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1.2 HIEAERE
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FE o ARPEEE IS s s s LB T DA b

. WREEIT
2.1 HSBIBREEN

Node Z&:

J

unsigned char data: “FRFEHE.

unsigned freq: FAHIH.

bool isLeaf: J&MF7 5

HuffmanNode *left, *right: $g§[0) A4 9 S HIFEET.

WAL BRI, W24 195 500 nullptr,

compare Z5H4:

BT SIS P AIN B L AL, DASSRA TN UK

HuffmanPriorityQueue 238 E -
P, HTHIEE RS,



2.2 FEFRE

FERREL (main):

BEHUR IR SO, AR I A

P41 encodeHuffman P& T 012w AY .
TRAFGRIY, SIS I 2
BRI, SSRGS

Y decodeFile pRELIEAT SCIA-ARRY
PR S5 s A AR i 1 S

2.3 BREITSERARXAR

B EEBSIR S it
FR%L: encodeHuffman
TR BLEUR A SO, SRt A, MG R 24 (FH buildHuffmanTree) .

WG 5 S A

FRZL: buildHuffmanTree

TR DUBUCR R R @O BASY, A S E R RN — N (B RAR Y
) .

Yt

PR%L: printCodes
TR WG R ER, Ak,

RS A
FR%: encodeHuffman

TRE: RS BB S A SO

FPH A K A



PREL: serializeHuffmanTree

iR L s PN R RS VNS S

BRI

B%: decodeHuffman

AR PR A EEANNG S A SO, il G R S AT, RHEMEE R T A
B B SCAE

PSS RS
FRZL: deserializeHuffmanTree

ViR MSCHE RO TR K 2
AT
3.1 W&

3.1.1 Node 2

struct Node {

Byte data;

unsigned frequency;

bool islLeaf;

Node xleft, *right;

Node(Byte data, unsigned frequency, bool islLeaf) {
left = right = nullptr;
this—>data = data;
this—>frequency = frequency;
this—->isleaf = islLeaf;

s
3.1.2 Compare 5514

struct Compare {



bool operator()(Nodex 1, Nodex r) { return 1->frequency >
r—>frequency; }

};

3.1.3 minHeap 2HIE X

std::priority_queue<Nodex, std::vector<Nodex>, Compare> minHeap;

3.2 FEHFHGIT

3.2.1 BIEEBMSHRGE IR

std::vector<Byte> readFile(const std::string& filename) {
std::ifstream file(filename, std::ios::binary);
std::vector<Byte>
bytes((std::istreambuf_iterator<char>(file)),

std::istreambuf_iterator<char>());

return bytes;

b

std::unordered_map<Byte, int> fregMap;

for (auto byte : originalData) {
fregMap [byte] ++;

3.2.2 M REMITEBIIR

Nodex buildHuffmanTree(Byte datall, int freql[]l, int size) {
struct Node xleft, *xright, xtop;
std::priority_queue<Nodex*, std::vector<Nodex>, Compare>minHeap;
for (int i = 0; i < size; ++1)
minHeap.push(new Node(datal[il, freqlil, true));
while (minHeap.size() != 1) {
left = minHeap.top();
minHeap.pop();
right = minHeap.top();
minHeap.pop();
top = new Node('\@', left->frequency + right->frequency,
false);
top—>left = left;
top—>right = right;
minHeap.push(top);



}

return minHeap.top();

3.2.3 fRiEpEie

void printCodes(Nodex root, std::string str) {
if (!root) return;
if (root->isLeaf) codes[root->data] = str;
printCodes(root->left, str + "0");
printCodes(root->right, str + "1");
+
std::vector<Byte> encodeHuffman(const std::vector<Byte>& bytes) {
std::string encodedString;
for (auto byte : bytes) {
encodedString += codes[byte];
¥
int lastBytelLength = encodedString.size() % 8;
while (encodedString.size() % 8 != 0) {
encodedString += "0";
¥
std::vector<Byte> encodedData;
for (size_t i = @; i < encodedString.size(); i += 8) {
std::string byteString = encodedString.substr(i, 8);
std::bitset<8> bitset(byteString);
encodedData.push_back(static_cast<Byte>(bitset.to_ulong()));
¥
if (lastByteLength == @) lastBytelLength = 8;
encodedData.push_back(lastByteLength);
return encodedData;

