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Outline of the work 2/17

I Topic: Path congestion avoidance in networks of quantum
repeaters and terminals

I Assumption: Complete paths between terminals

I What is the required quantum memory size in repeaters?
I Contributions:

I Lower and upper bounds for the required qubit memory size of
repeaters for general graphs and two-dimensional grid network
topologies

I Congestion avoidance algorithm: Layer-peeling path
establishment



Network Model 3/17

 

R



Repeater r capacity 4/17

t0

t00

t1
t01

t2

t02

r

CP(r) is the number of supported paths
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I Simple error model: single qubit errors in Bell-EPR pairs

I Achieve fidelity with purification

I Adjacent nodes use direct communications to establish
entanglement

I Remote nodes use entanglement swapping and teleportation

I Quantum memory size of a repeater is equal to the sum of the
lengths of the paths going through it (Lemma 7)
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I For each simulation, we compute the following metrics

I Congestion: # of paths passing through most visited repeater

I Entanglement rate: Following existing work (cf. [24,25,26])

T (n) =

{
1/R(n), if Xch ≥ τ(n)− (Xs − τ(1))

0, else

(precise calculation is summarized in the paper)
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I Minimum required quantum memory (Corollary 9)

MP(r) ≥ 2
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I Maximum required quantum memory (Lemma 10)

MP(r) ≤ δ
(
|T |
2

)
qubits

where δ is the diameter of the graph.
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In general, the quantum memory required by a repeater r (Corollary 16)

M(r) ∈ Ω(k2) qubits.
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I Assumption 1: Path establishment for all terminals
I End-to-end paths from every terminal to any other terminal:

I Assumption 2: Random arrangement of repeaters using
Bernoulli bond percolation
I Probability p of ensuring repeater connectivity greater than 0.5

I NetworkX library1 to conduct Monte Carlo simulations2

I A (step-by-step) construction example follows

1
Python Library available online at: https://networkx.github.io

2
Code available online at: http://j.mp/QCECodeGitHub

https://networkx.github.io
https://github.com/jgalfaro/mirrored-qbcrepgrid/blob/master/networkx_simulation.py
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## Initial Parameters
k = 20 #k quadratic (2D) lattice
p = 1 #bernoulli probability for bond percolation
q = 1 #bernoulli probability for terminal arrival

DrawGrid=True
ShowLabels=False
AdditionalRing=True
BondPercolation=False
ComputePaths=False
PathSearchAlgorithm=1 #1=shortestPaths 2=peelingPaths
CSVFormat=False

Output: 
The graph contains 324 repeaters and 72 terminals [(k^2 (- nodes 0, 19, 380, and 399 removed, to avoid terminal adjacency]
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## Initial Parameters
k = 20 #k quadratic (2D) lattice
p = 0.55 #bernoulli probability for bond percolation
q = 1 #bernoulli probability for terminal arrival

DrawGrid=True
ShowLabels=False
AdditionalRing=True
BondPercolation=True
ComputePaths=False
PathSearchAlgorithm=1 #1=shortestPaths 2=peelingPaths
CSVFormat=False

Output: 
The graph contains 254 repeaters and 105 terminals.

Run 1
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## Initial Parameters
k = 20 #k quadratic (2D) lattice
p = 0.55 #bernoulli probability for bond percolation
q = 1 #bernoulli probability for terminal arrival

DrawGrid=True
ShowLabels=False
AdditionalRing=True
BondPercolation=True
ComputePaths=False
PathSearchAlgorithm=1 #1=shortestPaths 2=peelingPaths
CSVFormat=False

Output: 
The graph contains 266 repeaters and 108 terminals.

Run 2
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## Initial Parameters
k = 10 #k quadratic (2D) lattice
p = 0.65 #bernoulli probability for bond percolation
q = 1 #bernoulli probability for terminal arrival

DrawGrid=True
ShowLabels=True
AdditionalRing=True
BondPercolation=True
ComputePaths=True
PathSearchAlgorithm=1 #1=shortestPaths 2=peelingPaths
CSVFormat=False

...
22 -> 35 : [22, 21, 31, 41, 42, 43, 53, 54, 55, 45, 35] 
22 -> 44 : [22, 21, 31, 41, 42, 43, 44]
22 -> 64 : [22, 21, 31, 41, 51, 61, 62, 63, 64]
22 -> 76 : [22, 21, 31, 41, 51, 61, 62, 63, 73, 74, 75, 85, 86, 76]
35 -> 44 : [35, 45, 55, 54, 53, 43, 44]
35 -> 64 : [35, 45, 55, 54, 53, 52, 51, 61, 62, 63, 64]
35 -> 76 : [35, 45, 55, 54, 53, 52, 51, 61, 62, 63, 73, 74, 75, 85, 86, 76]
44 -> 64 : [44, 43, 42, 41, 51, 61, 62, 63, 64]
44 -> 76 : [44, 43, 42, 41, 51, 61, 71, 72, 73, 74, 75, 85, 86, 76]
64 -> 76 : [64, 63, 73, 74, 75, 85, 86, 76]

