ID nl EFR |

BEESNERITE: ¢ = | KERAENTPNSINETR |

1.9.5 FHEERKHIE TS BEST Thoerem

ec(G) = t(G) [ |(deg(o) - 1)!

veV

(n-2)!
DD (d, =D

251JajSn-j
n

CiEar = 1,a,

He deg ANE (REEFETFLE), 1, (G) AU w RRASMERENE. 18X ESZERRMITEL
Rchr i E P E B S ER AN BUEREL: t(G) = tw(G).

I 1 FERMBRAREIT I deg MAHE, 18 deg(1) WFRMEA deg(1)!

1.9.6 Tutte Matrix

Tutte matrix A of a graph G = (V,E) :

Xij if(i,j) € Eandi < j
Aij =14 —x;j if(i,j) € Eandi > j
0 otherwise

where x;; are indeterminates. The determinant of this skew-symmetric matrix is then a polynomial (in
the variables x;;, i < j): this coincides with the square of the pfaffian of the matrix A and is non-zero
(as a polynomial) if and only if a perfect matching exists.

® N o w e W N e

AW N e

© % u o e oA W N =

10

11

1.9.7 Edmonds Matrix
Edmonds matrix A of a balanced (|U| = |V|) bipartite graph G = (U, V, E) :

Xii
Aﬁz{df

where the x;; are indeterminates. G H5EX LR HANLXT x; KETR det(A;;) F1EHR 0. FTELE
MM EETZHA PRI

1.9.8 Erdés-Gallai theorem

BE#HFId > > d, GENENEREYLENY:

(ui,vj) €E
(ui,vj) ¢ E

" d; RiEs

{Vke[Lﬂ: kK di <k(k-1)+ X", min(d;k)

n
i=k+1
2 it
2.1 BURITRESH
std::pair<int, int> approx(int p, int q, int A) {
| int x =g, y =p, a=1, b = 0;
| for(;x > A;) {

| | std::swap(x, y), std::swap(a, b);
| a -=x/y*b, x%=y;

}
return {x, a};
Y // q

=2 (mod p),x <A, lal BEIH/ME

22 YRERJLES

SR x,y HRE: ax+by =ged(a,b); Fa,bFEO0, M: -b<x<b-a<y<a.

void exgcd(1l a, 11 b, 11 & x, 11 & y) {
| if(!b) return x = 1, y = 0, void();
| exgcd(b, a % b, y, x), y-=a/bx*x;

2.3 FHEEKRILERS

/! TR
// BIHR :r <q, r>=q %R U EKREA
// ER: Y % q <= X *p+r, §FK p/q, URFREL, REREE—ITE, £—&% U B— R

template<class T>

T power(T a, 11 k) {

| /] BYEFRELUSCAFERE
| if(!'k) return T();
| T res a;

| for(--k;k;) {
|

|

|

| if(k & 1) res
| if(k >>= 1) a

res + a;
a + a;
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2.6 Stern-Brocot Tree —4y

w| | return res;
15| template<class T>
| T solve(ll p, 11 q, 11 r, 11 1, T U, TR) {
if (p >= q)
| return solve(p % q, q, r, 1, U, power(U, p / q) + R);
1l m=((__int128)p » 1 + r) / q;
if (!'m) return power(R, 1);
11 cnt = 1 - ((__int128)q * m - r - 1) / p;
return power(R, (q - r - 1) / p) + U + solve(q, p, (q -r -1) %p, m-1,
R, U) + power(R, cnt);

1
1
1
20 {
1
1

23 }

2.4 floor-sum
n<221<m<2%

n-1 .
b
result = ZLal i | (mod 2%%)
i M

u64 floor_sum(u64 n, u64 m, ub4 a, ubs b) {
| ub4 ans = 0;

| for(;;) {

| ] if(a>=m)ans +=nx (n -1) /2 * (a / m), a %= m;

| | if(b >=m) ans +=n x (b / m), b %= m;

| | ub4 ymax = a * n + b; // use ul28 if it's big

| ] if(ymax < m) break;

| | n = ymax / m;

| | b = ymax % m;

| | std::swap(m, a);

|}

| r

eturn ans;

2.5 Min of Mod of Linear

result = min {(ai + b)%m}
0<i<n

int minmod(int n, int m, int a, 11 b) {
| int ans = m;

| for(;n;std::swap(a, m)) {
| | a %= m, b %= m;

| | if(b < @) b += m;
| | if(b < ans) ans = b;

| | n=QQUWn-1)*a+b)/m
| ] b-=(11) m * n;
|

|

return ans;

® w o o e w o =

2.6 Stern-Brocot Tree —4%3

using cp = std::complex<ll>;
cp fracBS(1l n, 11 m, auto f) {
| bool dir = 1, A =1, B = 1;
cp lo(@, 1), hi(1, 1); // hi can be (1, 0), f(hi) must be true
if (f(lo)) return lo;
while(A || B) {
11 adv = 0, s = 1;
for (int x = 0;s;(s *= 2) >>= x) {
| adv += s;
| cp mid = lo * adv + hi;
| if (mid.real() > n || mid.imag() > m || dir
| | adv -='s, x = 2;
|

}

i += lo * adv, dir =
wap(lo, hi);
= B, B = adyv;

1f(mid)) {

Idir;

> W0 v

}

return dir ? hi : lo;

} // BEHERRINES f AEMN
[/ BI—PRERNES f AEN

2.7 HEFRKEE
BEHRE x = a; (mod m;)(i =1,2) i/ IEREES x, ELRBUIRE —1.

11 CRT(11 a1, 11 p1, 11 a2, 11 p2) {
| 1l a, b, gcd = std::gcd(pl, p2);
| if((al - a2) % gcd)
| | return -1;
| exgcd(pl, p2, a, b);
| 11 k = 1128((a2 - al) % p2 + p2) * (a + p2) % p2;
| return pl / gcd * k + al;

}

2.8 Miller-Rabin
AR checkprime ¥I# 2% B

using fé4 =
11 p;
f64 invp;
void setmod(1l x) {

| p=x, invp = (f64) 1 / x;

long double;

11 mul(1l a, 11 b) {
| 1L z = a * invp * b + 0.5;
| 1L res =a *xb -z * p;
| return res + (res >> 63 & p);

}
11 pow(1l a, 11 x, 11 res = 1) {
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| for(;x;x >>= 1, a = mul(a, a))
| ] if(x & 1) res = mul(res, a);
| return res;

}
bool checkprime(1l p) {
if(p = 1) return 0;

setmod(p);
11 d = __builtin_ctz11(p - 1), s = (p - 1) >> d;
for(1l a : {2, 3, 5, 7, 11, 13, 82, 373}) {

| if(a % p = 0)

| | continue;

| 11 x = pow(a, s), v

| for(int 1 = 0;i < d;++i, x = y) {

| |y =mul(x, x);

| | if(y =188 x !=1688 x !'=p-1)
| | | return 0;

|

|

if(x 1=

|
|
|
|
|
|
|
|
|
|
|
| 1) return 0;
|

|

2.9 Pollard-rho
A factor %18 x RETHWHEES (EMNNBIXHF)

1 rho(11 n) {

| if(!(n & 1)) return 2;

| static std::mt19937_64 gen((size_t)"hehezhou");

| L x =0,y =20, prod = 1;

| auto f = [&](11 o) { return mul(o, o) + 1; };

| setmod(n);

| for(int t = 30, z = 0;t % 64 || std::gcd(prod, n) = 1;++t) {
| ] if (x = y) x = ++ z, y = f(x);

| ] if(11 g = mul(prod, x + n - y)) prod = q;

1 }| x = f(x), y = f(f(y));

|

| return std::gcd(prod, n);
}
std::vector<ll> factor(ll x) {

| std::vector<ll> res;

| auto f = [&I(auto f, 11 x) {

| | if(x = 1) return ;

| | if(checkprime(x)) return res.push_back(x);
| | Wy = rho(x);

|| fCF, ), f(F, x / y);

[ 53

| f(f, x), sort(res.begin(), res.end());
| return res;

210 ZXRFK
quadres A FHIBETZHEERRE, sqrtp ATFHELSER. p 3 b FTEERYK (FF D.

=TI

p-1
(E) — (—1)21':21 1[(ai mod p)>p/2]
p

Heig:

—_—~—————
o S e S
~——————

11

—_

S p=1 (mod4),
S p=+1 (mod 8),
S p=+1 (mod 12),
S p=+1 (mod 5).

bool quadres(u64 a, u64 b) {
| if(a <= 1) return 1;
| for(;a % 4 = 0;) a /= 4;
| if(a % 2) return (a % 4 = 1
|

return (b % 8 = 1 || b % 8 = 7) = quadres(a

}
int sqrtp(int x, int p) {

if(x <= 1) return x;

static std::mt19937_64 gen;
int w, v, k = (p + 1)/ 2;

using ai = std::

auto prod = [&](ai x, aiy) {
| return ai{

| | ((ues) x[0] *

| | ((ues) x[0] *

\

’
ai ans{1, 0}, a{w, 1};
for(;k;k >>= 1, a = prod(a, a

return ans[0];

y[0o] + (u64)
y[1] + (u64)

[ b % 4 = 1) = quadres(b % a, a);
/2, b);

do w = gen() % p; while(quadres(v = ((ub4) w x w + p - x) % p, p));
array<int, 2>;

1] = y[1] % p * v) % p,
1] *

x[
x[1]1 * y[0]) % p

))

| if(k & 1) ans = prod(ans, a);

3 Math
3.1 WiREHKRE
G(F(x)) = H(x) =

G(F(x)) =x = [x"
G(F(x) =x=[x

3.2 SRE|IBEHE

-

i1

[x"]G(x) =

1 1y u
;[u NH (u F)
TH(G() = ~ [0 JH () ()"

kx knk
164 () = L1 s

. > k(3k-1)
)= 3D

k=—c0
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3.5 Generating function

10

3.3 Fast Fourier Transform

using db = double;
using cp = std::complex<db>;
// cp::real, cp::imag, std::conj, std::arg
const db pi = std::acos(-1);
int rev[N], lim;
cp wn[N];
void init(int len) {
| for(lim = 1;lim < len;lim <<= 1);
for(static int i = 1;i < lim;i += 1) {
| for(int j = 0;j < i;++j) {
| | wn[i + j] = std::polar(1l., db(j) / i * pi);

1;1 < lim;++1) {
revli >> 1] >> 1 | (i % 2u = lim / 2);

At -

— O
—

~ —
-
S
purt
.
n n

1
1
1
1
1
1
1
1

}
void DFT(cp * a) {
| for(int 1 = 0;i < lim;++i) {
| if(rev[i] < i) std::swap(alrev[i]], al[il);