3.2.4 FhEFEER

std::vector<Byte> decodeHuffman(const std::vector<Byte>&

encodedData, Nodex root) {

std::vector<Byte> decodedData;

Nodex current = root;

int lastBytelLength = encodedData.back();

for (size_t i = 0; i < encodedData.size() - 1; ++i) {
std::bitset<8> bits(encodedDatalil);
int limit = (i == encodedData.size() - 2) ? lastBytelLength :



8;
for (int j = 7; j >= 8 - limit; ——j) {
current = bits[j] ? current->right : current->left;

if (current—>left == nullptr && current->right == nullptr)
{

decodedData.push_back(current->data);
current = root;

}

return decodedData;

3.2.5 \EREMFIMLS RFFIML

void serializeHuffmanTree(Nodex root, std::ostream& out) {

if (!'root) {
out.put(0);
return;

}

out.put(1);
out.put(root->data);
serializeHuffmanTree(root->left, out);
serializeHuffmanTree(root->right, out);

}

Nodex deserializeHuffmanTree(std::istream& in) {

if (!'in.good()) return nullptr;
char flag;

in.get(flag);

if (flag == @) return nullptr;

char data;

in.get(data);

Nodex node = new Node(data, @, false);

node—>left = deserializeHuffmanTree(in);

node—->right = deserializeHuffmanTree(in);

if (!'node->left && !node->right) node->islLeaf = true;
return node;

3.3 FeEHFgit

int main() {



std::string filePath;

std::cout << " AZGILIYSCIFRIAIN B AR 1

std::cin >> filePath;

[/ oo CEERURIR SO

/] G .

Nodex root = buildHuffmanTree(data, freq, size);

printCodes(root, "");

auto encodedData = encodeHuffman(originalData);

writeFile("encoded.bin", encodedData);

std::ofstream treeOutFile("tree.txt");

printHuffmanTree(root, treeOutFile, "");

treeOutFile.close();

std::ofstream treeFile("tree.bin", std::ios::binary);

serializeHuffmanTree(root, treeFile);

treeFile.close();

auto encodedFileData = readFile("encoded.bin");

std::ifstream treeFileIn("tree.bin", std::ios::binary);

Nodex deserializedRoot = deserializeHuffmanTree(treeFileIn);

treeFileIn.close();

auto decodedData = decodeHuffman(encodedFileData,

deserializedRoot);

writeFile(("decoded" + extension).c_str(), decodedData);
R ENR NS L.

return 0;

AT
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I H AT DA CHH11 B8 S iRAS A AR

TEL B AT PRAT T, PHREIRET SR H %, AT T a2k it A
58
g++ -std=c++11 -o huffman_coding [F£ {444 ].cpp

SRR, AN a2t TR T
./huffman_coding

5.3 (EHEM

SO AR REF SRR A B T B B ST R AR B A . W RS PRI AR I
ok,

SO R RIS B SO, SRR, fERG RE R, TG
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PR ECH R A T AR, O R S RS S ) SCHRHR AR decoded [ IR S
&A1,



11

BRLR: Bl B TR SO0 W R 2 T A SCPERIARAS )5 4 5C
PF. ATAFBh A X 2 SO DABG U2 A A s e

54 FEHEM

L. PR ASCIFR A R IERR), HF HOUHHFAET REEH.
2. MRS gt TLHHAE, AR 5 SO R 2 5 4G SO 52 A AH ]
3. JBATREFI, TEERA AR BRTT I AINE B E A SCPERTE %

N WASERA T 5iTe

6.1 Th ANz A B

MR B 12 AN SRR,
filiids: A/ INR SCA SRR TN, A 2 A AT AR 22 77 I S0 T
WSR-S R SN A e = — 2L

00000000 —> 2 (2)
00000001 —> ‘™ =

00000010 —
000000110 — Ln computer science and information theory, a Huffman code is a particular type of optimal

000000111 — Prefix code that is commonly used for lossless data compression. The process of finding or using
0000010 —> |such a code is Huffman codina. an alaorithm develooed bv David A. Huffman while he was a Sc.D.
00000110 —> Student at