Congestion =  288 (Repeater 31 appears in 288 paths, repeater 41 appears in 245 paths, repeater 51 appears in 223 paths, etc.)
Entanglement rate = 200

Output:
The graph contains 56 repeaters [ [11, 12, 13, 14, 15, 16, 17, 
18, 21, 23, 24, 25, 26, 27, 28, 31, 32, 33, 34, 36, 37, 38, 41, 
42, 43, 45, 46, 47, 48, 51, 52, 53, 54, 55, 57, 58, 61, 62, 63, 
67, 68, 71, 72, 73, 74, 75, 77, 78, 81, 82, 83, 84, 85, 86, 87, 
88] ] and 37 terminals [ [1, 2, 3, 4, 5, 6, 7, 8, 10, 19, 20, 
29, 30, 39, 40, 49, 50, 59, 60, 69, 70, 79, 80, 89, 91, 92, 93, 
94, 95, 96, 97, 98, 22, 35, 44, 64, 76] ]

Paths:
1 -> 2 : [1, 11, 12, 2]
1 -> 3 : [1, 11, 21, 31, 32, 33, 34, 24, 14, 13, 3]
...
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(a) (b)

(c) (d)

Fig. 10. Congestion results using (a,c) shortest path and (b,d) peeling path strategies.
Values of p and q are 0.95 in (a,b) and 0.65 in (c,d).

The following steps summarize the experimental work:

– Generate random grid networks (e.g., using NetworkX and Bernoulli bond
percolation [cf. examples in Appendix A]);

– Simulate two path establishment algorithms, i.e., shortest-path establish-
ment and peeling-path establishment [cf. examples in Appendix A];

– Count the number of paths passing through a repeater (i.e., congestion) and
lengths of paths [cf. examples in Appendix A];

– Compare the congestion reduction and the entanglement rate when using the
first establishment algorithm (shortest-path establishment) w.r.t. the second
establishment algorithm (peeling-path establishment). We can observe that
both strategies provide an equivalent entanglement rate, hence equivalent
fidelity rates. The peeling-path establishment considerably reduces the con-
gestion levels, i.e., repeaters in the inner layers get less congested and would
require a lower number of qbits while providing an equivalent entanglement
rate w.r.t. the scenarios based on the shortest-path establishment strategy
(see results in Figures 10 and ??).

7 Conclusion

Lorem ipsum dolor sit amet, consectetuer adipiscing elit. Ut purus elit, vestibu-
lum ut, placerat ac, adipiscing vitae, felis. Curabitur dictum gravida mauris.

(a,c) shortest path and (b,d) peeling path strategies. Values of p and q are 0.95
in (a,b) and 0.65 in (c,d). Values of p and q are 0.95 in (a,b) and 0.65 in (c,d).
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(a) (b)

(c) (d)

Fig. 11. Entanglement rate results using (a,c) shortest path and (b,d) peeling path
strategies. Values of p and q are 0.95 in (a,b) and 0.65 in (c,d).

Nam arcu libero, nonummy eget, consectetuer id, vulputate a, magna. Donec
vehicula augue eu neque. Pellentesque habitant morbi tristique senectus et ne-
tus et malesuada fames ac turpis egestas. Mauris ut leo. Cras viverra metus
rhoncus sem. Nulla et lectus vestibulum urna fringilla ultrices. Phasellus eu tel-
lus sit amet tortor gravida placerat. Integer sapien est, iaculis in, pretium quis,
viverra ac, nunc. Praesent eget sem vel leo ultrices bibendum. Aenean faucibus.
Morbi dolor nulla, malesuada eu, pulvinar at, mollis ac, nulla. Curabitur auctor
semper nulla. Donec varius orci eget risus. Duis nibh mi, congue eu, accumsan
eleifend, sagittis quis, diam. Duis eget orci sit amet orci dignissim rutrum.

Nam dui ligula, fringilla a, euismod sodales, sollicitudin vel, wisi. Morbi auc-
tor lorem non justo. Nam lacus libero, pretium at, lobortis vitae, ultricies et,
tellus. Donec aliquet, tortor sed accumsan bibendum, erat ligula aliquet magna,
vitae ornare odio metus a mi. Morbi ac orci et nisl hendrerit mollis. Suspendisse
ut massa. Cras nec ante. Pellentesque a nulla. Cum sociis natoque penatibus et
magnis dis parturient montes, nascetur ridiculus mus. Aliquam tincidunt urna.
Nulla ullamcorper vestibulum turpis. Pellentesque cursus luctus mauris.
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I Topic: Path congestion avoidance in networks of quantum
repeaters and terminals

I Assumption: Complete paths between terminals
I Evaluation

I shortest-path establishment vs. layer-peeling path
establishment

I Main results:
I Both strategies provide an equivalent entanglement rate
I Layer-peeling establishment considerably reduces congestion

→ Repeaters in the inner layers get less congested and would
require a lower number of qubits, while providing a similar
entanglement rate
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