}

for(int 1 = 1;i < lim;i += 1) {
| for(int j = 0;j < lim;j += i + i) {
| | for(int k = 0;k < i;++k) {
| =
|

|

|

|

| | cp x = ali + j + k] = wn[i + k];
| | ali+ j + k] = alk + j1 - x;

I alk + 3] += x5

|

1
1
1
1
1
1
1
1
1 }
1 }

1

}

void IDFT(cp * a) {
| DFT(a), std::reverse(a + 1, a + lim);
| for(int 1 = 0;i < lim;++i)
| | alil /= lim;

3.4 Number Theoretic Transform

int rev[N], wn[N], lim, invlim;
int pow(int a, int b, int ans = 1) {
| for(;b;b >>= 1, a = (ub4) a * a % mod) if(b & 1)
| | ans = (u64) ans * a % mod;
| return ans;
}
void init(int len) {
| for(lim = 1;lim < len;lim <<= 1);
| invlim = mod - (mod - 1) / lim;
| for(static int i = 1;i < lim;i += i) {
| ] wn[i] = 1;
| | const int w = pow(3, mod / 1 / 2);
| ] for(int j = 1;j < i;++j) {
|| | wn[i + j] = (u6&) wn[i + j - 1] » w % mod;

10

|1}

| }

| for(int i = 1;i < lim;++1) {

| | rev[i] = rev[i >> 1] >> 1 | (i % 2u * lim / 2);
|

}
void DFT(int * a) {

| static u64 t[N];

for(int i = 0;1i < lim;++1i) t[i] = alrev[il];

for(int i = 1;i < lim;i += 1) {

| if(i >> 19 & 1)
| | for(int k = 0;k < lim;++k) t[k] %= mod;
| for(int j = 0;j < lim;j += i + i) {
| | for(int k = 0;k < i;++k) {
| | | const ub4 x = t[i + j + k] * wn[i + k] % mod;
| }| t[i + 3+ k] = t[k + j] + (mod - x), tlk + j] += x;
I
|}

|
|
|
|
|
|
|
|
|
|
|}
| for(int 1 = 0;i < lim;++i) al[i] = t[i] % mod;
}
void IDFT(int % a) {

| DFT(a), std::reverse(a + 1, a + lim);

| for(int 1 = 0;i < lim;++i)

| | alil = (u64) alil * invlim % mod;

3.5 Generating function

void cpy(int % a, int * b, int n) {
| if(a '= b) memcpy(a, b, n << 2);
| memset(a + n, 0, (lim - n) << 2);

void inv(int * a, int * b, int n) { // b = inv(a) mod x"n
| if(n = 1) return void(xb = pow(xa, mod - 2));

| static int c[N], d[NI;

| intm=(n + 1) / 2;

| inv(a, b, m);

| init(n + m), cpy(c, b, m), cpy(d, a, n);

| DFT(c), DFT(d);

| for(int i = @;1i < lim;++1) c[i] = (u64) c[i] * c[i] % mod * d[i] % mod;

| IDFT(c);

| for(int i = m;i < n;++i) b[i] = norm(mod - c[il]);

void log(int * a, int = b, int n) { // b = log(a) (mod x"n)
| static int c[N], d[N];

| inv(a, ¢, n), init(n + n);

| for(int 1 = 1;i < n;++i) d[i - 1] = (u64) a[i] * i % mod;

| cpy(d, d, n - 1), cpy(c, c, n);

| DFT(c), DFT(d);

| for(int i = @;i < lim;++i) c[i] = (u64) c[i] * d[i] % mod;

| IDFT(c), *

| for(int i

n o1

= 0;
1;1i < n;++i) b[i] = pow(i, mod - 2, c[i - 11);
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3.7 BERRLMEE

11

3.6 ZHELER

struct oc {

| std::vector<int> f, g, res;
std::vector<std::vector<int>> fa, fb;
int n, p;
oc(int n) : f(n), g(n), res(n), n(n), p(o) { }
void push(int vo, int v1) {

| flpl = vo;
res[p] = (res[p] + (u64) f[0] * vl + (u64) g[@] * v0) % mod;
glp++] = vi;
static int A[N], BINI;
int b = p & -p;
init(lb * 2);
memset(A, 0, lim << 2);
memset(B, 0, lim << 2);

|

|

|

|

|

I

| for(int i = @;i < lb;++i) A[i] = glp - b + il, B[i] = f[p - 1b + il;

| DFT(A), DFT(B);

| if(lb = p) {

| | fa.emplace_back(A, A + lim);

| | fb.emplace_back(B, B + lim);

| | for(int i = 0;1i < lim;++i) A[i] = (u64) A[i] %= B[i] % mod;

| } else {

| | auto & C = fb[std::__1g(lim)], & D = fal[std::__1g(lim)];

| | for(int i = 0;i < lim;++i) A[i] = ((u64) A[i] = C[i * 2] + (u64)
B[i] * D[i * 2]) % mod;

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

| |}
| | IDFT(A);
| | for(int j = p;j < p + b 68 j < n;++j) res[j] = (res[j] + A[j - p +
1b]) % mod;
| }
b
struct Exp : oc {
| std::vector<int> res;
Exp(int n) : oc(n), res(n) { }
void push(int v) {
| if('res[0]) return void(res[0] = 1);
| oc::push(res[p]l, v * u6s(p + 1) % mod);
| res[p] = (u6s4) oc::res[p - 1] % inv[p] % mod;
}
}
struct Ln : oc {

|

|

|

|

|

|

t

| std::vector<int> res; int fi;

| Ln(int n) : oc(n), res(n), fi(o) {}

| void push(int v) {

| ] if(!fi) return void(fi = 1);

| | oc::push(res[p] * (u64) p % mod, v);

| | res[p]l = ((u64) v * p + mod - oc::res[p - 11) % mod * inv[p] % mod;
|}

t
|
|

ruct Inv : oc {

std::vector<int> res; int fi;
Inv(int n) : oc(n), res(n), fi(o) {}
void push(int v) {

}
s

© ® N e e e W e e
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|-

| res[pl =
mod : pow(fi = v, mod -
| oc::push(res[pl, v);

2);

fi ? (oc::res[pl] + (ub4) v x res[0]) % mod * (mod - res[0]) %

3.7 BRIEMIEHE
3.7.1 Berlekamp Massey

REISRAEH c E1§: Vn > size(c) 1 an = X,

size(c)—1
Ciln—1-i

std::vector<int> BM(std::vector<int> a) {

int n = size(a), len =0, s =1, m = 0;
std::vector<int> res(n), lst(n), tmp;
res[0] = 1;
for(int i = 0;i < n;++i) {

| int d = 0; ++m;
| for(int j = 0;j <= len;++j)
| | d=(d+ (u6s) res[j] * a[i - j1) % mod;
| if(!d) continue;
| tmp = res;
| ub4 k = pow(s, mod - 2, mod - d);
| for(int j = m;j < n;++j) res[j] =
| if(len * 2 > i) continue;
| len = i - len + 1, lst = tmp, s
}
std::vector<int> c(len);
for(int i = 0;i < len;++i) c[i] = (mod - res[i + 1]) % mod;
return c;

(res[j] + k = lst[j - m]) % mod;

d, m = 0;

3.7.2 EHEXESNX

p(x)
q(x)

[x']

d
a; =chai_j,i2d(:)ai =
Jj=1

std::pair<fps, fps> convert(fps a, fps c) {

int d = c.size();

fps q(d + 1); qglo] = 1;

for(int i = 0;i < d;++i) q[i + 1] = norm(mod - c[i]);
for(;q.back() = 0;) q.pop_back();

fps p = conv(a, q);

p.resize(a.size());

return {p, q};

3.7.3 Bostan-Mori

p(x)

q(x)

[x"]
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int bostan_mori(fps p, fps q, 11 k) {
| int n = q.size();

for(;k;k >>= 1) {
| auto ng = q;

| for(int i = 1;i < n;i += 2) nq[i] = mod - nql[il;

| auto u = conv(p, nq), v = conv(qg, nqg);

| int t = k § 1, m = (size(u) + 1 - t) / 2;

| p.resize(m);

| uli = 2 + t];

| v[i = 2];

i < m;++1i) pl[i]

for(int i 0;i
0;i < n;++i) qlil

for(int i

1
1
1
1
1
1
1
1
1
1

}
return pow(q[@], mod - 2, p[0]);

3.7.4 Im&XEE

q(x)
MR deg(p) > deg(q), iEER solve_x, NARFLUEIEER solve.

[x[hk+n0] p(x)

fps inv(fps a, int n) {
| static int res[N];
| if(a.size() < n) a.resize(n);
| inv(a.data(), res, n);
| return fps(res, res + n);
}
fps cut(const fps & f, int d) {
| return fps(f.begin(), f.begin() + std::min((int)f.size(), d));

fps revp(const fps & f) { return fps(f.rbegin(), f.rend()); }
std::pair<fps, fps> polydiv(fps f, fps g) {
| int n = size(f), gd = size(g) - 1, qd = n - gd;
| if (n <= gd) return {fps(), f};
| auto F = cut(revp(f), qd);
| auto G = inv(revp(g), qd);
| fps q = revp(cut(conv(F, G), qd));
|
|
|

g = conv(g, q);
for(int i = 0;i < gd;++i) f[i] = (f[i] + mod - g[i]) % mod;
return {q, cut(f, gd)};
}
fps solve(fps p, fps q, u64 k, int m) {
const int d = size(q) - 1;
auto rec = [&](auto rec, 11 k) {
| if(k = 0) return d > 0 ? fps{1} : fps();
| if(k = 1) {
| | int p = pow(q[@], mod - 2); fps res(d);
| | for(int i = 0;i < d;++i) res[i] = u64(mod - p) * q[i + 1] % mod;
| | return res;
|
|
|

fps f = rec(rec, (k + 1) / 2);
f = conv(f, f);
if(k & 1) f.insert(f.begin(), 0);

1
1
1
1
1
1
1
1
1
1
1

| | return polydiv(f, q).second;
|53
| fps res = rec(rec, k);
%| | res = polydiv(conv(res, p), q).second;
| res = conv(res, inv(q, m));
}| return fps(res.begin(), res.begin() + m);
« | fps solve_x(fps p, fps q, u64 k, int m) {
a| | auto [a, p@] = polydiv(p, q);
| auto ans = p@.size() ? solve(p0, q, k, m) : fps(m);
| for(int i = 0;i < m;++1i) {
w| | | if(k + i < (int) a.size()) ans[i] = (ans[i] + a[i + k]) % mod;
|
|

return ans;

al}

3.8 ZMAX (RLEERE)

x[1---n] RZ8, a[1---m][--- ] RHK.

