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Abstract of Bachelor’s Thesis - Academic Year 2009

Path Selection in Heterogeneous Quantum Networks

To date, research on entangled quantum networks has primarily focused on an abstract
model consisting of a linear chain of repeaters, with a power of two number of hops of
identical length and quality. This dissertation analyses the behavior of more complex
network topologies. In a network of heterogeneous links and irregular topology, path se-
lection affects both the performance of individual connections and global network load. I
propose a definition for link cost and an algorithm for the decision sequence of entangle-
ment swapping and ranking candidate paths to maximize the throughput of end-to-end
connections, measured in high-fidelity Bell pairs per second. Simulations confirm reason-
able agreement between the calculated path cost and the expected throughput. Thus, I

propose the use of a quantum form of Dijkstra’s algorithm.

Keywords :

1. quantum computer, 2.quantum repeater, 3.quantum network, 4.quantum teleportation,

5. Path selection algorithm
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Swapping0 0O 000
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5. 00000 AliceODUOODO BobOODO Entanglement 000000 O
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000000000000 00O000DO0DbO0OO0O0DOooDOon
e DANODOODODOOO
1. 2hop O 0O : Alice—0 —D—0O —Bob
2. 3hopO 0O : Alice—0O —D—0 —E—0O —Bob
3. 3hop OO : Alice—0 —C—0 —E—0O —Bob
4. 4hop OO : Alice—0 —C—0 —E—0O —D—0O —Bob

gbouogboboobobooboobuooboobboobuoobooboobbooobdgd
goboboooogn

4.3.1 0O0O00O0OOUOOOOOODLOOOOOOOOOn

godoooboobbbbtboooooooouoobobbbbobboooooo
00000 = f(Costac + Costeg + Costgp) (4.1)

gobbboooobobbboooobbboooon
OO000D00D0OD0O0O0O Dijkstra’sDO0O0O0O0OOO

00000 =) cost;
i (4.2)

1 €e{0000004c+000000¢e+000000Egg}

gbboggbogobuogbboobbodboooboobboobbooooobn
OO00bO0booobOob Dikstra'sOOO0DOO0O0OOOOOODODOOODOOOOOO
gogggoooobobobbbbobbobobbooddddddooooooooooon
gbogbodgbdboobobuoobboobbooboobboobboobbooboo
gobbooogbbbuooobbbooobbboooobbbuoooobboao

4.3.2 O0O0OO0OOOOO

O0b00oOoobooobo2000000000000 teleportationd O O0O00OO0O0OO
oooooOo “oboboobor’oooooobogoo
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gbbodgbobbuoobbdobodbobboobooobooobobboobbo
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gbboduobbuodgbbuoobbobuobbuoobbuoobbooboboooo
OO000D00DbO0b000o0ooooboOoDbOo Dikstra'sODO00OO0DOOO0OOOOODOODO
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gbobodboobbuoobboobobuobboobuoboobuoobbooboo
O0boooboooboobbooooooooo obooboobOnbhopoonoon
goboboooobbbuoooobobod

n
00000 = z=xq75 * 100 (4.4)

O0b00ooobooboobobobobooboobouoboooboOod Dijkstra’s0 OO
gobobooogboo

4.3.5 U0U Dijkstra’s0 0000000000

O0D00000DbO0 Dijkstra’'sO0 000000000 OO0OO0OOODO0OOOODOO
OO000b0o0o0ooboob0oooooooooDOobDOU Dijkstra’sODO0OO0OO0OODOO
gbbggboogobuoobboobobbuoobobbuoobboobobbogbo
Oboo0obo0booobooboobooobO Digkstra’sOD 00000 oooooogn
gogooooobobobbbbobboboobobbbbbboboooooooooooooo
oobooooobooobo0oboobooboobooboobboobOogn DijkstrasO OO
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OO000bO0000D0b0ob00oobD0obooboboboOn “Cellprot6” 0D ODOO
O000000DoobboOob0oboDo0obooboobDOog Cellprot6 HOODOOODOODOO
goo

