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Data Centers

« Physical facilities that house computer servers and
networking equipment.

« Power everyday apps: Google Maps, Uber, Netflix,
Al models, financial systems, national infrastructure,
etc.

« Data centers consume 1-2% of global electricity
(IEA 2022).

 Projected to rise to 6-8% by 2030.

« Servers & CPUs/GPUs: 40—-60% of Energy Use
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DATA-CENTRE ENERGY GROWTH

China and the United States are predicted to account for nearly 80% of
the global growth in electricity consumption by data centres up to 2030*.
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*Predicted trajectory under current regulatory conditions and industry projections.
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Algorithms

« wWhether it's a search query, a delivery route, or a
train scheduling problem — we rely on algorithms.

« depends on complexity of the task

. Use case: UPS




Example: UPS




Example: UPS

1) start and end
at the post office (A)

2) Visit every House
exactly once




Traveling Salesman
Problem

The Traveling Salesman Problem (TSP) is a classic problem in combinatorial optimization.
Given a list of n cities and a distance function d(7, j) that gives the cost of travel between
any pair of cities ¢ and j, the goal is to find the shortest possible route that:

e Starts and ends at the same city

e Visits each other city exactly once




Traveling Salesman
Problem

Mathematical Formulation

Let the set of cities be V ={0,1,2,...,n — 1}. A tour is a permutation 7 of the cities such
that:

ﬂ- : {Ojljtttjn_ 1} % V ( 1 2 - 8 @ n )
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The cost of a tour 1is:

Cost(m) = Z_: d(m(z),m(¢+ 1)) +d(m(n —1),7(0))

1=0

The TSP asks for a permutation 7 that minimizes this cost.




Solve the TSP

« TSP’s complexity grows exponentially with the
number of cities/households.

« Distinguish Algorithms by Efficiency

« Since TSP is hard to solve exactly:
o Exact vs. heuristic methods

« trade off: accuracy vs. resources




Operations

510 Complsiy Chr Big O Notation

[Forrisie] [sac][7air [cooc] [Exceiient]

« Number of steps (operations) in relation to input size.
« compare algorithm efficiency

« Helps predict scalability

Elements

Each step a CPU takes uses energy So the more steps,
the more energy consumed.




Goal: Optimize Algorithm Efficiency

Quantum computing offers new ways to process
information, potentially solving hard problems more
efficiently...




CLASSICAL
APPROACH




Traveling Salesman Graph (4 Cities)

Classical Approach I:
Brute Force

« Brute Force explores all possible paths
exhaustively

« For N cities, this means (N-1)! permutations
« Guaranteed to find the optimal route

« Becomes impractical quickly exponential time
complexity: O(n!)

« Memory usage is low only the current best
path is stored




Classical Approach |l: Held-Karp (Dynamic Programming)

Let (75, j) be the length of the shortest path that starts at city (), visits all cities in subset
S CV (with 0 € 5), and ends at city j € S, where j # (). Then:

C({0},0) = 0

C(S,7) = 1;:1i‘]?:1 IC(S\{7},i) +d(i,5)], forl|S|>1
(A

7]

This recurrence builds up solutions by extending smaller tours by one city at a time [1].
Once all C(S, 7) values are known, the final solution is computed as:

min [C(V, 7) 4+ d(7,0)]
JEV
370




Classical Approach |l: Held-Karp (Dynamic Programming)

Optimal Path
A=-C=-D-=-B-A
Cost: 80

« Uses dynamic programming to avoid redundant
calculations

« Solves subproblems once and stores results

« Significantly reduces the number of operations ® %

6T

. Time complexity: O(N* 2™)— better than brute force

« Memory trade-off: requires more space for caching

25

« Still exponential, but more efficient for moderately
sized problems

B Node
= All Edges
w— Optimal Path



Classical Comparison

 Brute Force: checks all possible permutations (n!)
— Impractical beyond ~10 cities

* Held-Karp: dynamic programming with subproblem reuse
— Reduces time from O(n!) to O(n*-2")

» Still exponential in size — infeasible for large graphs
 Best solution depends on graph size and structure
* Motivates approximate or heuristic approaches for large n

« Can quantum algorithms (like QAOA) help?

