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1. Pirma dalis

Realizuoti programag, kuri individualios problemos rezultatg pateikty priimant ,lokaliai
geriausig”“ sprendinj (pvz. esant keliems pasirinkimams keliauti j skirtingas virSanes,
visuomet renkamasi: pigiausias ar trumpiausias ar ... kelias).

1.1. Programos vykdymo laiko sudétingumo analizé

Programos sudétingumag lemia trys pagrindinés dalys:

Radsiavimas, naudojamas standartinis rdSiavimas, kurio sudétingumas yra
0(nlogn), kur n yra vietoviy skaicius.

Marsruto sudarymas (BuildRoute): tai dvigubas ciklas. ISoriniame cikle einama
per visus taskus n, o vidiniame ieSkoma artimiausio kaimyno tarp dar
neaplankyty tasky. Sudétingumas 0(n?).

TwoOpt funkcija, kurig sudaro while ciklas, kuris vyksta tol, kol randamas
pageréjimas, ir du vidiniai for ciklai, kurie tikrina visas briauny poras.
Blogiausiu atveju sudétingumas 0 (i - n?), kur i iteracijy skaicius.

IS Siy funkcijy galime prieiti iSvadg, jog bendras asimptotinis sudetingumas yra vidutiniu
atveju yra 0(n?).

1.2. Algoritmo abstraktus aprasas

1.

2.
3.
4.

ALGORITMAS GreedySolve(vietoves, pradzia):

. Kiekvienam marsrutui vykdo 2-opt optimizavima:

segmenty.
6. GrgZina geriausig sprendin;.

Randa pradinj taskg S.
SurdSiuoja visas kitas vietoves pagal kampg tasko S atzvilgiu (Atan2).
Padalina surtSiuotg sgrasg j dvi lygias dalis (Grupé A ir Grupé B).
Kiekvienai grupei (A ir B) vykdo BuildRoute:
a. Dabartinis taskas = S.
b. Kol yra neaplankyty tasky:
i. Randa artimiausig taskg T nuo dabartinio tasko.
ii. Prideda T j marSruta, pazymi kaip aplankyta.
iii. Dabartinis taskas = T.
c. Grjiztaj S.

a. Kol randamas kelio sutrumpeéjimas:
i. Tikrina visas briauny poras (i, j).
ii. Jei sukeitus briauny jungtis atstumas mazéja -> apver€ia marsruto




ALGORITMAS BuildRoute(pradzia, vietovés):
1. Sukuria tuscig sgrasg 'marsrutas’.
2. | 'marsrutas’ jtraukia 'pradzia’.
3. Sukuria sgrasg 'like_taskai' i$ visy gauty vietoviy.
4. Kol 'like_taskai' néra tuscias:
a. Nustato maziausig_atstumag = begalybé.
b. Perziuri kiekvieng taska T iS 'like_taskai':
i. ApskaicCiuoja atstumg nuo paskutinio marsruto tasko iki T.
ii. Jei atstumas < maziausias_atstumas:
- maziausias_atstumas = atstumas
- geriausias_tasSkas = T.
c. Pasalina geriausig_taska i$ 'like_taskai'.
d. Prideda geriausig_taska j 'marsrutas’.
5. Prideda 'pradzia’ | 'marSrutas’ (grjzZimas namo).
6. GragZina 'marsrutas’.

ALGORITMAS TwoOpt(marsrutas):
1. kintamasis 'ar_pageréjo' = tiesa.
2. Kol 'ar_pagerejo' == tiesa:
a. 'ar_pagerejo' = melas.
b. Kiekvienai briaunai i nuo 1 iki (n-2):
i. Kiekvienai briaunai j nuo (i+1) iki (n-1):
1. Apskaiciuoja dabartinj atstuma: Dist(i-1, i) + Dist(j, j+1).
2. Apskaiciuoja potencialy atstuma: Dist(i-1, j) + Dist(i, j+1).
3. Jei potencialus atstumas < dabartinis atstumas:
- Apvercia marsruto dalj tarp i ir j.
- 'ar_pageréjo' = tiesa.
3. Grgzina optimizuotg 'marsrutas’.

1.3. Rezultaty analizé

Kai pradiné vieta yra 67, o bendras viety skaiCius N = 314, gauname, jog algoritmo
vykdymo laikas yra 12ms.