5.1 UOOOOOOO

5.1.1 Inputfile OO0

Cellprot6 0 0 “InputFile” (00 .in0000)0000000000O0OOOOOOOO
gobbooodgbbbuoooobbobuoobobboooobbboooobob

Oo0d0oooOoO0ooRI00OOOO00ODOOO0O00OOOO0ODObOOOobDODOOO
“md0007"000D00O0DOOO0DbDREODO0ObOO0bOOObOObDbOOobDbOOobDOoOn
E200000000000000000GB300000000Inputfile000000O00O
O000o0o0OoooooRICcOoOOO

Alice C D E Bob
GEAEAN— — —(=2=4)
80km

gsl:0b000boobon
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5.1. OO0 DOO0OOO

g s5d oo

thresholdbands: 0.60,0.75,0.90,0.94
endbands: 0.601,0.751,0.901,0.941
thresholdbanddeltas: 0.04,0.04,0.04,0.04
numqubits: 8
totalnumbits: 2000 #0 0000000
totaltime: 1000000 #UJ 01 00O OO
## D00 0UUO0O0O00 hop OO 277 = 128 U U U numlevels ==
numlevels: 2
levelthresholds: 0.98,0.98,0.98
endlevelthresholds: 0.981,0.981,0.981
levelthresholddeltas: 0.2,0.2,0.2
## UU U0 n-hopUDODODOOOOODODODOO
numstations: <integer>
leftswapdistance: <vector>
leftswapthresholds: <vector>
rightswapdistance: <vector>
rightswapthresholds: <vector>
### UUUD n-hopUUUOUOOUOUULOOOO
## totaldistance UOOODODO ,4 OO 100km, 50 O 1280km 0O 0O O
totaldistance: 3.2
systemloss: O #U U0 dB
# 0000000000 0,0b0b0b0ob0b0geB 0000 (20km O)
weaklinks: 1, 3, 4
weaklinklosses: 0.2, 0.1, 0.3

\_

U 52 mgoobboogogbooboag
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4 N

toscreen: 1
model: 2
# Purification U O OOOONO
#0: 0O0ODOO 1: ODUO0O0O 2: O0OODO
purschepol: 2
lowx: 1
highx: 1
numx: 1
loglinear: 1
arbnoise: 0.0
arbgatenoise: 0.0
# Entanglement Swapping UUO D OO OON
# 1. 0000 2: dBUOOO 3: OOOO
swapplan: 1

linkthruestmeth: 1

0 s3: “mbO0O00’00000000D0O0

5.1.2 PerlOUOO0OOO0OO0OO Cellproté O O [
0oooooooooooooobodoooooooooooood
e “in00O0OO70O0ODOO0O
e Cellprot6 00O OO
e 1D IOOOODODOI00ODOOOO

00030000000000000000000000000 “out00O000”(0E4)
0000000 PerlD00OD0OO0O0O0 “result OO0 (OB OOODOOOOOOO

“reut OO O7000%ouwtO0000"000O0O00OO00OO0OO0OOO0O0ODOODOO
gbodbooboboboboboboboboobooboboboonog perlbog
O00oO0o000oOoopoooooOoU0oooooooooOoOo0ooooREDOOn
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gs1l:000000ooon

000 00
thresholdbands Purification 0 0 00000000 0O0ODO Fidelity O O OO
endbands 0000000000000 Purificationd 0D O00OO0OOO
thresholdbanddeltas | D0 O 00000000 DOOOOOOOO Purification 0 O
OO00D0D0D00O00ooooooooooooooooan
0000000000000 0000 (Doooooooo
Oooooogo)o
numqubits O0000bOO000o0obOoOOo0ooooboboboobobooobOoo