LR .
Vie [1,m] : alil[0] + > alil[j]x[j] = 0
Jj=1
Vje[lLn]:x[j]=0
BAMK .
al0][jlx[J]
j=1

WRFTHRIEE nan, MRFEFIEM inf. HEH x BEEHHZHME.

using db = long double;
const db eps = 1le-16;
int sgn(db x) { return x < -eps ? -1
namespace LP {
| const int N = 21, M = 21;
int n, m;
db a[m + NI[N], x[N + M];
int id[N + M];
void pivot(int p, int o) {
std::swap(id[p], id[o + nl);
db w = -alollpl;
for(int i = 0;1 <= n;++1) alol[i] /= w;

: x > eps; }

15 alollpl = -1 / w;

i=0;1 <= m;++i) if(sgn(alillpl) 65 i != o) {
15 | db w = a[il[p]; alillp] = o;
16 | for(int j = 0;j <= n;++j) alil[j] += w % alol[jl;

\

\

| ;

| for(int
\

\

\

for(int i = 1;i <= n + m;++i) id[i] = i;
for(;;) {

|
|
|
|
|
|
|
|
14 |
|
|
’
| db solve() { // nan : X, inf : £F, FMREHZAE
(.
[

12
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0, min = 1;
<= my++i) |
alminl[0]) min = 1i;

int p =
for(int i = 1;i
| if(alil[e] <

-eps) break;
for(int 1 = 1;i <= n;++i) if(almin][i] > eps && id[i] > id[p]) {

| p=1;
}

[

[

.

| | if(alminl[0] >=
[

[

[

| | if(!p) return nan("");
| | pivot(p, min);

| }

| for(;;) {

[ | int p = 1;

| | for(int i = 1;i <= n;++i) if(ale][i] > alellpl) p = i;
[ 1f(a[0][p] < eps) break;

| | db min = INFINITY, int o = 0;

| | for(int i = 1;1 <= m;++1) 1f(a[1][p] < -eps) {

| | | db w =
[
[
[

I |

|

|

—a[1][0] / alillpl; int d = sgn(w - min);
| if(d < 0 || 'd §& id[i] > id[o]) o = i, min = w;
if('o) return INFINITY;
pivot(p, 0);
}
for(int i = 1;1i <= m;++i) x[id[i + n]] = a[i]l[0];
return af[0][o];
}
}
39 #E&=H

iBE f 7 [min(a,c), max(a,c)] ERIRKES  FEZBIETH).

findmax(db a, db ¢, auto f) {
auto g = [&1(db 1, db r) {

| return 1T + (r - 1) % (std::
};

b

|

| numbers ::
|

| db b = g(a, c), bv = f(b);
|

|

|

|

|

|

|

|

|

phi_v<db> - 1);

for(int i = 0;1i < 45;++1) {

| db x = g(a, b), xv = f(x);

| if(xv > bv) { // change here if findmin
| | ¢=Db, b=x, bv = xv;

| } else {

| | a =¢, C=X;

| }

}

return bv;

Y // logy 615(2) ~ 1.44

TR S
4.1 FEHEBE SAM
FERERYE.

s W N e
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int c¢[N][26], mx[N], fail[N], tot = 1;

int append(int id, int w) {
int p = id, now = ++ tot;
//right[now] = id;
for(mx[now] = mx[p]l + 1;p &5 !c[pllwl;p = faillpl)
| clpllw] = now;
if(!p) faillnow] =

| int q = c[pllw];
| if(mx[q] = mx[p] + 1) faillnow] = q;

|

|

|

|

|

| else {
|

|

| | else {
|

|

| | int x = ++ tot; mx[x] = mx[p] + 1;
| | memcpy(c[x], clql, sizeof(c[0])), faillx] = faillql; //right[x] =
rightlql;
| | for(faillgq] = faillnow] = x;p & c[p]llw] = q;p = faillp])
| clpllw]l = x;

|
[
|1}
|}

|

return now;

}
void buildtree() { // fFEI&E
| for(int i = 2;i <= tot;++i)
| | son[falillls[right[i] + mx[fa[i]]] - 'a']l = i;

4.2 [EIXBzmH PAM

int c[N][26], faill[N],
void init() {
| fail[e] = 1, len[++tot] = -1;
| // root is 1

len[N], tot

int get_fail(int o, char % x) {

| for(;*x !'= x[-len[o] - 1];)
| | o= faillol;
| return o;

}
int append(int o, char = x) {
| o = get_fail(o, x);
| int & p = cl[ol[*x - 'a'l;
| if(tp) {
| | fail[++tot] = c[get_fail(faillo], x)1[*x - 'a'l;
| | len[p = tot] = len[o] + 2;
| }
| return p;
}
43 AC B3l

const int sig = 26;
int son[N][sig], fall[N], cnt;
int ins(const char * c) {

| int x = 0;
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for(;*c;++c) {

6 1 | int & p = son[x][*c - 'a'l;
7| | if(!p) p = ++ cnt;

s| | X =p;

o |}

o| | return x;

11}

e |void build_ac() {
std::queue<int> Q;
for(int 1 = 0;i < sig;++i) if(son[@][i]) Q.push(son[0][i]);
for(;Q.size();) {
| int x = Q.front(); Q.pop();
| for(int i = 0;i < sig;++i)
| | if(son[x][i]) faillson[x]I[i]] = son[fail[x]1[i], Q.push(son[x][i]);
| | else son[x][i] = son[faill[x]1[il];
}

5|

1
1
1
17 {
1
1
1

44 SA
BERE, sa B0~ n— 1 #l, hli] = lep(s[sali] :], s[sali + 1] :])-

auto SA(const std::vector<int> & s) {
| int n = s.size();
| std::vector<int> sa(n), gap(n), rk(n), h(n - 1);
| std::vector<std::array<int, 2>> o(n);
| gap[o] = 1;
| for(int i = @;1i < n;++i) o[i] = {s[i], i};
| for(int L = 1;;L %= 2) {
| | for(int p=n, i =n - 1;i >= 0;--1) if(gapl[i]) {
| | | sort(o.begin() + i, o.begin() + p, [I(auto u, auto v) { return ul[0]
<vlel; b
| }I for(5--p > i;) gaplp] =
|
| int s = 0;
|
|
|

-

R Ny

o[plfe] '= o[p - 1][0];

for(int i = 0;1i < n;++i) rk[o[1][1]] = s += gapl[il];
if(s = n) break;
for(auto & [v, pl

:0)v=p+L<n?rklp+ L] : 0

}
for(int i
for(int i

0;i < n;++1) sa[i] = o[1][1];

0, k = 0;i < n;++i) if(rk[i] != n) {

| int j = sa[rk[i]];

| for(k -= Mk;i +k<né&§j+k<néss[i+ k] =
| hlrk[i] - 11 = k;

s[i + k1;++k);

return std::pair(sa, h);

1
1
1
1
1
1
1
17 {
1
1
1
1
1
1

4.5 Z algorithm
BEE Iep[i] = lep(s,s[i:]).

std::vector<int> lcp(s.size());

|
| lcplo] = s.size();
| for(int i =1, 1 =0, r = 0;i < (int) s.size();++i) {
| ] int & x = lcp[il;
| | if(i < r) x = std:z:min(lepl[i - 1], r - i);
| | for(;i + x < (int) s.size() && s[x] = s[i + xI;)
[ | X5
| ] if(i+x>r)l=1, r =1+ x;
|}
| return lcp;
}

4.6 Manacher
BESANEXFORNECERAN, FBYAEE.

std::vector<int> manacher(const std::string & s, bool is_even) {

| const int N = s.size() - is_even;
| std::vector<int> o(N); // &
| for(int 1 = @, mid = @0, r = 0;1 < N;++i) {
| | int & x = o[i] = 0;
| | if(i < r) x = stdaz:min(r - i, o[mid - i]);
| ] for(;i - x>= 088 i+ x <N & s[i-x] = s[i+ x+ is_evenl;)
[ X
| | if(i + x> 1) {
[ | | mid = i * 2;
[l r=1+x;
| |}
|}
| return o;
}

4.7 wmIINRFRE
RE s R NFRAORIGMIE . AT rotate BB /NERNTFE.

int minrep(const std::vector<int> & s) {
int k =0, i =0, j =1, n = size(s);
for(;k < n & i <n &8 3j<n;){

| if(int d = s[(i + k) % n] - s[(§ + k) % n]) {
| | (d>07?21i: j)+=k+ 1;

‘ | 1 +=1 =3, k =0;

| } else {

|+ Kk

|}

}
return std::min(i, j);

|
|
|
|
|
|
|
|
:
} // rotate(s.begin(), s.begin() + minrep(s), s.end());

4.8 Lyndon 7f#

std::vector<int> Zalgo(const std::string & s) {

1

1

14

auto duval(const std::vector<int> & s) {
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int n = s.size();
std::vector<std::vector<int>> res;
for(int i = 0;i < n;) {
| int j =1+ 1, k = i;
for(;j < n &8 s[k] <= s[jl;++j) {
| if(s[k] < s[31) {

| ] k= 1;
| } else {
| | ++ k;
|

}
}
for(;i <= k;i += j - k) {
| res.emplace_back(s.begin() + i, s.begin() + i + (j - k));

}
r

eturn res;

5 HiRLEN

5.1 XEmXERFHIREE
add XiEfm, query Xigsk#. XELEHAXIE.

// BERm, migskAn

struct BIT {

11 a[N], bINI];

void add(1l p, int v) {
| for(int i = p;i < N;i += 1 & -1i)
| | alil += v, b[i] += p * v;

}
11 qry(11 p) {
| 1l res = 0;
| for(int i = p;i;i 6= 1 - 1) res += (p + 1) * a[i] - b[il;
| return res;
}
void add(int 1, int r, int v) { add(l, v), add(r + 1, -v); }
11 gqry(int 1, int r) { return qry(r) - qry(l - 1); }
} bit;

5.2 zkw ZREgH
BoEXXEEE. MREESHAMITALA qry2.

struct seg {
11 o[1 << 20]; int L;
void upt(int x) {
| o[x] = o[x << 1] + o[x << 1 | 11;

| L =2 << std::__1lg(n + 1);
| for(int i = 1;i <= n;++i) o[i + L] = w[il;
| for(int i = L;i >= 1;--1) upt(i);

|
|
|
| void init(int n, int * w) {
|
|
|

1

15

}
void upt(int p, int v) {
| for(ol[p += L] += v;p >>= 1;upt(p));