Marsrutas Viety skaicCius Atstumas
Bus 1 156 1761748
Bus 2 157 1132050

Galime pastebéti nemazg atstumy skirtuma tarp pirmo ir antro autobuso (skirtumas apie
629 tikst. vnt.). Tai paaiSkinama tuo, kad ,Greedy“ algoritmas taskus skirsto pagal
koordinates pradinio tadko atzvilgiu, neatsizvelgiant j realy tankumg ar atstumus sekcijos
viduje. ,Bus 1“ marSrutas apima reciau iSsidéscCiusius taskus.



1.4. Grafinis marsruty atvaizdavimas
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2. Antra dalis

Realizuoti programg, kuri individualiai problemai pateikty optimaly sprendinj (taikomas
Saky ir réziy metodas). Nustatyti, prie kokios duomeny apimties sprendinj pavyksta rasti
jei programos vykdymo laikas negali bati ilgesnis nei 10 sek.

2.1. Programos vykdymo laiko sudétingumo analizé

Saky ir réziy metodas naudojamas siekiant rasti tiksly (optimaly) sprendinj. Skirtingai nei
,godusis® algoritmas, Sis metodas turi perzitréti visas galimas kombinacijas, taCiau jas
atmeta naudodamas rézius.

eSudétingumas: blogiausiu atveju Sio algoritmo sudétingumas yra eksponentinis
0(2™ - n), arba 0(n!) priklausomai nuo Sakojimosi.

emTSP problemos versijoje kiekvienas miestas gali bati priskirtas arba pirmajam,
arba antrajam marsrutui, todél paieSkos medis auga labai sparciai.

eAtminties sudétingumas: kadangi naudojamas (Stack<State>), atminties
sudétingumas priklauso nuo medzio gylio, t. y. 0(n).

2.2. Algoritmo abstraktus aprasas

ALGORITMAS BranchAndBound(vietovés, pradzia, laiko_riba, max_n):
1. Atrenka 'max_n' vietoviy ir pradinj taska.
2. Apskaiciuoja atstumy matricg D tarp visy taskuy.
3. Inicializuoja:
- 'bestCost' = begalybé
- 'stack’' = jdeda pradine blseng (abu marSrutai prasideda taske 0)
4. Kol 'stack' ne tuscias IR laikas nevirSytas:
a. ISima buseng S.
b. Jei visi taskai aplankyti:
i. Prideda grjzimg j pradzig, apskaiciuoja Max(Cost1, Cost2).
ii. Jei rezultatas < bestCost -> atnaujina geriausig sprendin;.
c. Jei dabartinis Max(Cost1, Cost2) >= bestCost -> ATMESTI (Rézis).
d. Paima kitg neaplankytg taska K:
i. Bando priskirti K pirmam marsrutui:
- Jei naujas Cost1 < bestCost -> sukuria blseng ir jdeda j dékla.
ii. Bando priskirti K antram marsrutui:
- Jei naujas Cost2 < bestCost -> sukuria biseng ir jdeda j dékla.
5. Jei laikas baigési ir nerasta nieko -> kvieCia Greedy algoritma.
6. GrgZina optimaly arba geriausig rastg sprendin;.

2.3. Rezultaty analizé

Siekiant rasti optimaly sprendinj, buvo apribota duomeny apimtis iki N = 20 (pirmi 20
mazgy), nustatant 10 sekundziy laiko limitg. Algoritmas sprendinj rado per 36 ms.



MarSrutas Viety skaicCius

Atstumas
Bus 1 9 1061993
Bus 2 11 1088862

Atlikus tikslig paieSkag, matome gerokai geresnj balansg: skirtumas tarp marsruty yra tik apie
26868. Tai jrodo, kad Saky ir réZiy metodas sugeba subalansuoti abiejy agenty krivj, tagiau
del eksponentinio sudétingumo jis praktiskai pritaikomas tik mazoms duomeny imtims.

2.4. Grafinis atvaizdavimas
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3. Trecia dalis

Realizuoti programa, kuri pateikty sprendinj taikant pasirinktg diskretinio optimizavimo
metodg (pvz. atkaitinimo algoritma ar genetinio optimizavimo metoda). Programa pateikti
rezultatg turi ne ilgiau, nei per 60 sek.

3.1. Programos vykdymo laiko sudétingumo analizé

Genetinio algoritmo sudétingumas priklauso nuo populiacijos dydzio (P), generacijy
skaiciaus (G) ir individo marsruto ilgio (N).

e Vienos generacijos sudétingumas: O(P - N), nes kiekvienam individui reikia
apskaiciuoti tinkamumo funkcijg (fithess), atlikti kryzminima ir mutacija.

e Bendra asimptoté: 0(G-P - N)

e Papildoma dalis: Algoritmo pabaigoje vykdomas ,TwoOpt® segmenty
optimizavimas prideda O(N?), sudétingumg, taciau jis vykdomas tik vieng
kartg geriausiam individui.