80000111 —> Redundancy In computer science and information theory, a Huffman code is a particular type of optimal

00001 -> u | prefix code that is commonly used for lossless data compression. The process of finding or using
@001 —> r (!The output such a code is Huff N a Sc.D.
0010 —> n ((source symstudent at MIT, - SUm—

0011000 —>  estimated fRedundancy Codes"
0011001 —> \Symbol. As
001101000 — Using fewelThe output from Hu

(2) finding a ¢source symbol (suc

0011010010 - However, alestimated probabil i = source
0011010011 -always optisymbol. As in othe nted

001101010 —: asymmetric using fewer bits t ted,
001101011 — finding a code in d. [2]
1101100 - However, although not
0011011010 - always optimal amory c or
0011011011 - asymmetric numeral I ket PRreSSLGH F

001101110 —
0011011110 -
0011011111 -
00111000 —>
001110010 -
1110011 =
1110100 —
001110101 —

—

B 6-1 /NS,

ML B 2. RZLSCA I
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TR il — BRI S (AN 7 s Se i) AT I, ARG A AR P A EAL B

KRB SO PR REMIERf .

BURZR: MRRS IS SRR S R SCPFsE R, BOA B0 2 R aiiir.

4 et
1 00000000 —>
00000001 —>
00000010 —>
00000011 —>

®
El

L

(29433)
(29711)
(30419)
(30431)

0000010 —> $ (61480)
00000110 —>
00000111
00001000
00001001
00001010
00001011

00001100
00001101
00001110
00001111
00010000
00010001
00010010
00010011
00010100
00010101
00010110
00010111
00011000

L] INSERT MODE, Line 1, Column 1

s

iQ WO N M-

e

b v S

(30582)
(31427)
(31576)
(31887)
(31965)
(32052)
(32136)
(32212)
(32308)
(32366)
(32488)
(32773)
(33094)
(33307)
(33324)
(33934)
(34027)
(34127)
(34142)

o Huffnan %

K 6-2 KA

MBI 3: A S
filrid: MAAFZERR S (Aaxt. jpg. .mov 55) , DAWROREE P XA SCHF

AR FEA .

BURZER: A 2R SCPHET RE I A 2 A MRS

| untitied troetxt

1 00000000 —> € (118862)
00000001 (119009)
00000010 (119069)
00000011 (119129)
00000100 . —
00000101 d fis 12000
00000110 Hutncn
00000111 "
00001000
00001001
00001010
00001011
00001100
00001101
00001110
00001111
00010000
00010001
00010010
00010011
00010100
00010101

IJ_ INSERT MODE, Line 1, Column 1

> Huffman

K 6-3 MOV U
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6.2 AR FHAR

MK B 40 233O
ik A,
BUNZER: REFIRRES AL PR SCIF, A=A iR,

® O ® [ ~/Githubfzstu-study/ 8BS B 1R 81811 Huffman — -zsh — ttys005

nanmene 1 c=Pine i rm blar

nanmen tid d 1 Fman touch blao
ro Huffman 2 f

Pro Huffman

Pro Huffman

K 6-4 2334,

M B 5. ARFE R A SC/F44
filiid: ML EA AR AR SR RS
PURAER: SR R BEAS W52 i 25 AR 1 A

In computer science and information theory, a Huffman code is a particular type of optimal

prefix code that is commonly used for lossless data compression. The process of finding or using

such a code

student at rn computer science and information theory, a Huffman code is a particular type of optimal

Redundancy prefix code that is commonly used for lossless data compression. The process of finding or using
such a code is Huffman coding, an algorithm developed by David A. Huffman while he was a Sc.D.

The output stygent at MIT, and published in the 1952 paper "A Method for the Construction of Minimum-

source syntedundancy Codes" UNREGISTERED

estimated p

syq\bol. AS The output from HEkE Ll untitied troa.tet
using fewer source synbol (sulSRRETTTTYTTRESERP)}
finding a Cestimated probab 00000001 —> — (3)
However, algympol, As in otl
always optiorine rewer bits 00000010 —> A (3)
asymmetric finding a code i 000000110 —> x (1)
However, althougl 000000111 —> ) (2)
always optimal ar 0000010 —> H (7)
asymmetric numera 00000110 —> M (3)
00000111 —> T (4)
00001 —> u (30)
0001 —> r (56)
0010 —> n (62)
0011000 —> , (7)
0011001 —> v (7)
001101000 —>
(2)