11 qry(int 1, int r) {
| T+=L -1, r += L + 1;

return ans;

| 11 ans = 0;

| for(;L " r ™ 1;1 >>= 1, r >>= 1) {

| | if((L & 1) = 0) ans += o[l " 11;
\ }| if((r § 1) = 1) ans += o[r " 1];
\

\

if(1 = r) return o[l + LJ;

}
11 gqry2(int 1, int r) {
\
| 1L le = o[l + L], ri = o[r + L];
\
\
\
\
\
\

1+=1L, r += L;
for(;LU " r ™ 1;1 >>= 1, r >>= 1) {
| if((1 § 1) = 0) le = le + o[l "~ 11;
| if((r § 1) = 1) ri = o[r ™ 1] + ri;
return le + ri;
}
} sgt;

5.3 ESXEHE
O(nlogn) T, O(1) &if.

template<class T> struct rq {
| std::vector<std::vector<info>> v; // change type here
| T op;
| rqauto & a, T op) : v(1, a), op(op) {
| int n = a.size();
for(int d = 2;d < n;d += d) {
| auto & o = v.emplace_back(a);
| for(int j = d;j < n;j +=d + d) {
| | for(int k = 1;k < d;++k) {
| | | if(j + k < n) o[j + k] = op(o[j + k - 11, o[j + k1);
| | | olj-k=-11=op(olj -k - 1], o[j - kI);
I | }

\
\
\
\
\
\
\
\ }

|}
}
auto query(int 1, int r) {

| if(1 = r) return v[0][1];

| const int l1g = std::__1g(l " r);
}\ return op(v[lgll1l], vllglir]);

A

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
'

5.4 Link Cut Tree

int son[N][2], fa[N], rev[N];
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int get(int x, int p = 1) { return son[fa[x]I[p] = x; }
void update(int x) { }
int is_root(int x) { return !(get(x) |l get(x, 0)); }
void rotate(int x) {

| int y = fa[x], z = falyl, b = get(x);

| if(!is_root(y)) son[z]l[get(y)] = x;

| son[y][b] = son[x][!b], son[x][!b] = y;

| falson[yl[bl] = vy, falyl = x, falx] = z;

| update(y);
}
void put(int x) {

| if(x) rev[x] "= 1, std::swap(son[x][0], son[x]1[1]);

void down(int x) {

| if(rev[x]) {
| | put(son[x][0]);
| | put(son[x][11);
| | revlix] = 0;
|

}

void pushdown(int x) {
| if(!is_root(x)) pushdown(fal[x]);
| down(x);

void splay(int x) {
| for(pushdown(x);!is_root(x);rotate(x)) if(!is_root(falx]))
| | rotate(get(x) ™ get(fa[x]) ? x : fa[x]);
| update(x);

void access(int x) {
| for(int t = 0;x;son[x][1] = t, t = x, x= fa[x])
}1 | splay(x);

void makeroot(int x) {
| access(x), splay(x), put(x);

5.5 [Efi Trie

int ctz(u64 x) { return __builtin_ctzl1l(x); }
int clz(u64 x) { return __builtin_clzll1(x); }
struct ds {
std::vector<std::vector<u64>> o;
int d;
ds(int s) { // [0, s]
| do o.emplace_back((s >>= 6) + 1); while(s);
| d = o.size();

| for(int 1 = 0;1i < d;++i) {

| ] ub4t w = 1ull << (x &§ 63), &§ v = o[il[x >>= 61;
| | if(v & w) return ;

I v l=w
|

}

|
|
|
|
|
| void ins(int x) {
|
|
|
|
|

16

}

void del(int x) {

| for(int i = 0;i < d;++i) {

| ] ub4t w = 1ull << (x &§ 63), &§ v = o[i][x >>= 6];
| | if(v &= ~w) return ;

|}

}

int next(int x) const {

| for(int i = 0;i < d;++i) {

| int b = x & 63;

| if(ubs v = o[illx >>= 6] >> b >> 1) {
| | int ans = x * 64 + ctz(v) + b + 1;
| | for(int j =1 - 1;3 >= 0;--3)

| | | ans = ans * 64 + ctz(o[jl[ans]);
| | return ans;

|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| }
| }
| return -1;
| }
| int prev(int x) const {
| | for(int i = 0;1 < d;++i) {
| | | int b = x & 63;
| | | if(ues v = o[illx >>= 6] & ((1ull << b) - 1)) {
| | | | int ans = x % 64 + (63 - clz(v));
| | | | for(int j =1 - 1;j >= 0;--3) {
| | | | | ans = ans * 64 + (63 - clz(o[jllans]));
L1 1
| | | | return ans;
I
I
| | return -1;
|
| int min() const {
| | int ans = 0;
| | for(int j =d - 1;j >= 0;--j) ans = ans * 64 + ctz(o[jl[ans]);
| | return ans;
|
| int max() const {
| int ans = 0;
| | for(int j =d - 1;j >= 0;--j) ans = ans * 64 + (63 - clz(o[jl[ans]));
| | return ans;
|
b

5.6 pbds tree

#include <bits/extc++.h>

using namespace __gnu_pbds;

template<class T> // insert, erase, join, order_of_key, find_by_order(return
iterator), order is @-index

using Tree = tree<T, null_type, std::less<T>, rb_tree_tag,
tree_order_statistics_node_update>;
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6.2 Z=fRAm&L
6 geometry 62 Z=ZAE&l

= p2 bary(p2 a, p2 b, p2 ¢, db A, db B, db C) {
6.1 =& | return (a * A+b *B+c*C)/ (A+B+C);
using db = long double; }

const db eps = 1le-10;

db sgn(db x) { return x < -eps ? -1 : x > eps; }

db eq(db x, db y) { return !sgn(x - y); }

struct p2 {

| db x, y;

db norm() const { return x * x +y *x vy; }
db abs() const { return std::sqrt(x * x +y * y); }
db arg() const { return atan2(y, x); }

|

|

|
H
db arg(p2 x, p2 y) {

| db a = y.arg() - x.arg();

| if(a > pi) a -= pi * 2;

| if(a < -pi) a += pi * 2;

| return aj;
}
p2 r90(p2 x) { return {-x.y, x.x}; }
p2 operator + (p2 x, p2 y) { return {x.x + y.x, x.y + y.y}; }
p2 operator - (p2 x, p2 y) { return {x.x - y.x, x.y - y.y}; }
p2 operator / (p2 x, db y) { return {x.x /vy, x.y / v}; }
p2 operator * (p2 x, db y) { return {x.x * vy, x.y * y}; }
p2 operator * (db y, p2 x) { return {x.x * vy, x.y * y}; }
db operator * (p2 x, p2 y) { return x.x * y.y - X.y * y.Xx; }
db operator % (p2 x, p2 y) { return x.x * y.x + X.y * y.y; }
int half(p2 x){return x.y < @ [| (x.y = 0 §& x.x <= 0); }
int half(p2 x){return x.y < -eps || (std fabs(x.y) < eps &6 x.x < eps);}

a, p2 b) { return half(a) = half(b) ? a * b > 0 : half(b); }
half(B) 86 eq(A * B, 0) ; }

bool cmp(p2

bool cmp_eq(p2 A, p2 B) { return half(A) =

// g A, B, C =N REREEEITEIIF

// WRZ, BE 1

/7 wmR (A, B), (C, B) EAMEIiLE, &E -1

// WRZInETE, BRE 0

bool cmp_ct(p2 A, p2 B, p2 C) {
| if(cmp_eq(A, B)) return -1;

| if(cmp_eq(C, B)) return -1;

| if(cmp(A, B)) {

| | return cmp(B, C) |l cmp(C, A);

| } else {

| | return cmp(B, C) &§& cmp(C, A);

|}

}

// 8 DP

struct pr { int i, j; p2 get() const { return al[j] - al[il; } };

bool cmpseg(pr x, pr y) {
| p2 A = x.get(), B = y.get();
| if(!tcmp(A, B) && !cmp(B, A)) return a[x.i] % A < aly.i] % A;
| return cmp(A, B);

}
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p2 centroid(p2 A, p2 B, p2 C) {
return bary(A, B, C, 1, 1, 1);
} // Ei
p2 circumcenter(p2 A, p2 B, p2 C) {
| dba = (B - C).norm(), b = (C - A).norm(), ¢ = (A - B).norm();
| return bary(A, B, C, ax(b+c-a), b*(c+a-b), cx(a+b-c));
Y/ aNG, NERIED, SRR EENES
p2 incenter(p2 A, p2 B, p2 C) {
| return bary(A, B, C, (B-C).abs(),
Y/ AL, AERERD, ZARTIENRS
p2 orthocenter(p2 A, p2 B, p2 C) {
| db a = (B - C).norm(), b = (C - A).norm(), ¢ = (A - B).norm();
| return bary(A, B, C, (a+b-c)*(c+a-b), (b+c-a)x(a+b-c), (c+a-b)*(b+c-a));
}//ﬁm,_mm%ﬁTMx
p2 excenter(p2 A, p2 B, p2 Cc) {
| db a = (B - C).abs(), b = (A - C).abs(), c =
| return bary(A, B, C, -a, b, c¢);
| // return bary(A, B, C, a, -b, c);
| // return bary(A, B, C, a, b, -c);
AW%M?%%ﬂﬁﬁﬁAW%M%%$ﬁ%mx

(A-C).abs(), (A-B).abs());

(A - B).abs();

Y /B

6.3 H%&+THE

struct line : p2 {

| db z;

// a*xx+b*xy+c(=or >0

line() = default;

line(db a, db b, db c¢) : p2{a, b}, z(c) {}

line(p2 a, p2 b) : p2(r90(b - a)), z(a = b) { } /&M > 0
db operator ()(p2 a) const { return a % p2(xthis) + z; }
line perp() const { return {y, -x, 0}; } // E&
line para(p2 o) { return {x, y, z - (*this)(o)}; } // ¥iT

operator & (line x, line y) {

return p2{p2{x.z, x.y} * p2{y.z, y.y}, p2{x.x, x.z} = p2{y.x, y.z}} /
-(p2(x) * p2(y));

| // FERELAHEERERK, FERSRE

p2 proj(p2 x, line 1){return x - p2(l) * (L(x) / l.norm());}//#%

p2 refl(p2 x, line 1){return x - p2(1) * (1(x) / l.norm()) * 2;}//%#
db dist(line 1, p2 x={0, 0}){return 1(x) / l.abs();}//ﬁr'cTJ,ﬁélJZ%EEF%%r
bool is_para(line x, line y){return eq(p2(x) * p2(y), 0);}//FIErFIT
bool is_perp(line x, line y){return eq(p2(x) % p2(y), 0);}//¥lkEES
bool online(p2 x, line 1) { return eq(l(x), 0); } // ¥lEiS&EZL L

int ccw(p2 a, p2 b, p2 c) {

UK res.y

| int sign = sgn((b - a) * (c - a));
if(sign = 0) {
| if(sgn((b - a) % (c - a)) = -1) return 2;

if((c - a).norm() > (b - a).norm() + eps) return -2;

|
|
(.
|}
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| return sign;