Algorithm Time Complexity Space Complexity
Brute Force O(n!) O(n)

Held-Karp O(n?-2n) O(n - 2n)

Runtime

~0.6 ms

~0.2 ms

Traveling Salesman Graph (4 Cities)
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Memory Usage
0.625 KB

1.281 kB



Classical Comparison

Asymptotic Growth of TSP Algorithms (Log Scale) Traveling Salesman Graph (4 Cities)

- Brute Force (O(n!))
17.5 - | = Held-Karp (O(n2-2"))
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Algorithm Time Complexity Space Complexity Pros Cons
Brute Force O(n!) O(n) Simple, exact Infeasible for n >10

Held-Karp O(n?-2") O(n - 2") Exact, DP optimization Still exponential



QUANTUM
APPROACH
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Traveling Salesman Graph (4 Cities)

Quantum Approximate Optimization
Algorithm (QAOA) for TSP

* QAOQOA is a hybrid quantum-classical algorithm for combinatorial
optimization

* TSP encoded into a quantum cost Hamiltonian:
— Distance matrix — problem constraints
— Mixer Hamiltonian allows state transitions

e Circuit alternates layers of:
1. Cost unitary (encodes objective)
2. Mixer unitary (explores solution space)

- Parameters (y, B) are optimized via classical optimizer

ApproxTimeEvolution
ApproxTimeEvolution
ApproxTimeEvolution
ApproxTimeEvolution

* Final quantum state — measured to extract likely optimal paths

Farhi et al. - A Quantum Approximate Optimization Algorithm



https://arxiv.org/abs/1411.4028
https://pasqal-io.github.io/qadence/v1.5.2/tutorials/qml/qaoa/#fnref:1

Quantum Approximate Optimization Algorithm
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Given an undirected weighted graph G = (V, E'), the MaxCut problem seeks a partition of the nodes into

-. two sets such that the total weight of edges crossing the cut is maximized.

Each node 7 € V is represented by a qubit in state |0) or |1), indicating which side of the partition it's in.

For a graph with edge weights w;;, the MaxCut cost Hamiltonian is: The mixer Hamiltonian is a simple transverse-field term encouraging exploration:
- S i 1 — Z;Z; —ifiH, —ifX, — .
E_..t’:rHE‘ _ H e ITWij —5 Z wij - e HHM _ HE i H_.'L{ — ZX*E
- icV
(i, )eE (i.J)eE icV
This is impl ted via single-qubit RX (2 tations.
This rewards cuts (i.e, when Z;Z; = —1) by increasing the cost. 5[5 implemented via single-qubl (2) rotations

For p layers, the full QAOA circuit prepares the variational state:

p

|"'1b[:'}"g ﬁ)} — H E_t‘ﬂkﬂﬂﬁ—iﬁﬂq_'_}b'ﬂn

k=1

» |+)®" is the uniform superposition over all bitstrings.

Farhi et al. » The parameters <y, B are optimized to maximize the expectation of the cost Hamiltonian.



https://arxiv.org/abs/1411.4028
https://pasqal-io.github.io/qadence/v1.5.2/tutorials/qml/qaoa/#fnref:1

Farhi et al. - A Quantum Approximate Optimization Algorithm

QAOA Layers and Circuit

def qaoa layer(gamma, alpha): ...
def circuit(params): ...

» Layer Definition: Defines a function to apply cost and mixer Hamiltonians to the qubits.

* Circuit Definition: Constructs the QAOA circuit with alternating layers of Hamiltonians.

2 2 . — Y YO YO Y[ ) ™
Optimization Process o —{+H H H K _(,7<
N/
.y . _ — | & s s 15
optimizer = gml.GradientDescentOptimizer() ) «HEH:z:H:z H: [,7(
= = = =
params = np.random.rand(2 * num_nodes) — | % % g Y
_ — | E E || E £
: — v HEHEH3EH 3 —|f7<
1 7 —/ | 2 g g 5
for 1 in range(steps): — | 2 < < <
_ . - " 3 H | - - | %
params = optimizer.step(cost function, params) iy aEat J—| ]

* Optimizer Choice: Gradient descent is used for optimizing the parameters in the QAOA circuit.
* Parameter Initialization and Optimization: Parameters are randomly initialized and iteratively

optimized to minimize the cost function.

« Probability Measurement: After optimization, the quantum circuit's output state probabilities are measured.