Kadangi algoritmas turi grieztg laiko ribojimg (60 s), realus generacijy skaifius G yra
kintamas ir priklauso nuo procesoriaus spartos.

3.2. Algoritmo abstraktus aprasas

ALGORITMAS GeneticAlgorithmSolve(vietovés, pradzia, P, elite, mutRate, G,
laikas):
1. Apskaiciuoja atstumy matricg D visoms vietovéms.
2. Inicializuoja populiacijg (P):
a. Vienas individas sukuriamas naudojant ,Greedy“ algoritmg (seeding).
b. Like P-1 individai sukuriami atsitiktine tvarka.
3. Kol nepasiekta generacijy riba G IR laikas nevirsija 60s:
a.Kiekvienam chromosomos marsrutui apskaiciuoja
Fitness=Max(Route1_Cost, Route2_ Cost).
b. SurlSiuoja populiacijg didéjimo tvarka pagal Fitness.
c. ISsaugo geriausig visy laiky sprendin;.
d. Sukuria naujg populiacija:
i. Nukopijuoja 'elite' geriausiy individy tiesiogiai.
ii. Likusig dalj uZpildo kryZmindamas (OX Crossover) elito atstovus.
iii. Taiko mutacijg (Swap mutate ir Split point shift).
4. Geriausiam rastam individui taiko ,TwoOpt“ lokalig paieSkg abiems
marsrutams atskirai.
5. Grazina galutinj optimizuotg sprendin;.

3.3. Rezultaty analizé

Atlikus optimizavimg su pilna duomeny imtimi (N = 314) ir 60 sekundziy laiko limitu,
algoritmas pasieké geriausig rezultatg 4900-ojoje generacijoje.



MarSrutas Viety skaicCius Atstumas

Bus 1 152 1605615

Bus 2 161 1353297

Genetinis algoritmas pagerino pradinj ,Greedy” sprendinj. Tikslo funkcijos reikSmé
sumazéjo nuo 1761748 (Greedy) iki 1605615 (GA). Geresnis balansas: atstumy
skirtumas tarp autobusy sumazéjo nuo 629 takst. iki 252 tokst. vienety.

3.4. Grafinis marsruty atvaizdavimas

Bus 1: 1605615.1
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Tikslo funkcija (max marsruto ilgis, min. vnt.)

3 dalis - Genetinis algoritmas: tikslo funkcijos konvergencija
(n=314, P=200, elite=20, mutRate=15%, laiko riba=60 s)

176 — (Geriausios kartos kaina b
——- Geriausias rastas: 1,605,615 (gen. 4900)
1744 N Greedy pradzia: 1,761,748

Pagereéjimo sritis

1.72 1

1.70

1.68 1

1.66

1.64 1

1.62

1.60 A

Generacija

3 dalis - Greedy pradinis vs. Genetinis galutinis

Las €6 (tikslo funkcija: max marsruto ilgis)

1.80 A
1,761,748

1.75 A

Pageréjimas:

1.70 ~ —8.9 %

1.65 A

1,605,615

1.60 ~

1.55 ~

1.50 ~

Tikslo funkcijos reikSmé (vnt.)

1.45

1.40 -

Greedy (pradine Genetic geriausias
sékla) (gen. 4900)
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4. Trecia dalis

Atlikti realizuoty algoritmy iSlygiagretinimg. PaskaiCiuoti jy iSlygiagretinimo koeficienta,
bei jj palyginti su praktiSkai gaunamais rezultatais.

4.1. ,,Greedy" algoritmo benchmark analizé
Atlikus nuosekly ir lygiagrety ,,Greedy“ algoritmo vykdyma, gauti Sie rezultatai:
e Nuoseklus laikas (T1): 9.2 ms
e Lygiagretus laikas (Tp): 74.7 ms
e Praktinis pagreitis (S): 0.12x
e Teorinis Amdahl limitas: 7.74x

Praktinis pagreitis yra mazesnis uz 1, o tai reiSkia, kad lygiagretus vykdymas uzZtruko
ilgiau nei nuoseklus. Taip nutiko todél, kad ,Greedy“ algoritmas yra per greitas (tik 9.2
ms). Sistemos sgnaudos, reikalingos gijy sukdrimui, valdymui ir sinchronizavimui per
Parallel.For, virSijo paties skai¢iavimo laikg. Tai jrodo, kad lygiagretinti apsimoka tik tas
operacijas, kurios trunka bent keliasdeSimt ar Simtus milisekundziy.

