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o

Learning Best Quantum Path \ .

@ Quantum Switch

* Quantum Network: L links and K paths
* Each link with fidelity f,, depolarization parameter p

* Path L(k)’s depolarization parameter ppath(k) = H{’EL(R) Pe¢

path
. Path L(k)’s fidelity fPath(k) = =2 - ) K>»L,eg., K= 0(L"max)

» Objective: Find the path with the highest channel fidelity fP2th(k)
with as few quantum resources as possible (resource complexity)

e k* = argmax, fP2" (k)

Quantum Link === Quantum Path

fPath(k) demmp  pPAR(f) ey Z logpp = F(k)

LeL(k)
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* Goal: estimate a channel fidelity [ = —,Vvia estimatung Operation

depolarization parameter p
* Approach: bounce

G4 —>
GZ o

S and D are two nodes
G is a random Clifford gate

* Requires Clifford gate operation at quantum switches!

Link estimate p, guarantees p, € (ﬁ{)’t —rady¢, Doy + rad{),t) w.h.p.
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Quantum Network Category Operation Errer
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. . . . Path-level
Link-level benchmarking: estimate p, of each link £ Benchmarking

Link-level

‘: :.. @ @ Benchmarking .

* All guantum switches (all nodes) with required quantum operation ability

e Cost one unit of quantum resources

Path-level benchmarking: estimate pP2™' (k) of each path k

A £ 2% A
(D oo/ \o o/ X

* Only source and destination switches (two nodes) need the quantum operation ability

e Cost L(k) (the number of links in the path) units of quantum resources
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BeQuP : Online Learning for Best Quantum Path

Procedure 1 BeQuP: Learning Best Quantum Path

Input: Path set K, link set £, confidence parameter o
1: repeat

Degision fl> 2: Select a link ¢; / path k; to benchmark
3.

Making . Observe link-level feedback Xp, ; from subroutine
Bench(4;) / path-level Y;(k;) from Bench(L(k;))

Stopping fl> 4: until Identify the best path £* with confidence 1 — o

Condition
Output: Best path £*
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Link-level Benchmarking: Be st Path subroutine

OUTPUT: Best path argmax F (k)

k «BestPath(p, K)

INPUT: All link depolarization

parameters p, & Topology K

* e.g., Shortest path (Dijkstra's algorithm) with edge weight — log p,

One natural idea is first to estimate all p,
t_ and apply BestPath.
estination
Can we do better?

@ Quantum Switch Quantum Link === Quantum Path
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Link estimate p, guarantees p, € (13“ —rady, Ppe + radg’t) w.h.p.

Link-level Benchmarking: BeQuP-Link Algo.

* Find the empirical best path Et —BestPath(p: K)

( ~
ﬁf,t - I‘ad{)’t lf’g E L(kt)

* Pess/Optimistic estimate py ¢ < 1§, |
P 5 Do+ rad,, otherwise

* Find the disturbed empirical best path Et —BestPath(p:, K)

i ?L(Et) = L(k;), then output the best path k,

* Pick a link to explore [the most under-explored link]
Decision ft < argmax rad&t .
Making fl> £EL(1}t)AL(kt)

* Update Parameters Different links

between
the two paths

L(ke) A L(ke)
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Estimate Link Parameters from Path Feedback

Path-level BeQuP-Path: LinkEst subroutine

pP(k) = 1—[ Pe

* Input: a set of paths & and a number of samples N eaclh)

e [1: G/D-Optimal Design] 2° « max Exep(as) [x(k)xT (k)]
« [2: Random Sampling] Forn = 1, ..., N do ) ={§ e e rt)
 Sample path k,, from § with probability 2)(/15, 5) ¢ETH0
- Y, «Bench(£(k,)) [Path Feedback]
v R NZRES Ag(k)x(k)xT(k) flogppath(l) = z log p
*b < 271\1,:1 log(Yn) x(kn) < E ¢eL(D)
e [3: Solve Linear Equation] Output: logp < A~ b log pPath (k) = Z log s
[Link Estimates] L 2eL(K)
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Quantum Resource Complexity & Comparison

* ReQuP-Link:

. 1 L
Q" =0 (L%nax 2 A7 108 g)

ver t

F(k*)— max F(k) ifee¢ L(k)

« A, = keX:PeL(k)
£ — *\ . *
F(k*) kejgn{)a}é(k) F(k) ifteL(k")
* L.x = maxL(k) :length of the longest path

kex

Compare with prior baselines
Quniform — 0( KLmax lo 5)
h 2 985
(apath([1]))
1 K

LinkSelfiE _
=0|L E log—
Q ( max (Apath(k))z 08 5)

[Our INFOCOM’24] b=

* BeQuP-Path:

L

QP =0 L 2 :
ma
(Apath( ))
K> L,e.g., K= 0(Lmax)

« APAth(}) = F(k*) — F(k)
« APAN([£]) is the £-th smallest path gap

Link vs. Path
1 L
Qpath =0 (L%nax z 2 10g—>

o (apath([¢]))” 0

. 1 L

lek =0 L%nax Z_z log—

A% o)

{eL

Liu. Maoli. et al. "LinkSelfiE: Link selection and fidelity estimation in guantum networks." |IEEE INFOCOM 2024-lEEE Conference on Computer Communications. |EEE. 2024.

K
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Resource Consumption

Resource Consumption
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NetSquid Experiments

Extend our algorithm for finding the path with the highest SKF for QKD
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Figure 1: High-fidelity Path Identification

Coopmans, Tim, et al. "Netsquid, a network simulator for quantum information using discrete events." Communications Physics 4.1 (2021): 164.
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Figure 2: High-SKF Path Identification
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Learning Best Quantum Path Takeways

_ink-level: difference in lower and upper confidence bounds
Path-level: optimal experimental design for link estimates

Key idea: reduce from path [coarse-grained] to link [fine-grained]

Thank you!

17/17



	Slide 1: Learning Best Paths in Quantum Networks
	Slide 2: Quantum Network
	Slide 3: Outline
	Slide 4: Outline
	Slide 5: Learning Best Quantum Path
	Slide 6: Network Benchmarking
	Slide 7: Benchmarking Levels
	Slide 8: BeQuP:Online Learning for Best Quantum Path
	Slide 9: Outline
	Slide 10: Link-level Benchmarking: BestPath Subroutine
	Slide 11: Link-level Benchmarking: BeQuP-Link Algo.
	Slide 12: Outline
	Slide 13: Path-level BeQuP-Path: LinkEst Subroutine
	Slide 14: Quantum Resource Complexity & Comparison
	Slide 15: Outline
	Slide 16: NetSquid Experiments 
	Slide 17: Learning Best Quantum Path Takeways

