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5 52 C++ X

% : List Scheduling ~ LPT ~ Eiif5#EfE (LPT L& + BBuH) « THRFE - LPT Bf) - &
Partition FIBRER ~ 100 BHIFEET - 4ReE -

g++ -std=c++17 -02 -Wall -Wextra -o job_scheduling job_scheduling.cpp

1 // job_scheduling.cpp

- [
s // Job Scheduling (ZE#MEHRE BE: &/t makespan)

. // P || Cmaz & NP-Hard (m>=2 Bf > K& Partition B Fp 2918 3k)

s // 1. List Scheduling (Graham 1966) : ERIEFEHA T I #3%

6 // R <= (2 - 1/m)- OPT

7| // 2. LPT (Longest Processing Time first) : SeHEFFH List
s // REE <= (4/3 - 1/(3m))- OPT

o // 3. TEEEM @MW + B NEBHD

w0 //

11 // Compile: g++ -std=c++17 -02 -Wall -Wextra -o job_scheduling
job_scheduling.cpp

12 [ R i e L e

13 #include <iostream>

14 #include <vector>

15 #include <algorithm>

16 #include <numeric>

17 #include <functional>

19 using namespace std;

1 struct Schedule {

2 vector<vector<int>> machineJobs; /) BEMBRLINIREE
3 int makespan = 0;

1}

M /) —o=m=mm==s 1. List Scheduling ----------

7 Schedule listScheduling(const vector<int>& jobs, int m) {

8 Schedule s;

9 s.machineJobs.assign(m, {});

30 vector<int> load(m, 0);

31 for (int p : jobs) {

32 int target = min_element(load.begin(), load.end()) - load.begin();
33 s.machineJobs [target] .push_back(p);

34 load[target] += p;

35 }

36 s.makespan = *max_element (load.begin(), load.end());
37 return s;

38}

39

w0 | /) —=——==————- Bo LRI —cososos==

11 Schedule 1lptScheduling(vector<int> jobs, int m) {

42 sort (jobs.begin(), jobs.end(), greater<int>());

43 return listScheduling(jobs, m);
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14 }

15

6| [/ ———------- 3. R - @H --—-—-—------

17 class ExactScheduler {

18 vector<int> jobs;

19 int m, best;

50 public:

51 long long nodes = O0;

52 int solve(vector<int> js, int m_) {

53 jobs = std::move(js);

54 sort (jobs.begin(), jobs.end(), greater<int>()); // RIERM

55 m = m_;

56 best = lptScheduling(jobs, m).makespan; // LPT
EWmLER

57 nodes = 0;

58 vector<int> load(m, 0);

59 dfs (0, load);

60 return best;

61 }

62 private:

63 void dfs(int idx, vector<int>& load) {

64 ++nodes;

65 int cur = *max_element(load.begin(), load.end());

66 if (cur >= best) return; // BIL

67 if (idx == (int)jobs.size()) {

68 best = cur;

69 return;

70 }

71 for (int k = 0; k < m; ++k) {

72 // HBER: BHHEENEBRAA—6

73 bool dup = false;

74 for (int k2 = 0; k2 < k; ++k2)

75 if (load[k2] == load[k]) { dup = true; break; }

76 if (dup) continue;

77 load[k] += jobs[idx];

78 dfs(idx + 1, load);

79 load[k] -= jobs[idx];

80 }

81 }

82 };

s4 static int theoreticallLB(const vector<int>& jobs, int m) {

85 int total = accumulate(jobs.begin(), jobs.end(), 0);

86 int 1b = (total + m - 1) / m; // FE R #H

87 1b = max(lb, *max_element (jobs.begin(), jobs.end())); // S AKET

88 return 1b;

89 }

90

91 static void show(const string& tag, const Schedule& s) {

92 cout << tag << ": makespan = " << s.makespan << "\n";

93 for (int k = 0; k < (int)s.machineJobs.size(); ++k) {

94 int sum = accumulate(s.machineJobs[k].begin(),
s.machineJobs[k].end (), 0);

95 cout << " M" << k << " [

96 for (size_t i = 0; i < s.machineJobs[k].size(); ++i)

97 cout << s.machineJobs[k][i]

98 << (i + 1 < s.machineJobs[k].size() 7 "," . "");

99 cout << "] load " << sum << "\n";

100 }
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101 }

102

103 int main() {

104 // - %ﬁ@u 1. Graham E’J%@ﬁf?&@ﬂ (List %&:Ebljélﬂﬁgiﬁ.) -0

105 cout << "=== Example 1: arrival order hurts list scheduling ===\n";

106 // m=3° EF {2,2,2,2,2,2,3,3,3} vs HiF 1

107 vector<int> a = {2, 2, 2, 2, 2, 3, 3, 3, 3};

108 int m = 3;

109 cout << "jobs {2,2,2,2,2,3,3,3,3}, machines = 3, lower bound = "
110 << theoreticallB(a, m) << "\n";

111 show("List (as-is order)", listScheduling(a, m));

112 show ("LPT (sorted) ", 1lptScheduling(a, m));

113 ExactScheduler ex;

114 cout << "exact makespan = " << ex.solve(a, m) << "\n\n";

115

16 //---- BBl 2T MERBRG GEE 4/3 ) ----

117 cout << "=== Example 2: LPT worst case (m=2) ===\n";

118 // {3,3,2,2,2}: LPT -> 7, OPT -> 6, tbt&E 7/6

119 vector<int> b = {3, 3, 2, 2, 2};

120 cout << "jobs {3,3,2,2,2}, machines = 2\n";

121 show ("LPT", 1lptScheduling(b, 2));

122 cout << "exact makespan = " << ex.solve(b, 2)