4.2. Lygiagretaus genetinio algoritmo analizé
Genetinis algoritmas buvo lygiagretinamas naudojant 4 gijas.
e Nuoseklus vykdymas (1 gija): 283 ms, kaina = 1 661 780,51
e Lygiagretus vykdymas (4 gijos): 375 ms, geriausia kaina = 1 761 748,95

e SkaiCiuojamas pagreitis: 3.03x (teorinis limitas <4x)

Galime teigti, jog Cia lygiagretinimas pasiteisino kur kas geriau. Pasiektas 3.03x pagreitis
yra labai auk$tas rezultatas naudojant 4 branduolius. Nedidelis nuokrypis nuo teorinio 4x
pagrei€io atsirado dél procesoriaus resursy dalijimosi tarp gijy.

11



Ti/Tp

Pagreitis S

4 dalis - ISlygiagretinimo pagreitis: Amdahl teorija vs. praktika

14 7
--- IdealusS =p //
== Greedy - Amdahl (f=0.95, naudota kode) s
17 | — Genetic - Amdahl (f=0.892, isvestas i$ 5=3.02x) /,»’
Greedy praktinis (p=8, 5=0.12x) el
Genetic praktinis (p=4, 5=3.02x) s
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8 4
6 4
4 4
S =0.12x
(« teorinis 5.9%)
‘ Gijy kirimas
2 A (geras rezultatas!) viréija darba!
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2.5 5.0

1.5
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Branduoliy / gijy skaicius p
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5. Galutinis algoritmy palyginimas

Apibendrinant visus eksperimentus, gauti Sie tikslo funkcijos (maksimalaus marsruto

ilgio) rezultatai:

Console.WriteLine(" " + string.Join(" ->

}
// PART 1 - GREEDY 0(n"2)
static class Greedy

{

Place start = null;

Console.WriteLine(" Bus 2 ({0} vietu, dist=
Console.WriteLine(" " + string.Join(" -> ", Route2.Select(p => p.Id.ToString()).ToArray()));
Console.WriteLine(" Tikslo f. (max route): {0:F2}", Cost);

Metodas Atstumas Laikas Pastebeéjimai

Greedy 1761748,95 12ms GreiCiausias, bet
neoptimalus.

B&B (20 viety) 1088862,00 36ms Tiksliausias, bet
veikia tik su mazais
duomenimis

Genetic 1605615,06 9444ms Geriausias
balansas tarp laiko
ir kokybés.

Parallel Genetic 1761748,95 375ms Greitas, bet Siuo
atveju sustojo su
prastesniu
rezultatu.

Kodas:
class Solution
public List<Place> Routel;
public List<Place> Route2;
public double Cost;
public Solution()
{
Routel = new List<Place>();
Route2 = new List<Place>();
Cost = double.MaxValue;
public static double Dist(Place a, Place b)
{
double dx = a.X - b.X, dy = a.Y - b.Y;
return Math.Sqrt(dx * dx + dy * dy);
}
public static double RouteCost(List<Place> r)
double c = 0;
for (int i = 1; i < r.Count; i++)
¢ += Dist(r[i - 11, r[i]);
return c;
}
public void Print()
{
Console.WriteLine(" Bus 1 ({0} vietu, dist={1:F2}):", Routel.Count - 2, RouteCost(Routel));

", Routel.Select(p => p.Id.ToString()).ToArray()));
Route2.Count - 2, RouteCost(Route2));

{1:F2}):",

public static Solution Solve(List<Place> places, int startId)

foreach (Place p in places) if (p.Id == startId) { start = p; break; }

List<Place> cities = places.Where(p => p.Id != startId).ToList();

13



11);
11);

cities.Sort((a, b) =>
Math.Atan2(a.Y - start.Y, a.X - start.X)

.CompareTo(Math.Atan2(b.Y - start.Y, b.X - start.X)));

int half = cities.Count / 2;
List<Place> citiesl = cities.Take(half).ToList();
List<Place> cities2 = cities.Skip(half).ToList();

List<Place> ril
List<Place> r2

= BuildRoute(start, citiesl);
= BuildRoute(start, cities2);
Solution sol = new Solution();

sol.Routel = rl;

sol.Route2 = r2;

!
sol.Cost = Math.Max(Solution.RouteCost(rl), Solution.RouteCost(r2));

return sol;