0011010010 —> R (1)
0011010011 —> S (1)
001101010 —> " (2)
001101011 —> D (2)
001101100 —> C (2)
0011011010 —> 9 (1)
0011011011 —> 5 (1)

[ INSERT MODE, Line 1, Column 1

B 6-5 £ 30444 M

[ ~[Github/zstu-study/ SB35 B /Riit /Huffman — -zsh — ttys005
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6.3 RERRLE

MBI 6: ATFAER) SR AR
filid: BA— AR SRR A,
BUWEER: ReFP A% AENS DUHEHAL BESCPEATAAERI TS DL, 45 R Y

. X A} ~,'G|thub,‘zstu-studwﬁ-ﬁﬁﬂ 5 8% 122121t /Huffman — -zsh — ttys005

o Huffman
Huffman

. Al 88

ro Huffman

Kl 6-6 AFAESCAHIIR
MBI 72 SCPFEEE AR
filid: A — R A B E R S BEA T
BUWEER: R AZAENS AL BRI, 40 il iR B

[ XN ] 55 ~/Github/zstu-study/ ¥iEEH 5 8% [F 2121 /Huffman — -zsh — ttys006
gl  Huf fman rm blank
» Huffman touch blan.txt
» Huf fman

Bl 6-7 SCPF RS AR I

\%,L:l PIany
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6.4 HERETR

MBI 8: R SCF R Ak PR
fiid: MR P A PR SCPE (W% GB K/ SCH) - HRFA].
TR REFy I REAE O BEAY IR R] A 52 UK SO A  f A AR 1L AR

'K ] 0 ~[Githubjzstu-study/ 3B 5 ik [1RTRi&i /Huffman — -zsh — ttys005

Huffman

K 6-8 RCHAL B
WG 9: AFE IR
TR WAL S AT R R ST IR P IR 0L
BUREER: PV A R RENAE, B 1k BEH AR

SFTEH iz i FID R sEhRE BET UM
new 9.59GB 1 92749  nanmener 2.17GB 0FH 6.34GB
| ¥
7 Goodnotes 1.07GB ‘g00 ~[Github/zstu-study/ $ B 5 5 8% [ IR#2i%it [Huffman — new — ttys005
WindowServer 1.05G8 3 Huffm L
W WPs Office i i tat
@ Microsoft Edge
B ek Huffman % .
Lo SRH:  zsh (1266)
B JeBuins Toobox | g new (92749) 123" B R
T Typora % CPU: 9879 Huffman
storekitagent T
X W A cnereHa ! ro Huffman
Microsoft Edge Helpa
QQ Halper (Randerer) TEAFRN: 20768 [ e a Huffman
B sublime Text BRMATERL: 408.47GB e Huffman
kernel_task RERTAL: 32KB
cpptools-srv EAAFEAN: 21768

Microsoft Edge Helpa
Code Helper (Render(

GitHub Desktop Help(

me A
Microsoft Edge Halpa
Microsoft Edge Helper (Renderer) 198.8MB
e [ ‘
EfANT i
BanE: 1.95GB
BEERs 1.9868 g

EEmEi: 6.71GB
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£, Hix

7.1 EFIRAH

#include <bitset>
#include <chrono>
#include <cstdlib>
#include <fstream>
#include <iostream>
#include <iterator>
#include <queue>
#include <string>
#include <unordered_map>
#include <vector>

typedef unsigned char Byte;

[/ FEREME R 2 G i LSS
std::unordered_map<Byte, std::string> codes; // codes[Fi =Mk
Hiifith

[/ WIS AT
struct Node {

Byte data; // il 1Ay
unsigned frequency; // %%
bool islLeaf; /] RS

Node *xleft, *right; // Zif535&

Node(Byte data, unsigned frequency, bool isLeaf) {
left = right = nullptr;
this—>data = data;
this—>frequency = frequency;
this—>isleaf = islLeaf;

};