OO000000000 numqubitsD OO OOOOOOOOOO
gboboboooobbodgd

totalnumbits

OOooobooooooooooooooooogong Telepor-
tation OO OOOOOO

totaltime O000000O0O0000000 (00)00 0 totalnumbits O O
O0 totaltime 0000000000 OOOOOOOOODOO
0000000 bOOoDoDbOoD

numlevels 000 Entanglement Swapping0 OO OO0 Stepd 0000
O000000 hopOO nODOOOOlogy,n OO O numlevels
oboooboon

levelthresholds Entanglement Swapping 0 00 O O O Teleportation 0 0O 0O O O
endlevelthresholds || OO OO OO Fidelity O OO O

levelthresholddeltas

totaldistance O00000000000000D00O0O0O0DDOO¢totaldistance *
25km =000 (km) DO OO

systemloss O00000D00D00D0 FidelityOODODODOOOOOOOOO
0000000000000 Db00O00Osystemloss0 OO 00O
Oo0ooogo

weaklinks 0000000000 oobOooboobooD 20embOOooO O

weaklinklosses

gbobobooogboobuooogboboo
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—

setting link 1 to dBloss O.
setting link 2 to dBloss O.

N

setting link 4 to dBloss 0.3

In qubits/second:

throughput (least squares) = 5.75547

throughput std. dev. (least squares) = 0.0137817

X intercept (least squares) = 0.00128045
N /

054: owt0000(0000)

throughput file pathscore worstlevel
83.6820 10.out 20.3995 1
71.9424 11.out 18.2163 1
67.1141 12.out 15.8163 2
54.6448 13.out 11.3346 3

055 result 00000 (0000)

5.2 JUUOOD0OOUDODROODOOODOOOO

OO00ob0oboOoob0oboooboobobooRbObDO0ObDODOOb0OODO CCellprote O
00000000 “reut0000O0700RAODDOOOO0O0O0O0O0O0O0O0O0O0O0OCDCODO

5.3 Cellprot6

5.3.1 0O 2'hopl 00000000000

OR200000 “mO0O0O0”’00000O00O00O00OO0OOoOOn
e numlevel 0 NULL OO0O

e numstation 0 [0 swapdistance,swapthreshold 0 O 0O OO
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5.3. CELLPROTG6 g s5d oo

inZ7AIL j

RS A—BIEIE]

B ¥
R ETES {C?cllﬁrf;ﬂ] [[C%ET;(S]

[ R TO5S A . . .

(PerlX9)7+) ]}

outZrFAIL

— 3

« m result 774 MH

[ smos> | € |T—2@F5RE
R (faH])

gs6:00ougogoon

0000000000000 0000O0O000C00ORY00DOO0O0OooOOO0d 2%hop
gbo0obobobobooobooobouooboobooo

0000000000000 000D00D0000 Entanglement Swapping 0 00 00O
00000000 “swapdistance” O “swapthreshold” 0 00O O O O Entanglement Swap-
ping0 0000000000 O0O0O0DOO0DOO Entanglement Swapping 0 000000
gooooooooobooobo2rheop0000ooooooooOooO“ingnog”
00000000 0OD00O0 Entanglement SwappingO 0000000000

O000BRIODOOOO2"opd 0O 0O OONODNO Entanglement Swapping 0 0 0 0 O
00000000000 «mOd0000”0000000000RODOODOODOODOODO
00000 Entanglement Swapping0 OO0 O OO0O0O0O0OO
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4 N
df<-read.table("2hop/2hopdata.result", header=F)

df2<-subset (df ,df$V4==0)

plot (df2$V1, df2$V3, xlim=c(30,100), ylim=c(0,30), pch=0,col=2,
xlab="path score", ylab="throughput(qubit/second)") par(new=T)
df2<-subset (df, df$vi==1)

plot (df2$V1, df2$V3, x1im=c(30,100), ylim=c(0,30), pch=1, col=3,
xlab="", ylab="") par(new=T)

df2<-subset (df, df$v4==2)

plot (df2$V1, df2$V3, x1lim=c(30,100), ylim=c(0,30), pch=2, col=4,
xlab="", ylab="") par(new=T)