}
db det(line a, line b, line c) {
| p2 A=a, B=b, C=c;
| return c.z * (A * B) + a.z x (B * C) + b.z x (C * A);
}
db check(line a, line b, line c) { // sgn same as c(a & b), 0 if error

| return sgn(det(a, b, c)) * sgn(p2(a) * p2(b));

}
bool paraS(line a, line b) { // H&EM

| return is_para(a, b) && p2(a) % p2(b) > 0;
}

6.4 FFMmMIR

std::vector<p2> HPI(std::vector<line> vs) {
auto cmp = [1(line a, line b) {

| if(paraS(a, b)) return dist(a) < dist(b);
| return ::cmp(p2(a), p2(b));

|

|

|

| sort(vs.begin(), vs.end(), cmp);

| int ah = @, at = 0, n = size(vs);

| std::vector<line> deq(n + 1);
| std::vector<p2> ans(n);

| deqlo] = vs[o];

| for(int 1 = 1;i <= n;++i) {

| | line o =1 < n ? vs[i] : deqlah];

| | if(paraS(vs[i - 1], o)) continue;

| | for(;ah < at && check(deq[at - 1], deql[atl, o) < 0;) -- at;//maybe <=
| | if(i !'= n) for(;ah < at && check(deq[ah], deqlah + 11, o) < 0;) ++ ah;
| | if(!is_para(o, deqlatl])) {

| | | ans[at] = o & deqlat];

[

1 |

|

|

| deq[++at] = o;

if(at - ah <= 2) return {};
return {ans.begin() + ah, ans.begin() + at};

6.5 %ZkEg

struct seg {
| P2 X, V¥;
seg() {}
seg(const p2 & A, const p2 & B) : x(A), y(B) {}
bool onseg(const p2 & o) const {
| return (o - x) % (o - y) < eps &5 std::fabs((o - x) * (0o - y)) < eps;

}
d
if((o.x - 0.y) % (x - 0.y) <= eps) return (x - o.y).abs();

if((o.y - 0.x) % (x - 0.x) <= eps) return (x - o0.x).abs();

|

|

|

|

| }

b dist(const seg & o, const p2 & x) {

|

|

| return fabs((o.x - x) * (o.y - x) / (0o.x - o.y).abs());

}

bool is_isc(const seg & x, const seg & y) {
| return
| ] cew(x.x, X.y, y.x) * ccw(x.x, X.y, y.y) <= 0 &&
}| | cew(y.x, y.y, x.x) * ccw(y.x, y.y, X.y) <= 0;
db dist(const seg & x, const seg & y) {
| if(is_isc(x, y)) return 0;
| return std::min({dist(y, x.x), dist(y, x.y), dist(x, y.x), dist(x, y.y)});
}
6.6 EREZIHF

db
|
|
|
|
|

}
|
|
|
|
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using polygon =
// counter-clockwise

bool is_convex(const polygon & x, bool strict =

std::vector<p2>;

area(const polygon & x) {
db res = 0;
for(int i = 2;i < (int) x.size();++i) {

| res += (x[i - 1] - x[0]) * (x[i] - x[0]);
return res / 2;

1) {
// warning, maybe wrong
const db z = strict ? eps : -eps;
for(int i = 2;i < (int) x.size() + 2;++i) {
| if((x[(i - 1) % x.size()] - x[1 - 2]) * (x[i % x.size()] - x[i - 2]) <
z) return 0;

return 1;
int contain(const std::vector<p2> & a, p2 o) { // HEZHHEAEHE
bool in = 0;
for(int i = 0;i < (int) a.size();++i) {
| p2 x = al[i] - o, y = a[(i + 1) % a.size()] - o;
if(x.y > y.y) std::swap(x, y);

\
| if(x.y <= eps &§& y.y > eps §& x *x y < -eps) in "= 1;
| if(std::fabs(x * y) < eps &5 x % y < eps) return 2; // #&ELE, BELX
}
return in;
}
6.7 EEREZBE=AED

std::vector<std::array<int, 3>> triangulate(std::vector<p2> a) {

int n = a.size();
std::vector<int> prev(n), next(n), ear(n);
auto in = [1(p2 p, p2 a, p2 b, p2 c) {
| return area(p, a, b) >= -eps && area(p, b, c) >= -eps &§& area(p, c, a)
>= -eps;
auto is_ear = [§](int x) {
| if(area(alprev[x]], alx], alnext[x]]) <= eps) return 0;
| for(int i = next[next[x]];i != prev[x];i = next[i])
| | if(in(ali], alprevix]l, alx], alnext[x]1))
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6.9 BEmKRRZ
| | | | return 0; s| | if(x < -eps) return {};
| | return 1; o] | x = std:rsqrt(x * sgn(x));
|} 7| | p2 z = p2(o) - v *(d/ L), p=Rv>*(x/L);
| for(int 1 = 0;i < n;++1i) { s| | return {z + p, z - p};
| | next[i] = (i + 1) % n, prev[(i + 1) % n] = ol // U REMERKAE, BARERZSIZGELINT
|} w|std::vector<p2> operator & (circle o, seg s) {
| for(int i = 0;i < n;++i) { u| | std::vector<p2> b;
| | ear[i] = is_ear(i); | | for(p2 x : (o & s.to_1()))
|} s | ] if(s.onseg(x)) b.push_back(x);
| std::vector<std::array<int, 3>> ans(n - 2); w| | return b;
| for(int ec = @, cur = @;ec < n - 2;++ec) { 5
| | for(;lear[cur];) cur = next[curl; 6| std::vector<p2> operator & (circle 0@, circle ol) {
| ] int a = prev[cur], b = cur, ¢ = next[cur]; v | p2 tmp = (p2(ol) - p2(00)) * 2.;
| | ansl[ec] = {a, b, c}; s| | return o0 & line(tmp.x, tmp.y, ol.r * ol.r - 00.r * 00.r + o@.norm() -
| | nextl[a] = c, prev[c] = a; ol.norm());
| | earl[al] = is_ear(a), ear[c] = is_ear(c); "
| | cur = next[cur]; »|std::vector<p2> tang(circle o, p2 x) {
|} a| | db d = (x - p2(0)).abs();
| return ans; 2| | if(d <= o.r + eps) return {};

Y/ RS

6.8

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1

bool contains(p2 x, p2 y, const std::

us
st
p2
au
|
H
fo
|

|
|
|
S0

in
fo

vector<p2> & a) {
ing pr = std::pair<double, int>;

d::vector<pr> e = {pr(-inf, 0),
t=vy - X;

to f = [8]1(p2 a, p2 b, p2 ¢, p2 d) {

pr(inf, 0)};

return (b - a).abs() * ((c - a) * (d-1c¢)) / ((b-a) = (d-c));

r(int 1 = 0;1 < (int) a.size();++1) {
p2 u = a[il, v = a[(i + 1) % a.size()];
int a = sgn(t * (u - x));
int b = sgn(t * (v - x));
if(a != b) e.emplace_back(f(x, y, u, v), b - a);
rt(e.begin(), e.end());
t sum = 0; db R = t.abs();
r(int 1 = 0;1 + 1 < (int) e.size();++i) {

| sum += e[i].second;
| if(sum = 0 && std::max(e[i].first, 0.) + eps < std::min(e[i +
1].first, R)) {
| | return 0;
| }
}
return 1;

6.9 [EfK3

struct circle : p2 { db r; };

std::vector<p2> operator & (circle o, line 1) {
| p2 v =1, Rv = r90(v); db L = l.abs();
| db d = 1(p2(0)) / L, x = o.r * o.r - d * d;
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| return o & circle{x, sqrt(d * d - o.r * o.r)};

/ Zf® (o, a, b) FME o WZXWEBER * 2
b intersect(circle o, p2 a, p2 b) {
|
|
|
|
|
|
|
|
|
|
|

a ~

a=a-p2(o), b =b - p2(o); 0.x =
int va = a.abs() <= o.r + eps;

int vb = b.abs() <= o.r + eps;
if(va §& vb) return a * b;

auto v = o & segia, b}; // FEXE, BULEX—T onseg, XEFITHE
if(v.empty()) return arg(a, b) * o.r * o.r;

db sum = 0;

sum += va ? a * v[0] : arg(a, v[0]) * o.r * o.r;

sum += vb ? v.back() * b : arg(v.back(), b) * o.r * o.r;
if(v.size() > 1) sum += v[0] » v[1];

return sum;

/ BESHEER * 2, arg THK

b csegS(circle o, p2 a, p2 b) {
| a =a - p2(o);

| b =b - p2(o);

| db d = b.arg() - a.arg();

| if(d < 0) d += pi * 2;

| return d *x o.r * 0.r - a * b;

/ FEZMER * 2

b intersect(circle 00, circle ol) {
| if(o@.r > ol.r) std::swap(o0, 01);

| db d = (p2(00@) - p2(ol)).abs();

| if(d <= (ol.r - 00.r) + eps) return 2 * pi * 00.r * 00.r;
| if(d >= ol.r + 00.r - eps) return 0;

| auto v = 00 & ol;

| return csegS(o0, v[1], v[0]) + csegS(ol, v[0], v[1]);
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6.10 8
R AR

db cross(p2 x, p2 vy, p2 z) { return (y.x - x.x) * (z.y - x.y) - (y.y - x.y) *
(z.x - x.x); }
std::vector<p2> gethull(std::vector<p2> o) {
| rgs::sort(o, [1(p2 x, p2 y) { return eq(x.x, y.Xx) ? X.y < y.y :
b);
o.erase(unique(o.begin(), o.end(), [1(p2 x, p2 y) {
| return eq(x.x, y.x) &§& eq(x.y, y.y);
}), o.end());
std::vector<p2> s;
for(int i = 0;i < (int) o.size();++i) {
| for(;s.size() >= 2 && cross(s.rbegin()[1], s.back(), o[i]) <= eps;)
| | s.pop_back();
| s.push_back(o[il]);