. Bitstring to Path Conversion: The most probable bitstring is translated back into a path representing a potential
solution to the TSP


https://arxiv.org/abs/1411.4028
https://pasqal-io.github.io/qadence/v1.5.2/tutorials/qml/qaoa/#fnref:1

Super-Position
Encoding QAOA Cycle 1: Cost Hamiltonian Mixer Hamiltonian
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Farhi et al. - A Quantum Approximate Optimization Algorithm



https://arxiv.org/abs/1411.4028
https://pasqal-io.github.io/qadence/v1.5.2/tutorials/qml/qaoa/#fnref:1

1@: 'aA', 1: 'B', 2: 'C', 3: 'D'}
Traveling Salesman Problem Graph

QAOQOA for TSP

Most probable bitstring: 3
Binary or State Representation: [0, O, 1, 1]
Where the digits correspond to the first two path choices: [A,B,C,D]

The shortest path starting from city 'A'is:A->C->D->B-> A
The total distance of the shortest path is: 80 units.

Runtime of the code: ~8.90 seconds

Memory usage: ~193.78 MB Quantum Probabilities Distribution for Bitstrings Quantum Probabilities Distribution for Bitstrings
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Estimate Energy Use

Classical Algorithm: O(N* 2"

g

Quantum Algorithm: O(N) ﬁ%







Energy Consumption
Brute Force

« Check all (n—1)! possible permutations (fixing the starting city).

« Each check takes 1 us (1e-6 s) — very optimistic
« CPU runs at 200 W = 0.2 kW.

— 1)1
Energyy, ute(n) = (n 36)00 2 % 0.2kWh




Energy Consumption
Held-Karp

. Time complexity: O(n*- 2")
« Each operation takes 5 ns (5e-9 s)
« CPU runs at 200 W = 0.2 kW.

2.9n .5
Energypk(n) = " 2600 = % 0.2kWh
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Energy Consumption
QAOA

Number of gates per cycle:

Super-Position
Encoding QAOA Cycle 1: Cost Hamiltonian Mixer Hamiltonian
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QAOQOA Cycle 2: Cost Hamiltonian Mixer Hamiltonian Measurements
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Energy Consumption
QAOA

Scaling to n nodes:

H gates N Nig= p- (2n | ”(”2_1)) - total 1qg gates (H, Rx, Rz)
Measurement gates n
Nog = p-n(n—1) -> total 2q gates (CNQOTSs)
Rx gates n
Nmeas — N
Rz gates 1/2 n(n-1)
CNOT gates n(n-1)

p: number of cycles



Energy Consumption
QAOA

Gate and measurement times from the IBM Sherbrooke:

Ty, =95.09e-08s
Ty =5.33e-07 s
Tineas = 1 21 66'06 S

IBM power draw: Pgpy = 25 kW

(qu ' qu + TQq ’ NQq + Tmeas ' Nmeas
Eyot =

3600 ) - runs - Popy

(qu ’ qu + T2q ’ N2q + Tmeas ’ Nmeas
Ecnld —

3600 ) - (steps - shots - repeats) - Popy
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Hot vs. Cold Start

QAOA

TSP Energy Usage Comparison (2 to 50 Cities/Qubits)

Energy Consumption
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Energy (Joules, log scale)
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The code

@ Quantum-Optimization-for-Energy-Efficient-Route-Finding ' Pubiic S Pn Owatch 0 -~ % Fork 0 v ¥ Star 0~

¥ main ~ ¥ 1Branch © 0 Tags Q. Gotofile t Add file ~ <> Code ~ About b

No description, website, or topics

. NathanPaceydev nathan added code stuff 8f949cc - 18 hours ago %) 2 Commits provided.
[ ClassicalTSP.ipynb nathan added code stuff 18 hours ago [0 Readme

A Activity
[ Problem Description.pdf nathan added code stuff 18 hours ago

Y¢ O stars
[ QAOATSP.ipynb nathan added code stuff 18 hours ago & 0 watching

0 forks

[ README.md nathan added code stuff 18 hours ago o
[ extract_params.ipynb Add code 2 days ago Releases
[ prams.txt Add code 2 days ago Mo releases published

Create a new release

H

README 7 = Packages

Mo packages published
Publish your first package

Quantum-vs-Classical-Algorithms-Traveling-Salesman-
P[’Oblem Contributors 2
. NathanPaceydev Nathan Pacey

Overview
. Cherie000 cherilynchristen

https://github.com/Cherie000/Quantum-Optimization-for-Energy-Efficient-Route-Finding.qgit




Sustainable
Development Goals
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THANK YOU!
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Pascal QAOA Report

Farhi et al. - A Quantum Approximate Optimization Algorithm

GitHub

https://github.com/Cherie000/Quantum-Optimization-for-Energy-Efficient-Route-Finding.git
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