[/ /NRHE BT
struct Compare {

bool operator()(Nodex 1, Nodex r) { return 1->frequency >
r—>frequency; }

};
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/] R R 2 Y
void printCodes(Nodex root, std::string str) {
if (!root) return;

if (root->isLeaf) codes[root->datal = str;

printCodes(root—>left, str + "0");
printCodes(root->right, str + "1");

/7 FTERNGR A
Nodex buildHuffmanTree(Byte datall, int freql[]l, int size) {
struct Node xleft, *xright, xtop;
std::priority_queue<Nodex*, std::vector<Node*>, Compare>minHeap;
for (int i = 0; i < size; ++i) // BIET S A
minHeap.push(new Node(datal[il, freqlil, true));

while (minHeap.size() != 1) {
left = minHeap.top();
minHeap.pop();
right = minHeap.top();
minHeap.pop();

/7 BFEAMM data=0
top = new Node('\@', left->frequency + right->frequency,
false);
top—>left = left;
top—>right = right;
minHeap.push(top);
b

return minHeap.top();

/] RO AR
std::vector<Byte> readFile(const std::string& filename) {
std::ifstream file(filename, std::ios::binary);
/] KA S AT T
if (!'file) {
std::cerr << "ERROR: IL¥FTFF {4 '" << filename
<<"' DASHATEEEL. TRER S AFEAEEURURA 2. " << std:rendl;
return std::vector<Byte>(); // iRFIZS¥4H
}

std::vector<Byte>
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bytes((std::istreambuf_iterator<char>(file)),
std::istreambuf_iterator<char>());
if (bytes.empty()) {
std::cerr << "ERROR: X ff '" << filename << "' Jo5, " <<
std::endl;
return std::vector<Byte>(); // ik

K

e
by

return bytes;

/7 REFATEEHE A S
void writeFile(const std::string& filename, const std::vector<Byte>&
bytes) {
std::ofstream file(filename, std::ios::binary);
// unsigned charx %44t ly const charx
file.write(reinterpret_cast<const charx>(&bytes[0]),
bytes.size());

}

// BImgmtSEdE N K2 gy
std::vector<Byte> encodeHuffman(const std::vector<Byte>& bytes) {
std::string encodedString;
for (auto byte : bytes) {
encodedString += codes[byte];

int lastBytelLength = encodedString.size() % 8;
while (encodedString.size() % 8 != 0) {
encodedString += "0"; // #FFKER 8 ML

/] BRI T

std::vector<Byte> encodedData;

for (size_t i = @; i < encodedString.size(); i += 8) {
std::string byteString = encodedString.substr(i, 8);

// string—>bitset
std::bitset<8> bitset(byteString);

// bitset->ulong—>uchar

encodedData.push_back(static_cast<Byte>(bitset.to_ulong()));
¥

/] ERJE—ATAERE WEN 8
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if (lastByteLength == @) lastBytelLength = 8;
[/ WINPT KRBT 1055 B DA E
encodedData.push_back(lastBytelLength);

return encodedData;

/7 FERSE
std::vector<Byte> decodeHuffman(const std::vector<Byte>&
encodedData,
Nodex root) {
std::vector<Byte> decodedData;
Nodex current = root;

1/ IREER G SR
int lastBytelLength = encodedData.back();

[/ WG Z AN TR

for (size_t i = 0; i < encodedData.size() - 1; i++) {
std::bitset<8> bits(encodedDatalil);
// WREEHTT, Hab lastBytelength fi, 743 8 7
int limit = (i == encodedData.size() - 2) ? lastBytelLength :

8;
for (int j = 7; j >= 8 — limit; ——j) { // M&EEM (L) FFiE
current = bits[j] ? current—->right : current—>left; // 1
4,0 14
if (current—>left == nullptr && current->right == nullptr)
{
/7 ERHTEE
decodedData.push_back(current->data);
current = root; // EEMRI L
b
b
b
return decodedData;
b

/7 JEHMERG R 2
void serializeHuffmanTree(Nodex root, std::ostream& out) {
if (lroot) { // WAy 7I5 s nullptr
out.put(0);
return;
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/7 "V IORTT R, SRR
out.put(1);
out.put(root->data);

serializeHuffmanTree(root->left, out);
serializeHuffmanTree(root->right, out);