}

static List<Place> BuildRoute(Place start, List<Place> cities)

List<Place> route = new List<Place>();
route.Add(start);

List<Place> remaining = new List<Place>(cities);
Place cur = start;

while (remaining.Count > 0)

int bestIdx = 0;

double bestDist = double.MaxValue;

for (int i = @; i < remaining.Count; i++)
{

double d = Solution.Dist(cur, remaining[il);

if (d < bestDist) { bestDist = d; bestIdx = i; }

}
cur = remaining[bestIdx];
remaining.RemoveAt(bestIdx);
route.Add(cur);

}

route.Add(start);

return route;

}

public static List<Place> TwoOpt(List<Place> route)
{

bool improved = true;

while (improved)

improved = false;
for (int i = 1; i < route.Count - 2; i++)

for (int j =i + 1; j < route.Count - 1; j++)
double d1 = Solution.Dist(route[i - 1], route[i]) + Solution.Dist(route[j], route[j +

double d2 = Solution.Dist(route[i - 1], route[j]) + Solution.Dist(route[i], route[j +

if (d2 < d1 - 1e-9)

{
route.Reverse(i, j - i + 1);
improved = true;

}
}

return route;
}

//BRANCH & BOUND 0(2"n) worst, pruned
static class BranchAndBound
{

class State

public long Visited;
public int[] Routel;
public int[] Route2;
public double Costl;
public double Cost2;
public int Lastl;

public int Last2;

public State Clone()
{

State s = new State();

s.Visited = Visited;

s.Routel = (int[])Routel.Clone();
s.Route2 = (int[])Route2.Clone();
s.Costl = Costl;

s.Cost2 = Cost2;

s.lLastl = Lastl;

14



s.Last2 = Last2;

return s;
}
static int[] Append(int[] arr, int val)
{
int[] next = new int[arr.Length + 1];
arr.CopyTo(next, 0);
next[arr.Length] = val;
return next;
}

public static Solution Solve(List<Place> places, int startId, int timelLimitMs, int maxN)

Place start = null;
foreach (Place p in places) if (p.Id == startId) { start = p; break; }

List<Place> nodes = places.Where(p => p.Id != startId).Take(maxN).ToList();
List<Place> allNodes = new List<Place>();

allNodes.Add(start);

allNodes.AddRange(nodes);

int n = nodes.Count;

double[,] D = new double[allNodes.Count, allNodes.Countl];
for (int i = 0; i < allNodes.Count; i++)
for (int j = 0; j < allNodes.Count; j++)
D[i, j] = Solution.Dist(allNodes[i], allNodes[j1);

double bestCost = double.MaxValue;
int[] bestl = null;
int[] best2 = null;

long deadline

= pwatch.GetTimestamp() + (long)(timelLimitMs / 1000.0 * Stopwatch.Frequency);
long allVisited

Sto
= (1L << n) - 1;
Stack<State> stack = new Stack<State>();
State init = new State();

init.Visited = 0;

init.Routel = new int[] { 0 };
init.Route2 = new int[] { 0 };

init.Costl = 0;
init.Cost2 = 0;
init.Lastl = 0;
init.Last2 = 0;

stack.Push(init);
while (stack.Count > 0 && Stopwatch.GetTimestamp() < deadline)
{

State s = stack.Pop();

if (s.Vvisited == allvisited)

{
double ¢ = Math.Max(s.Costl + D[s.Lastl, 0], s.Cost2 + D[s.Last2, 01);
if (c < bestCost) { bestCost = c; bestl = s.Routel; best2 = s.Route2; }
continue;

}

if (Math.Max(s.Costl, s.Cost2) >= bestCost) continue;

int nextNode = -1;
for (int k = 0; k < n; k++)
if ((s.visited & (1L << K)) == 0) { nextNode = k; break; }

int ni = nextNode + 1;

double ncl = s.Costl + D[s.Lastl, nil;
if (ncl < bestCost)
{

State s1 = s.Clone();
sl.Visited |= (1L << nextNode);
s1l.Routel = Append(sl.Routel, ni);
sl.Costl = ncl;
sl.Lastl = ni;
stack.Push(sl);

}

double nc2 = s.Cost2 + D[s.Last2, nil;
if (nc2 < bestCost)

{
State s2 = s.Clone();
s2.Visited |= (1L << nextNode);
s2.Route2 = Append(s2.Route2, ni);
s2.Cost2 = nc2;
s2.Last2 = ni;
stack.Push(s2);