df2<-subset (df, df$v4==3) plot(df2$vVi, df2$Vv3, x1lim=c(30,100),
ylim=c(0,30), pch=3, col=5, xlab="", ylab="")

leg<-c("No weak link", "Only contains weakish links", "Contains very
weak links","Contains worst links")

legend (30, 30, leg, col=2:5, pch=c(0,1,2,3), ncol=1, cex=1.1,
pt.bg="pink")

gs7ROODOODOOODO

<—20km—>g « 20km — g <—20km—>§ < 20km — g « 20km —
Alic C D E F Bob

(%—M) —(={E4)
100km

0 5.8 0 2rhop0000OOOODOODO
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g s5d oo

//vector<vector <int> > IdentifySwapPoints(GraphPath *pathp) {
int N = pathp->size();
if (!ispoweroftwo(N)) {
std::cerr << N << " is not a power of two,
and that’s all I understand." << std::endl;
exit(-1);
}
vector<vector<int> > retval = vector<vector<int> >(N);
for( int k=0; k <= parms.numlevels; k++)
{
int p = binpow(k); //binpow(k) = 27k
for (int 1=0; 1 < N; 1 += p)
retval[1l] .push_back(p);
}
return retval;
+;
o

0 5.9 2"hopU000000OO0OOODODO
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el OO

O00000@dOO0OOODODODO0ORO000000000000000000000
gobboobooooobod

gbggoboobbodbbooboogbbuoobobbooboooboobood
gbgboboguobogbogobooobooobooobooobboobobobba
gbgobobbooboobooboobd

gbobogbobuodgboobboobuoobbooboobobobbooboobobo
gbbobgbugbbuoobbodbbodobuobbuoobbobuoobboobbo
gobbooogbobobuoooobbbooobbobooooboboooobboao

6.1 U0O00O0OO0OOO0OOO0O0OO0O0O0O0O0

gobogodboooboobbooobuoobbooboobboobboooubouo
0000000000000 00000D000D00000 AlieeDO0O0DOODOODO
BobOUOUOUO BellOODODOOOODODDODOOOOUODODODODOOOOODDO D Entanglement
Swapping0 OO O0OO0O00OO0OO0O Teleportation0 DO O0O0O0OODODOOODOOODOO
O0000 FideltyDOODODOOOOO0OOO0OOOO0O0obO0oooooooobobooo
gobboboooobbbooobbbbooooobbooo

l..ooobboooooobooaobo
oo ooUoga
gobboogobbobuogoobobbuoooobbooooobooboogo

2. 000000boboboooobobbuoan
gbobbuogobbobuooobbuooobbbuooobobbuooobbbuooon
gobbooobobobooobbobuoobboboooobobooobobbuooon
gbbbooodobbbooodgbbboooobbboooobbbod
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6.1.1 0OO0OOO

0000000000000 0000000000000D0D00D0DO Entanglement O O
O Purification0 0000000 Fidelity DO OO 0OBellO O OO OO OO O Teleportation
00000000000 00D0D0O BellOOOODOOOOO Purification0 0 O00D0OO0O
gobobooboboobbooobobboobboboobboobobboobbon
O0000O0OOEntanglement 000000000000 0OO0O0OOO0OO0ODOOOOOOO

6.1.2 0OOUOOO

Oo000C0COOO0O00O00O0000000U0EINOODODOODODOODOOOOOOOQ
AliceD0D00OD0O0O0D0O0O BobOOODODOOODODOODOODOODOOODOOD Entan-
glement 00O 0000

000000000000 000D0000o0ooooooeIOOOO

Oe6l1:000000000O0000OODO0OO0O0O0

goooo gobooo
gbooboobood 8 qubits gboooo 20 km
gogooboood 200 qubits gooo 20 km
goboooogd 20 (AlicedBob) || 00000 | 3.4(000) 4 x dB/20km
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