123 << " (LPT/OPT = 7/6, bound 4/3 - 1/6 = 7/6 —— tight!)\n\n";
124

125 // ——-- # Bl 3: B Partition MEAE ----

126 cout << "=== Example 3: scheduling on 2 machines IS partition ===\n";
127 vector<int> ¢ = {8, 6, 5, 14, 13, 9, 12, 7}; // B 7y

128 cout << "jobs sum = " << accumulate(c.begin(), c.end(), 0)

129 << ", machines = 2, perfect split would give makespan 37\n";

130 int opt = ex.solve(c, 2);

131 cout << "exact makespan = " << opt

132 << (opt == 37 7 " -> a perfect partition exists!" : "") << "\n";
133 show ("LPT", 1lptScheduling(c, 2));

134 cout << "\n";

135

136 /- EB 4 BEARS AU ERRR -

137 cout << "=== Example 4: average quality over random instances ===\n";
138 unsigned seed = 424242;

139 auto nextRand = [&seed] () {

140 seed = seed * 1103515245 + 12345;

141 return (seed >> 16) & Ox7fff;

142 s

143 int trials = 100;

144 double listSum = 0, lptSum = O;

145 int lptOptimal = O;

146 for (int t = 0; t < trials; ++t) {

147 vector<int> jobs;

148 for (int i = 0; i < 14; ++i) jobs.push_back(l + nextRand() % 30);
149 int mm = 4;

150 int 1s = listScheduling(jobs, mm).makespan;

151 int 1p = lptScheduling(jobs, mm).makespan;

152 int op = ex.solve(jobs, mm);

153 listSum += (double)ls / op;

154 lptSum += (double)lp / op;

155 if (1p == op) ++1lptOptimal;

156 }

157 cout << trials << " random instances (14 jobs, p in 1..30, m=4):\n";
158 cout << "avg List/OPT = " << listSum / trials

159 << " (guarantee " << 2.0 - 1.0 / 4 << ")\n";
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160
161

162

163
164

cout << "avg LPT /OPT = " << 1lptSum / trials
<< " (guarantee " << 4.0 / 3 - 1.0 / 12 << ")\n";
cout << "LPT hit the optimum " << lptOptimal << "/" << trials << "
times\n";
return O;

+
FZXHE 1: job_ scheduling.cpp — FIFRHEFE ~ LPT BAEHEMTREE

=== Example 2: LPT worst case (m=2) ===

jobs {3,3,2,2,2}, machines = 2

LPT: makespan = 7 MO [3,2,2] load 7 | M1 [3,2] load 5

exact makespan = 6 (LPT/OPT = 7/6, bound 4/3 - 1/6 = 7/6 -- tight!)

=== Example 3: scheduling on 2 machines IS partition ===

jobs sum = 74, machines = 2, perfect split would give makespan 37
exact makespan = 37 -> a perfect partition exists!

LPT: makespan = 37 MO [14,9,8,6] load 37 | M1 [13,12,7,5] load 37

=== Example 4: average quality over random instances ===
100 random instances (14 jobs, p in 1..30, m=4):

avg List/OPT = 1.152 (guarantee 1.75)

avg LPT /OPT = 1.028 (guarantee 1.25)

LPT hit the optimum 34/100 times

Example 3 38 I'm = 2 HEFE = Partition | SR RE : 488 74 B9\ EI{E |‘A!l¥ E¥f 4 (37/37)
LPT EXRMKE T REHE - Example4E’]z}\ﬁn‘l',aummﬁ/ﬁézfmﬁ : BEFiE— SR
FREMW 15% BE] 3% » MARZE—IX O(nlogn)—TEE4% ﬁluzmﬁtﬁkr  EHIERRNE
B—1T1EE -

8

1.

2.

BEXEH

B0 © MapReduce/Spark 8 task 244 worker ~ K8s HJ Pod #E—%BZ makespan HJ
B8 (ABEMEBETERBRMME - BEZHOR) -

BERS : CLITRHES AE m & runner » FRIBHIS FIRERE pipeline FIFFRE
&% RS FERES -

BEZE T - ONC MR EEHRE -

L1z 0EE © OpenMP HY schedule(dynamic) ANE 4R L List Scheduling ; static ¥135
TIEEF—EMAREMIER T 5 @R IEZEEE -

HmEER  BERIOECUREZERNE AN ; 84858 PTAS (Hochbaum-Shmoys 1987) : {E44
e 7] (1+4¢) imfd > BFFE O((n/5)1/52) F—%IENE ¢ NRFRXEF - BFHEAH LPT -

FHE:ITE {5,4,3,3,2,2,1} ~m =3 95 List (RIEF) # LPT » HETR -
g m =3 M LPT B4 (3B {5,5,4,4,3,3,3) ik - BAELLER 4/3 -1/9=11/9) -
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3. BEEENEE R (RHF/ TEREEE/ TR LPT £57) - BASHESERSD -

4. B1E Multifit (Z49 %5 makespan + FFD ZfHEE) — HIEHEFNEW T  {RFE
1.220PT -

5. Bk FFEME (Q | Onex * BABEE s)
Was o BRmE -

& LPT £ HE 24 [T IR Z&RFE] B

9 /&5
i B TREE S PR 1
List Scheduling O(nlogm) (2-L)OPT #RE -~ TIEREERE
LPT O(nlogn) (3 — 5-)OPT  BEARIZAERR
Multifit O(nlognlogP) 1.220PT ZEENIRE
B RAEHE 52 R n < 20
PTAS ZIERX (EX) (1+¢)OPT i

EHERE : Graham (1966, 1969) & B L £ ; Hochbaum & Shmoys (1987) PTAS ; Coffman,
Garey & Johnson (1978) Multifit 24 °
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