X.X < V.X;

for(int i = o.size() - 2, t = s.size();i >= 0;--1) {
| for(;s.size() > t && cross(s.rbegin()[1], s.back(), o[i]) <= eps;)
| | s.pop_back();
| s.push_back(o[i]);

if(s.size() > 1) s.pop_back();

return s;

Y // BEA eps ML -eps AIKREFAAELNE S

int findmin(std::vector<p2> & a, auto cmp) {

int 1 =0, r = a.size() -1, d = 1;
if(cmp(a.back(), al[0])) std::swap(l, r), d = -1;
for(;(r - 1) »d > 1;) {

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

|

|

| ] int mid = (1 + r) >> 1;

| | if(cmp(almid], almid - d]) & cmp(almid]l, alll)) {
[ | I U= mid;

| ] } else {

| | | r = mid;

| |}

|}

| return 1;

} // cmp is less, and a.size()>0 plz

int contains(std::vector<p2> & a, p2 x) {
| auto it = lower_bound(a.begin() + 2, a.end(), x, [&](p2 x, p2 y) {
| | return cross(al0]l, x, y) > 0;

| 1);

| 11 c@ = cross(it[-1], *it, x), cl = cross(al[o], a[1]l, x);

| if(it != a.end() &6 c0 >= 0 &§6 cl >= 0) {

| | return c@ > 0 §§ c1 > @ &§& cross(a.back(), a[0], x) > 0 ? IN
| } else {

| | return 0;

|

: ON;

}
} // a.size()>2 plz

6.11 Lt
GEREARAIREE

std::vector<p2> gethull(std::vector<p2>

sort(o.begin(), o.end(), [1(p2 x, p2
| if(x.x = y.x) {
| return x.y > y.y; // gt = 1t

\
| } else {
| | return Xx.x < y.Xx;
|}
});
std::vector<p2> stack;
for(p2 x : o) {
| if(stack.size() && stack.back().x = x.x) {
| continue;

\
| }
| for(;stack.size() >= 2 &§& cross(stack.rbegin()[1], stack.back(), x) >=
0

)1/ gt = 1t
| | stack.pop_back();
|}

| stack.push_back(x);

return stack;

612 EH/INRE=

s w o e

|
}
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struct circle :
circle incircle(p2 a, p2 b, p2 c) {

p2 { db r; };

db A = (b - ¢).abs(), B = (c - a).abs(), C = (a - b).abs();
return {(a * A+ b *B+c*C)/ (A+B+ C), fabs((b - a) * (¢c - a)) /
(A + B+ Q)};

Y/ ZEmEALL, TRENEBSENE
circle circumcircle(p2 a, p2 b, p2 c) {

p2 bc =
p2 o =
return {o, (a

c-b,ca=a-c¢ ab=>b- a;
(b + ¢ - r90(bc) * (ca % ab) / (ca = ab)) / 2;
- 0).abs()};

} // SEmEMER
circle cir(p2 a, p2 b) { // RBERERE

return {(a + b) / 2, (a - b).abs() / 2};

bool in(circle x, p2 y) { return (p2(x) - y).abs() <= x.r + eps; }
circle mincircle(std::vector<p2> a) { // ®&/MEBE=E, FZE shuffle

circle o = {a[0], 0};
int n = a.size();
for(int i = 1;1i < n;++i) {
| if(in(o, al[il])) continue;
o = cir(ale], a[il);
for(int j = 1;j < i;++j) {
| if(in(o, aljl)) continue;
| o= cir(aljl, alil);
| for(int k = 0;k < j;++k) {
| | if(inCo, alkl])) continue;
| }| o = circumcircle(alil, aljl, alkl);
|

}
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6.16 VI[E
|} w| | return res;
| return o; ul} // e
6.16 V [&

6.13 miLmxt

db mindist(std::vector<p2> a) {
| db ans = 1el8;
sort(a.begin(), a.end(), [1(p2 x, p2 y) { return x.x < y.x; });

ans = (a[0] - a[1]).abs();
auto solve = [&](auto s, int 1, int r) {
| if(lL + 1 = r) return ;
int mid = (1 + r) >> 1;
db mx = a[mid].x;

static std::vector<p2> b; b.clear();
inplace_merge(a.begin() + 1, a.begin() + mid, a.begin() + r, [1(p2 x,
p2 y) { return x.y < y.y; });

| for(int i = 1;1 < r;++i)

| | if(fabs(a[i]l.x - mx) <= ans) b.push_back(a[il);

| for(int i = 1;i < (int) b.size();++i)

| | for(int j =1 - 1;j >= 0 & b[i].y <= b[jl.y + ans;--j) ans =

std::min(ans, (b[i] - b[j]).abs());

|
|
| s(s, 1, mid), s(s, mid, r);
|
|

|}
| solve(solve, 0, a.size());
| return ans;

6.14 MEER

db convex_diameter(std::vector<p2> & o) {
| int n = size(o);
db max = 0;
for(int 1 = 0, j =1 % n;i < j;++i) {
| for(;;3 = (3 + 1) %n){
| | max = std::max(max, (o[j] - o[il).abs());
| | if(Co[i + 1] - o[i]) * (o[(j + 1) % n] - o[j]1) <= @) break;
| }
}
return max;

P/ DBER, TREZRHK

1
1
1
1
1
1
1
1

6.15 HILE

std::vector<p2> cut(const std::vector<p2> & o, line 1) {
std::vector<p2> res;

|

| int n = size(o);

| for(int i = 0;i < n;++i) {

| ] p2 a = o[i]l, b = o[(i + 1) % nI;

| | if(sgn(1(a)) >= 0) res.push_back(a); // *E sgn #E

| | if(sgn(1(a)) = sgn(l(b)) < 0) res.push_back(line(a, b) & 1);
|

|

if(res.size() <= 2) return {};

® w e o e W N =
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std::vector<line> cut(const std::vector<line> & o, line 1) {
| std::vector<line> res;

int n = size(o);
for(int i = 0;i < n;++i) {
| line a = o[i], b = of[(i + 1) % n], c = o[(i + 2) % nl;
int va = check(a, b, 1), vb = check(b, c, 1);
if(va >0 || vb >0 || (va = 085 vb = 0)) {

| res.push_back(b);
if(va >= 0 66 vb < 0) {
| res.push_back(l);
}
}
if(res.size() <= 2) return {};
return res;

line bisector(p2 a, p2 b) { return line(a.x - b.x, a.y - b.y, (b.norm() -

a.norm()) / 2); }
line bisector(circle a, circle b) {
| return line(a.x - b.x, a.y - b.y, (b.norm() - a.norm() + a.r * a.r - b.r *
b.r) / 2);
} // a b TERBEXEHE, for power diagram

std::vector<std::vector<line>> voronoi(std::vector<p2> p) {
| int n = p.size();
auto b = p; shuffle(b.begin(), b.end(), gen);
const db V = 1e5; // BiEKDN, EE
std::vector<std::vector<line>> a(n, {
| {v, 0, v v}, {0, v, V * V},
‘ {_Vl 01 Vo * V}r {01 _Vr Vo * V}r

|

|

|

|

|

| .
| for(int i =
|

|

|

|

|

1
0;1 < n;++i) {
| for(p2 x : b) if((x - p[il).abs() > eps) {
\ }| a[i] = cut(al[il], bisector(p[il, x));
\
}
return a;

6.17 Delaunay =I5

using 1128 = __int128;
using Q = struct Quads;
p2 arb(LLONG_MAX, LLONG_MAX);
struct Quad {
| Q rot, o; p2 p = arb; bool mark;
| p2& F() { return r() -> p; }
| Q@& r() { return rot->rot; }

| Q prev() { return rot->o->rot; }
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1

Q next() { return r()->prev(); }

} *H;

11
1

}
bool circ(p2 p, p2 a, p2 b p2 c) { // p BREE a,

1

1
1

cross(p2 a, p2 b, p2 c) {
return (b - a) * (c - a);

b, c sMEEF

i128 p2 = p.norm(), A = a.norm() - p2, B = b.norm() - p2, C = c.norm() -
p2;
a=a-p,b=b-p, c=c-p;

return (a * b) * C+ (b *c) * A+ (c xa) B > 0;

}
Q link(p2 orig, p2 dest) {

1
1
1
1
1
1

Vo

1
1
}
Q
|
1
1
}
st

1
1
1
1
1
1
1
1

#d
#d

1

1
1
1
1
1
1
1
#d
1
1
1
1

Qr =H ?H : new Quad{new Quad{new Quad{new Quad{0}}}};
H=r ->0;r->r()->r()=r;
for(int i = 0;1 < 4;++i)

| r=r ->rot, r->p=arb, r->0=1&612r:r ->r();
r -> p = orig, r -> F() = dest;
return r;

id splice(Q a, Q b) {
std::swap(a -> o -> rot -> 0, b -> 0 -> rot -> 0);
std::swap(a -> o, b -> 0);

conn(Q a, Q b) {
Q q = link(a -> F(), b
splice(q, a -> next());

-> p);

splice(q -> r(), b);
return q;
d::pair<Q, Q> rec(const std::vector<p2> & s) {
int N = size(s);
if(N <= 3) {
| Q a = link(s[@], s[1]), b = link(s[1], s.back());

| if(N = 2) return {a, a -> r()};
| splice(a -> r(), b);

| 11 side =
|

|

cross(s[0], s[11, s[21);
Q ¢ = side ? conn(b, a) : 0
return {side < @ ? ¢c->r() : a, side <0 ? c : b -> r() };
efine H(e) e -> F(), e ->
efine valid(e) (cross(e- >F() H(base)) > 0)
int half = N / 2;
auto [ra, A] = rec({s.begin(), s.end() - half});
auto [B, rb]l = rec({s.end() - half, s. end()});
while((cross(B -> p, H(A)) < 0 8§ (A -> next())) |

| | (cross(A -> p, H(B)) > 0 &6 (B
Q base = conn(B -> r(), A);
if(A -> p = ra -> p) ra base -> r();
if(B -> p rb -> p) rb = base;
efine DEL(e, init, dir) Q e = init -> dir; if(valid(e)) \
for(;circ(e -> dir -> F(), H(base), e -> F());) { \