}
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if (bestl == null)
{

Console.WriteLine(" B&B: laikas baigesi, grazinama Greedy.");
return Greedy.Solve(places, startId);

}
List<Place> BuildRoute(int[] indices)
{
List<Place> r = new List<Place>();
foreach (int i in indices) r.Add(allNodes[il);
r.Add(start);
return r;
}

Solution sol = new Solution();
sol.Routel = BuildRoute(bestl);
sol.Route2 = BuildRoute(best2);
sol.Cost = bestCost;

return sol;

}

//GENETIC ALGORITHM 0(G * P * n)
static class GeneticAlgorithm

class Chromosome
{
public int[] Perm;
public int Split;
public double Fitness;
public Chromosome(int[] perm, int split)
{
Perm = perm;
Split = split;
Fitness = double.MaxValue;

}
static Random _rng = new Random(42);

static double Evaluate(Chromosome chr, double[,] D, int n, int startIdx)

chr.Perm[i]; }

chr.Perm[il; }

{
double c1 = 0, c2 = 0;
int prev = startIdx;
for (int i = @; i < chr.Split; i++) { cl += D[prev, chr.Perm[i]]; prev =
cl += D[prev, startIdx];
prev = startIdx;
for (int i = chr.Split; i < n; i++) { c2 += D[prev, chr.Perm[i]]; prev =
c2 += D[prev, startIdx];
return Math.Max(cl, c2);
}
static Chromosome OXCrossover(Chromosome a, Chromosome b, int n)
{
int pl = _rng.Next(n), p2 = _rng.Next(n);
if (p1 > p2) { int t = pl; pl = p2; p2 = t; }
int[] child = new int[n];
for (int i = @; i < n; i++) child[i] = -1;
HashSet<int> used = new HashSet<int>();
for (int i = pl; i <= p2; i++) { child[i] = a.Perm[i]; used.Add(a.Perm[il); }
int bi = 0;
for (int i = 0; i < n; i++)
if (child[i] !'= -1) continue;
while (used.Contains(b.Perm[bil)) bi++;
child[i] = b.Perm[bil;
used.Add(b.Perm[bil);
bit++;
}
int split = _rng.Next(2) == 0 ? a.Split : b.Split;
split = Math.Max(1, Math.Min(n - 1, split));
return new Chromosome(child, split);
}

static void Mutate(Chromosome chr, double mutRate, int n)
if (_rng.NextDouble() < mutRate)
{

int i
int t

_rng.Next(n), j = _rng.Next(n);
chr.Perm[i]; chr.Perm[i] = chr.Perm[j]; chr.Perm[j] = t;

}
if (_rng.NextDouble() < mutRate)

16



int delta
chr.Split

_rng.Next(2) == 0 ? 1 : -1;
Math.Max(1, Math.Min(n - 1, chr.Split + delta));

}
static void TwoOptSegment(int[] perm, int lo, int hi, double[,] D, int startIdx)

if (hi - lo < 2) return;
bool improved = true;
while (improved)

improved = false;
for (int i = lo; i <= hi - 1; i++)

int a = (i == lo) ? startIdx : perm[i - 1];
for (int j =i + 1; j <= hi; j++)

int b = (j == hi) ? startIdx : perm[j + 1];
double d1 = D[a, perm[i]] + D[perm[jl, bl;
double d2 = D[a, perm[j]l] + D[perm[il, bl;
if (d2 < d1 - 1e-9)

{

Array.Reverse(perm, i, j - i + 1);
improved = true;

}

public static Solution Solve(List<Place> places, int startId,
int popSize, int eliteCount, double mutRate, int maxGen, int timelLimitMs)

Place start = null;
foreach (Place p in places) if (p.Id == startId) { start = p; break; }

Place[] cities = places.Where(p => p.Id != startId).ToArray();
int n = cities.Length;
int startIdx = n;

double[,] D = new double[n + 1, n + 1];
for (int i = 0; i < n; i++)
for (int j = 0; j < n; j++)
D[i, jl = Solution.Dist(cities[i], cities[jl);
for (int i = ©; i < n; i++) { D[i, n] = Solution.Dist(cities[i], start); D[n, il = D[i, nl; }

int[] baseArr = new int[n];
for (int i = @; i < n; i++) baseArr[i] = i;

List<Chromosome> pop = new List<Chromosome>(popSize);

Solution gs = Greedy.Solve(places, startId);

List<int> clids = new List<int>();

List<int> c2ids = new List<int>();

for (int i = 1; i < gs.Routel.Count - 1; i++)