[/ BUFHERE RS
Nodex deserializeHuffmanTree(std::istream& in) {
if (!in.good()) return nullptr; // K&EBWAWR in AL

char flag;
in.get(flag);
if (flag == @) return nullptr; // Z954

char data;
in.get(data);

Nodex node = new Node(data, @, false); // AZETHiR
node—>1left deserializeHuffmanTree(in);
node—>right = deserializeHuffmanTree(in);

if (!'node->left && !node->right) node->islLeaf = true;

return node;

/7 ATENIG ISR 2 SO
void printHuffmanTree(Nodex root, std::ostream&out, std::string path)
{

if ('root) return;

if (root->isLeaf) {
out << path << " —> " << root->data << " (" << root->frequency
<< ")\n";
} else {
printHuffmanTree(root->left, out, path + "0");
printHuffmanTree(root->right, out, path + "1");

int main() {
std::string filePath;
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std::cout << "iHHAZHH SRR
std::cin >> filePath;

/7 BEREG SO
auto originalData = readFile(filePath);

if (originalData.empty()) return 0;

/] PEBCC RS
std::string extension;
std::string::size_type idx = filePath.rfind('."');
if (idx I= std::string::npos && idx I=
filePath.find_last_of("/\\")) {
extension = filePath.substr(idx); // {uf%.HP @4

// GitHiE Byte=unsigned char=1B

std::unordered_map<Byte, int> fregMap;

for (auto byte : originalData) {
fregMap [byte]++;

/] FHG R S

int size = fregMap.size();

Bytex data = new Bytel[sizel;

intx freq = new intl[sizel;

int i = 0;

for (auto& pair : fregMap) {
datali] = pair.first;
freq[i] = pair.second;
i++;

¥

Nodex root = buildHuffmanTree(data, freq, size);

printCodes(root, "");

/7 D G A I ]

auto startEncode

/] AT R B Gl

auto encodedData = encodeHuffman(originalData);

auto endEncode = std::chrono::high_resolution_clock: :now();

std::chrono::duration<double, std::milli> encodeDuration =
endEncode - startEncode;

std::chrono::high_resolution_clock::now();

writeFile("encoded.bin", encodedData);
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// FTEIRG R Sy a] e 208 S
std::ofstream treeOutFile("tree.txt");
printHuffmanTree(root, treeOutFile, "");
treeOutFile.close();

/1 PG R 2R A

std::ofstream treeFile("tree.bin", std::ios::binary);
serializeHuffmanTree(root, treeFile);
treeFile.close();

/1 BERUER I SO

auto encodedFileData = readFile("encoded.bin");

/] BRI RPN K =A%

std::ifstream treeFileIn("tree.bin", std::ios::binary);
Nodex deserializedRoot = deserializeHuffmanTree(treeFileIn);
treeFileIn.close();

// 0 R s ]
auto startDecode = std::chrono::high_resolution_clock: :now();

/1 RRJFHVAIIIE I S A b
auto decodedData = decodeHuffman(encodedFileData,

deserializedRoot);

auto endDecode = std::chrono::high_resolution_clock: :now();
std::chrono::duration<double, std::milli> decodeDuration =
endDecode - startDecode;

writeFile(("decoded" + extension).c_str(), decodedData);

/] TREEGER
double originalSize = originalData.size();
double compressedSize = encodedData.size();
double compressionRate =
(originalSize - compressedSize) / originalSize x 100;
// if (compressionRate < 1le-3) compressionRate = 0;

std::cout << "JEIECfF: " << filePath << std::endl;

std::cout << "4igJ5 {4 encoded.bin" << std::endl;

std::cout << "MEREW X tree.bin" << std::endl;

std::cout << "MyREMAEIN: tree.txt" << std::endl;

std::cout << "f@#idj5fF: decoded" << extension << std::endl;
std::cout << "[E#i%F: " << compressionRate << "%" << std::endl;
std::cout << "4t " << encodeDuration.count() << " Z" <<

A
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std::endl;
std::cout << "fEMB K} " << decodeDuration.count() << " ZER" <<
std::endl;

// mac0S ARG H

system(("open " + filePath).c_str()); // JE#aCH
system("open tree.txt"); /] MR EME ] IR
system(("open decoded" + extension).c_str()); // fEJEH 4

delete[] data;
delete[] freq;

return 0;

7.2 SE3CEK
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