-> r() ->0)));

| Qt=-e ->dir; \

| splice(e, e -> prev()); \

| splice(e -> r(), e -> r() -> prev()); \
| e ->0=H, H==¢e¢, e = t; \

22

}
for(;;) {
| DEL(LC, base -> r(), 0);
| DEL(RC, base, prev());
| if(!valid(LC) && !valid(RC)) break;
| if(!valid(LC) || (valid(RC) &8& circ(H(RC), H(LC))))
| | base = ;
|
\

conn(RC, base -> r());
else
| base = conn(base -> r(), LC -> r());
}
return {ra, rb};
}
std::vector<p2> triangulate(std::vector<p2> a) {

| sort(a.begin(), a.end()); // unique

| if((int)size(a) < 2) return {};

| Q e = rec(a).first;

| std::vector<Q> q = {e};

| while(cross(e -> o -> F(), e -> F(),
#define ADD { Q ¢ = e; do { ¢ -> mark =

e ->p)<0)e-=

e -> 0;
1; a.push_back(c -> p); \

| gq.push_back(c -> r()), ¢ = ¢ -> next(); } while(c != e); }

| ADD; a.clear();

| for(int gqi = @0;qi < (int) size(q);) if(!(e =
| return a;
Y/ Elﬁ:FEH‘J‘%Jr faf \{tlolleo], tloll1], tloll2], t[1][e],

qlqi++]) -> mark) ADD;

\dots\}

7 geometry3d

7.1 @E
struct p3 {
| db x, y, z;

| db norm() const { return x * x + y xy + z % z; }

| db abs() const { return std::sqrt(norm()); }
p3 operator + (p3 x, p3 y){ return {x.x + y.Xx, X.y + y.y, X.z + y.z}; }
p3 operator - (p3 x, p3 y){ return {x.x - y.x, x.y - y.y, x.z - y.z}; }
p3 operator * (p3 x, db y) { return {x.x * vy, X.y * vy, Xx.z * y};
p3 operator / (p3 x, db y) { return {x.x /vy, x.y /vy, x.z / y}; }
p3 operator * (p3 x, p3 y) { // ZHNFEEE=NHEE
| return {
| ] Xy *y.Z - X.Z *x Y.y,
| ] X.Z * y.X - X.X * Y.z,
|| XX % Y.y - X.y * y.
[}
}
db operator % (p3 x, p3 y) { return x.x * y.Xx + X.y * y.y + X.zZ * y.z; }

perpvec(p3 x) {
| return fabs(x.x) > fabs(x.z) ? p3{ x.y, -x.x, 0 } :
} /) BRI ESGREREEENEZ

p3{o,

db area(p3 a, p3 b, p3 c) { return ((b - a) * (c - a)).abs();

,fi?:
db volume(p3 d, p3 a, p3 b, p3 ¢) { // WEEGEEHFNE
| return (d - a) % ((b - a) * (c - a));

-X.z, X.V};

Y/ ZAREER
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7.2 FHE

struct plane {

| p3 n; db d; // n dot x =d

| plane() {}

| plane(p3 a, p3 b, p3 c) : n((c -a) *x(b-a)){d=n%a; }
| db side(p3 x) const { return n % x - d; }

| db dist(p3 w) const { return side(w) / n.abs(); }
|

p3 proj(p3 w) const { return w - n * (side(w) / n.norm()); }

® w e w e W e e

73 HZk

struct line3 {
| p3 d, o; // kd + o

1ine3() {}

line3(p3 p, p3 q) : d(q - p), o(p) {}

line3(plane p1, plane p2) : d(pl.n * p2.n) { // FEZTHEZ
| o = (p2.n x pl.d - pl.n * p2.d) » d / d.norm();

db dist(p3 p) const { return (d * (p - 0)).abs() / d.abs(); }
p3 proj(p3 p) const { return o +d * (d % (p - 0)) / d.norm(); }//#%
10 p3 relf(p3 p) const { return proj(p) * 2 - p; } // Xi#R

|
|
|
|
|
|
|
|
|
|
y
b
|
|

" p3 operator & (const plane & p) const { // &5F@E3
12 | return o - d * p.side(o) / (p.n % d);

1 }

14 }

5 |db dist(line3 11, 1line3 12) {

16 p3 n = 11.d * 12.d;

1 if(n.abs() < eps) return 11.dist(12.0);

18 return abs((12.0 - 11.0) % n) / n.abs();

wl}

20| P

p3 n2 = 12.d % (11.d * 12.d);

3 closestOnL1(line3 11, line3 12) {
|
| return 11.0 + 11.d * ((12.0 - 11.0) % n2) / (11.d % n2);

23 }

u|bool ispara(plane pl, plane p2){return(pl.n * p2.n).abs() < eps;}//FIMFZEFIT
»|bool ispara(line3 p1, line3 p2){return(pl.d * p2.d).abs() < eps;}//#IHF2HEEIT
x| bool isperp(plane p1, plane p2){return fabs(pl.n % p2.n) < eps;}//¥IMETEH
»|bool isperp(line3 p1, line3 p2){return fabs(pl.d % p2.d) < eps;}//¥IMERTEL

»|line3 perpthrough(plane p, p3 o){return line3(o, o + p.n);}//TTEE—SMEL

7.4 M8

1| const int N = 2005;

| struct face { int a[3]; plane p; };

s|int vis[N][N];

4| std::vector<face> f;

s|void convex3d(const std::vector<p3> & a) { // need to deal coplane

o | if(a.size() < 3) return ;

7| | auto getface = [&](int i, int j, int k) -> face { return {{i, j, Kk},
plane(alil, aljl, alkD}; };

f = {getface(0, 1, 2), getface(0, 2, 1)};

std::vector<face> tmp[2];

o |

o ]

for(int i = 3;i < (int) a.size();++i) {
| for(auto x : f) {
| if(x.p.dist(ali]) < -eps) {
| tmp -> push_back(x);

|

" | } else {
| | tmp[1].push_back(x);

16 | | for(int t : {@, 1, 2}) vis[x.alt]ll[x.al(t + 1) % 31] = i;
|

for(int t : {0, 1, 2}) {

| if(vis[x.al[t]l[x.al(t + 1) % 311
[x.a[t]] != i)

| tmp[0].push_back(getface(x.al[t], x.a[(t + 1) % 31, i));

\
\
\
\
\
\
| }

| for(auto x : tmp[1]) {

[

| i &§& vis[x.al(t + 1) % 31]
[
| f = tmp[0]; tmp[@].clear(); tmp[1].clear();

for(int 1 = 0;i < (int)a.size();++i) memset(vis[i], 0, a.size() << 2);

8 Misc
8.1 Pragma

GCC optimize("Ofast")

GCC optimize("unroll-loops")

GCC target("sse,sse2,sse3,ssse3,sse4,popcnt,abm,mmx,avx,avx2")
pack(1) // default=8

#pragma
#pragma
#pragma
#pragma

T

8.2 Barrett

struct DIV {
| ub4 x;
| void init(ué4 v) { x = -2ull / v + 1; }
Yo/ EBIRERA x = -1ull/v;
// ret=ans while x*(y-1)<2"64, ans-1<=ret<=ans while x<2"64
u6s4 operator / (const ué64 & x, const DIV & y) {
| return (ul28) x * y.x >> 64;

L T R

8.3 [RIRE[RRFE
R p RFH. WRE (0)int128, KEFEIFKELAK 6.

struct Divcheck {

| u6b4 inv, 1;

| Divcheck(u64 p) {

| | inv = p, 1 = -1ull / p;

| | for(int j = 0;j < 5;++j) inv *= 2 - inv * p;
|

|

P N G Rt

bool check(u64 x) const {

23
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| | return x * inv <= 1;
|}
b
struct Divcheckll {
| u64 inv; 11 1, r;
| Divcheckll(1l p) {
| | inv = p, 1 = LLONG_MIN / p, r = LLONG_MAX / p;
| | for(int j = @0;j < 5;++3j) inv *= 2 - inv % p;
|
|
|
|
1

}
bool check(1l x) const {
| return x *= inv, 1 <= x §& x <= r;

}
}
8.4 LCS
int lim;

struct bitset {

static const int B =
ub4 a[N / B + 11;
void set(int p) { alp / B] |= 1ull << (p % B); }
bool test(int p) { return a[p / B] >> (p % B) &§ 1; }
void run(const bitset & o) {

| 63;
|

|

|
[
|

|

|

|

|

|

ub4 c = 1;
| for(int i = 0;1 < lim;++1) {
| | ubs x = a[il, y = x | o.a[il;
| | x +=x + ¢ + (~y & (Lull << 63) - 1);
| | alil = x &y, c = x > 63;
|
}
} dp;

8.5 HEAR
getday IREIH 1/1/1 &8 y/m/d BIX%, 1/1/1 ZEH—, FLUE 7 TUBSEHEEATL.
date 2 getday B,

// Mon = 0, ... % 7
// days since 1/1/1
int getday(int y, int m, int d) {
| if(m < 3) -- y, m += 12;
| return (365 xy +y / 4 -y /100 +vy / 400 + (153 * (m - 3) +2) / 5 + d

- 307);
}
void date(int n, int & y, int & m, int & d) {
| n+= 429 + ((4 * n + 1227) / 146097 + 1) %= 3 / 4;
|y = (4 * n - 489) / 1461;
| n-=vy x 1461 / &4;
| m=(5%n-1) / 153;
| d =n-mx* 153 / 5;
| if (--m > 12) m -= 12, ++y;
}

8.6 Xorshift
u64 xorshift(ués x) { x "= x << 13; x ™= x >> 7; x "= x << 17; return x; }
u32 xorshift(u32 x) { x "= x << 13; x "= x >> 17; x "= x << 5; return x; }

8.7 distributions
8.8 python

import sys

sys.set_int_max_str_digits(10*x9) # for large integer string conversion

sys.stdout.flush() # I0 X% E

import math

print(math.comb(10, 5), math.factorial(10))

print(math.gcd(3, 6, 9), math.gcd(16, 12))

print(math.lcm(4, 6, 9), math.lcm(4, 8))

print(math.isqrt(5))

from fractions import Fraction

a=Fraction(math.e).limit_denominator(10) # RESEF#EIT 10 HHEIESH,
— default=1e6

u,v=a.as_integer_ratio()

u,v=a.numerator,a.denominator # F_Em—#f

print(u,'/",v)

from decimal importx*

getcontext().prec = 100 #default=28

a, b = Decimal(114), Decimal('514")

print(a/b,(a/b)**3)

import sys

input=lambda:sys.stdin.readline().rstrip() # PRi&

print('haha', flush=True) # ZEH

sys.stdout.flush() # ZHEHXA

@ e W on e

8.9 ELRHREE
float : 1 bit sign, 8 bit exponent, 23 bit mantissa
double : 1 bit sign, 11 bit exponent, 52 bit mantissa

long double : 1 bit sign, 15 bit exponent, 64 bit mantissa

9 EE

9.1 vimrc

set si ci ts=4 sw=4 nu cino=jl1 backup undofile

syntax on

map<F9> <ESC>:!g++ % -0 %< -std=gnu++20 -g -Wall -Dzqj<CR>
map<F10> <ESC>:!./%<<CR>

map<F4> <ESC>:!gdb %<<CR>

9.2 bashrc

ulimit -s 1048576
ulimit -v 1048576

24
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9.3 X 9.6 EBHE

#FEZE chmod +x

log,,n

n!