{
int idx = Array.FindIndex(cities, ¢ => c.Id == gs.Routel[i].Id);
if (idx >= 0) clids.Add(idx);

}

for (int i = 1; i < gs.Route2.Count - 1; i++)

int idx = Array.FindIndex(cities, ¢ => c.Id == gs.Route2[i].Id);
if (idx >= 0) c2ids.Add(idx);

int[] seedPerm = clids.Concat(c2ids).ToArray();

if (seedPerm.Length == n)
pop.Add(new Chromosome(seedPerm, clids.Count));

while (pop.Count < popSize)

{
int[] perm = baseArr.OrderBy(_ => _rng.Next()).ToArray();
pop.Add(new Chromosome(perm, _rng.Next(1l, n)));

Chromosome bestEver = null;

double bestFit = double.MaxValue;

long deadline = Stopwatch.GetTimestamp() + (long)(timeLimitMs / 1000.0 * Stopwatch.Frequency);
int gen = 0;

while (gen < maxGen && Stopwatch.GetTimestamp() < deadline)

foreach (Chromosome chr in pop)
chr.Fitness = Evaluate(chr, D, n, startIdx);

pop.Sort((a, b) => a.Fitness.CompareTo(b.Fitness));

if (popl[0].Fitness < bestFit)
{
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bestFit = pop[@].Fitness;
bestEver = new Chromosome((int[])pop[@].Perm.Clone(), popl[0].Split);
bestEver.Fitness = bestFit;

}

if (gen % 100 == 0)
Console.Write("\r Gen {03}/{1} | Best: {2:F2} ", gen, maxGen, bestFit);

List<Chromosome> newPop = new List<Chromosome>(popSize);
for (int i = @; i < eliteCount; i++) newPop.Add(popl[il);

while (newPop.Count < popSize)

Chromosome pl = pop[_rng.Next(eliteCount)];
Chromosome p2 = pop[_rng.Next(Math.Min(eliteCount * 3, popSize))];
Chromosome child = OXCrossover(pl, p2, n);
Mutate(child, mutRate, n);
newPop.Add(child);
}

pop = newPop;
gent++;

}

Console.uWriteLine();
if (bestEver == null) bestEver = pop[0];

TwoOptSegment(bestEver.Perm, ©, bestEver.Split - 1, D, startIdx);
TwoOptSegment(bestEver.Perm, bestEver.Split, n - 1, D, startIdx);

List<Place> rl = new List<Place> { start };
for (int i = @; i < bestEver.Split; i++) rl.Add(cities[bestEver.Perm[i]]);
rl.Add(start);

List<Place> r2 = new List<Place> { start };
for (int i = bestEver.Split; i < n; i++) r2.Add(cities[bestEver.Perm[i]]);
r2.Add(start);

Solution sol = new Solution();

sol.Routel = rl;

sol.Route2 = r2;

sol.Cost = Math.Max(Solution.RouteCost(rl), Solution.RouteCost(r2));
return sol;

}

// PARALLELISM S = T1/Tp
static class ParallelSolver

public static void RunGreedyBenchmark(List<Place> places, int startId)

int workerCount = Environment.ProcessorCount;
Console.WriteLine(" Processoriu: {0}", workerCount);

Stopwatch sw = Stopwatch.StartNew();

for (int i = 0; i < workerCount; i++)
Greedy.Solve(places, startId);

sw.Stop();

double seqMs = sw.Elapsed.TotalMilliseconds;

Solution[] results = new Solution[workerCount];
Stopwatch sw2 = Stopwatch.StartNew();
Parallel.For(@, workerCount, new ParallelOptions { MaxDegreeOfParallelism = workerCount }, i =>
{
results[i] = Greedy.Solve(places, startId);

I
sw2.Stop();
double parMs = sw2.Elapsed.TotalMilliseconds;

double speedup = seqMs / parMs;

double theoretical = 1.0 / (0.05 + 0.95 / workerCount);

Console.WriteLine(" Nuoseklusis laikas T1 = {0:F1} ms", seqMs);

Console.WriteLine(" Lygiagretusis laikas Tp = {0:F1} ms", parMs);

Console.WriteLine(" Praktinis S = T1/Tp = {0:F2}x", speedup);

Console.WriteLine(" Teorinis Amdahl (£=0.95, p={0}): S <= {1:F2}x", workerCount, theoretical);
}

public static Solution RunParallelGenetic(List<Place> places, int startId, int timeLimitMs)
int workers = Math.Min(4, Environment.ProcessorCount);