C(n,n/2)

n LCM(1...n) 5
2 | 030102999 2 2 2 2
3 | 0.47712125 6 3 6 3
4 | 0.60205999 24 6 12 5
5 | 0.69897000 120 10 60 7
6 | 0.77815125 720 20 60 11
7 | 0.84509804 5040 35 420 15
8 | 0.90308998 40320 70 840 22
while true; do 9 | 0.95424251 362880 126 2520 30
| ./gen > 1.in 10 1 3628800 252 2520 42
| ./naive < 1.in > std.out 11 | 1.04139269 | 39916800 462 27720 56
| ./a < 1.in > 1.out 12 | 1.07918125 | 479001600 924 27720 77
| if diff 1.out std.out; then 15 | 1.17609126 1.3Tel2 6435 360360 176
| | echo ac 20 | 1.30103000 2.43e18 184756 232792560 627
| else 25 | 1.39794001 1.55e25 5200300 26771144400 1958
| | echo wa 30 | 1.47712125 2.65e32 | 155117520 1.444e14 5604
|| break P, 3733840 2042265 96646750 | 190569292100 | 1€9114
| fi n< 10 100 1e3 le4 le5 le6

done max w(n) 2 3 4 5 6 7
max d(n) 4 12 32 64 128 240
(n) 4 25 168 1229 9592 78498

n< le7 le8 1e9 lel0 lell lel2

max w(n) 8 8 9 10 10 11

max d(n) 443 768 1344 2304 4032 6720
m(n) 664579 | 5761455 | 5.08e7 | 4.55e8 | 4.12¢9 | 3.7e10

n < 1el3 lel4 1lel5 1lel6 1lel7 1el8

max w(n) 12 12 13 13 14 15
maxd(n) | 10752 17280 26880 | 41472 | 64512 | 103680

7(n) Prime number theorem: 7(x) ~ x/log(x

9.4 HIFBH

-D_GLIBCXX_DEBUG : STL debug mode
-fsanitize=address : HFiEiRkE 10 JFEEIm

-fsanitize=undefined : UB ##& N M
10.1 iR B

pbds tree, float128, int128, long double, submit #34>, printfile, MLE ?= RE, pragma, axv2, python,
MR ERS, 2k ik NO-OUTPUT, OUTPUT-LIMIT, RUN-ERROR

10.2 bugs
EHIEEE (ZMEF) , TE shadow, B, long long, A A/, 1y, MLE?, SHHIRSEWMHERES, M
HgX, inf ), BRYE, STL EWEHSIBEY, WRER (n=1)

9.5 REHLEH

947804089 989878776171074651
947167861 995515271526070499
906937111 924834416464491959
919302773 998042656257251069
996011983 971635031393707027
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11 tables
11.1 S#HFH

(%) = M (arctanx)’ = —L (arcsinhx)’ = 2=
X\ U X ’ 1+x? 1+x2
(a ) =(lna)a (arccotx)’ = ——— hx) = —L1
(tanx)’ = sec? x L (arccoshx)” = =
) (arcescx)’ = — —= , Xl
(cotx)/ =csetx xV1-x2 (arctanh x)’ = -~
(secx)’ =tanx secx arcsec x) = 1 s 1
(cscx)’ = —cotx cscx ( ) xvzlfxz (arccothx)” = x2-1 .
(arcsinx)’ = (tanh x)” = sech” x (arceschx)’ = - ——
- Vitxl
, 1"‘12 (cothx)’ = — csch? x , x| 11+x
(arccosx)’ = — ) (sechx)’ = - sechx tanhx (arcseChx) =" 2
1-x , xV1-x
(CSCh x)" = —cschx cothx
ax? + bx + c(a > 0)
_dx  _ ) —2_ arctan 2&xtb_ 4 C b? < 4dac
L / ax?+bx+c | Vac-b? Vaac—b? ( )
1 2ax+b-Vb?—4ac +C (b2 > 4ac)
‘/b274ac 2ax+b+Vb%-4ac
x _ 1 _ dx
2. / ax2+bx+cdx ~ 2a In |ax +bx + Cl ax?+bx+c

V+ax? + bx + c(a > 0)

1. —=nl2ax +b+2 24+ bx+c|+
fm n|2ax + b + 2y/aVax? + bx + c| +C

2. f\/ax2+bx+cdx = % ax?+bx+c + %lnlmx+b+
a
2+y/aVax? + bx +c| +C

3. [ —X—dx = vax?+bx+c — 2 Inf2ax + b +
/ Vax?+bx+c a 2Va3 |
2+/aVax? +bx+c| +C
dx 2ax-b
4. — = arcsin ==2—=
/ Vet+bx-ax? \F Vb2 +4ac

5. /\/c+bx—ax2dx—M c+bx—ax2+b\+/4ﬁcarcsm 2ax-b 4

Vb2+4ac
6. [ —2X—dx=—1Vc+bx — ax? + L= arcsin 2&=t_ 4 C
/ Ve+bx—ax? a 2Va3 Vb2+4ac

—a)(x—b)
/W—Zarcsmw 2 +C(a<b)

2. [(x-a)(b-x)dx = Lab f(x—a)(b-x) +
2
% arcsin/3—= +C, (a < b)

ZARRBHR

1. ftanxdx=—ln|cosx|+C

2. [cotxdx:1n|sinx|+C

3. fsecxdx:ln|tan(%+§)|+C:In|secx+tanx|+C
4, fcscxdx:1n|tan§|+C:In|cscx—cotx|+C
5. /seczxdx:tanx+C

6. fcsczxdx =—cotx+C

7. fsecxtanxdx =secx +C

8. fcscxcotxdx =—cscx+C
9 fsinzxdx= X _lginax+C
. 2 4
10. /coszxdx =X 1 lgnox+C
2 T
s —_1 n— 2
11. fsm xdx = n sin”? ! xcosx + & /sm
n — 1 n-1 n— 2
12. fcos xdx = n cos™ ! xsinx + 2 fcos
dx  _ _ 1 cos x
13. sinfx ©—  n—1gnpn-1y f sm” 2
14 dx  _ 1 sin x n-2 dx
cosx 1 cos—1 x n-1 cos"—2 x
15.
/Cosmxsin"xdx
1 _ . m-—1 - .
= cos™ 1 xsin™ x + cos™ % x sin™ xdx
m+n m+n
1 e n-1 . -
- cos™ xsin ' x + cos™ x sin 2 xdx
m+n m+1
atan ¥ +b
16 /dix _ 22 = arctan ——=— +C (a® > b?)
. atbsinx ~ VaZ-b Va2-b

1 1 atan §+b—vb2—az

Vb2 -a? atan %+b+‘/b27a2

+C (a® <b?

2 a+b [a 2 2
. f P - arctan( a+btan )+C (a* > b®)

a+bcosx 5
tan ¥ +4/ $52 ; ;
lb a+bl 2 ba|, (az < bZ)
at tan X -,/ 2tb
2 b-a
dx _ 1 b
18. f ToodxsbioZs = ab arctan(;tanx) +C
dx _ btanx+a
19. .[ a?cos? x—b?sin? x 2ab 1n|btanx a| +C
20. fxsinaxdx = iz sinax — %xcosax +C
21. fx smaxdx——fxzcosux+ 2xsmax+ cosax+C

22. /xcosaxdx:—Zcosax+axsinax+c
2 _ 1.2 2 2 o
23. X cosaxdx—ax 51nax+?xcosax— $51nax+C

REARBNEAS (HEFPa>0)
1. farcsin Zdx = xarcsin X + Va2 —x? + C

2. fxarcsm dx = (XT - “T)arcsmf +5Vxt-x2+C
3. [ xarcsin £dx = XT $(x2+2a*)Va2 - x2 + C
4. farccos Zdx =xarccosZ —Va®> - x?+C
2
5. fxarccos%dx =(% - “T)arccos X - IVa?-x2+C

i X
arcsim a +
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6. [ x®arccos £dx = % arccos £ — 1 (x? +2a*) Va2 - x2 + C
x — x _a 2 2

7. /arctan 2dx =xarctan % — £ In(a® +x°) +C

Xy = 102 4 52 X _a
8. /xarctanadx—z(a +x%)arctan 2 — Sx+C

3 3
2 x - X X _ a2, a 2 2
9. /x arctan Zdx = % arctan 2 — ¢x* + ¢ In(a” +x°) +C

R R AR
1. /axdx = ia" +C
2. [e™dx=1a%% +C
3. fxe“xdx = —z(ax -1)a** +C

4. /x"e“xdx x"e“x -

Xdx = X g% _
5. /xa dx = -a

%/’xnfleaxdx
1 X
(lna)za +C

-= fx""laxdx

7. fe“x sin bxdx = me”x(a sinbx — bcosbx) + C

6. /x axdx——x a*

8. /e“" cos bxdx = aZJlrbZ e (bsinbx + acosbx) +C

9. /e“x sin” bxdx me X sin® ! bx(asinbx — nbcosbx) +
n(n-1)b* X i n—2
b sin™™% bxdx

10. /e“x cos™ bxdx

n(n-1)b% £ax

1
—1__e
a?+b2n?
cos 2 bxdx

aZ+b2n?

X H R H AR

1 [Inxdy = xlnx - x+C

2. xlnx=ln|lnx|+C

3. [x"Inxdx = 2ox™ ! (nx - ) +C

4. [(Inx)"dx =x(Inx)" = n [(Inx)"'dx

5. [ x™(Inx)dx = =L x™ (Inx)" — A [ 27 (Inx)"dx
STL #2453}/ (need std::)

L N1 = )Y lde = beta(x, y) = TEW

2. f0+w trum=le=tds = tgamma(num) = elgamma(num) — T (nym)

3. f+m %dt = —expint(—num)

num

4. YF® nT"m = riemann_zeta(num)
2 2
= /o dt = erf(arg)

6 /phi do
0 1-k2 sin? 6

7. [P NT=KZsin? 0d6 = ellint_2(k, phi)

WMEEDE: e =4/1- % H-k 2aellint_2(e, )

arg

= ellint_1(k, phi)

0s" ! bx(acosbx + nbsinbx) +
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