Stopwatch sw = Stopwatch.StartNew();

Solution seqSol = GeneticAlgorithm.Solve(places, startId, 100, 10, 0.15, 300, timeLimitMs /
workers);

sw.Stop();

double seqMs = sw.Elapsed.TotalMilliseconds;

Console.uWriteLine("\n [SEQ 1 worker] {0:F0}ms, cost={1:F2}", segMs, seqSol.Cost);

Solution[] pgResults = new Solution[workers];
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Stopwatch sw2 = Stopwatch.StartNew();
Parallel.For(0, workers, new ParallelOptions { MaxDegreeOfParallelism = workers }, i =>

pgResults[i] = GeneticAlgorithm.Solve(places, startId, 100, 10,
0.10 + i * 0.05, 300, timelLimitMs);
b;
sw2.Stop();
double parMs = sw2.Elapsed.TotalMilliseconds;

Solution best = pgResults.OrderBy(s => s.Cost).First();

double speedup = (seqMs * workers) / parMs;

Console.WriteLine(" [PAR {0} workers] {1:FO}ms, best cost={2:F2}", workers, parMs, best.Cost);
Console.WriteLine(" Pagreitis S = {0:F2}x (teorinis <= {1}x)", speedup, workers);

return best;

}
class Program

static void Main(string[] args)

{
Console.OutputEncoding = Encoding.UTF8;
List<Place> places = Data.GetPlaces();
Console.WriteLine("Ikelta {0} vietu.", places.Count);

int startId = 67;
if (args.Length > 0 && int.TryParse(args[0], out int sid))
startId = sid;

Place startPlace = null;
foreach (Place p in places) if (p.Id == startId) { startPlace = p; break; }

if (startPlace == null) { Console.WriteLine("Vieta {0} nerasta.", startId); return; }
Console.WriteLine("Pradzia: {0} - {1}\n", startPlace.Id, startPlace.Name);

string outDir = AppDomain.CurrentDomain.BaseDirectory;

// 1. GREEDY

Console.WriteLine("=== 1 DALIS: GREEDY (Nearest Neighbor + 2-opt) ===");

Stopwatch sw = Stopwatch.StartNew();

Solution greedySol = Greedy.Solve(places, startId);

greedySol.Routel = Greedy.TwoOpt(greedySol.Routel);

greedySol.Route2 = Greedy.TwoOpt(greedySol.Route2);

greedySol.Cost = Math.Max(Solution.RouteCost(greedySol.Routel),
Solution.RouteCost(greedySol.Route2));

sw.StopQ);

Console.WriteLine("Laikas: {0} ms", sw.ElapsedMilliseconds);

greedySol.Print();

SvgExport.Export(places, greedySol, startId, Path.Combine(outDir, "greedy.svg"));

Console.WriteLine(" -> greedy.svg\n");

// 2. BRANCH & BOUND

Console.WriteLine("=== 2 DALIS: BRANCH & BOUND (pirmi 20 mazgai, 10s riba) ===");
sw.Restart();

Solution bnbSol = BranchAndBound.Solve(places, startId, 10000, 20);

sw.Stop();

Console.WritelLine("Laikas: {0} ms", sw.ElapsedMilliseconds);

bnbSol.Print();

SvgExport.Export(places, bnbSol, startId, Path.Combine(outDir, "bnb.svg"));
Console.uWriteLine(" -> bnb.svg\n");

// 3. GENETIC
Console.WritelLine("=== 3 DALIS: GENETINIS ALGORITMAS (pop=200, elite=20, mut=15%, 60s) ===");
sw.Restart();
Solution gaSol = GeneticAlgorithm.Solve(places, startId,
200, 20, 0.15, 5000, 60000);
sw.Stop();
Console.WriteLine("Laikas: {0} ms", sw.ElapsedMilliseconds);
gaSol.Print();
SvgExport.Export(places, gaSol, startId, Path.Combine(outDir, "genetic.svg"));
Console.WriteLine(" -> genetic.svg\n");

// 4. PARALLEL

Console.WriteLine("=== 4 DALIS: LYGIAGRETINIMAS ===");
ParallelSolver.RunGreedyBenchmark(places, startId);

Console.WriteLine();

Console.WriteLine(" Lygiagretus genetinis:");

Solution pgBest = ParallelSolver.RunParallelGenetic(places, startId, 20000);
SvgExport.Export(places, pgBest, startId, Path.Combine(outDir, "parallel_genetic.svg"));
Console.uWriteLine(" -> parallel_genetic.svg\n");




