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1. INTRODUCTION

On the program it says this is a keynote speech—and I don’t know
what a keynote speech is. I do not intend in any way to suggest what should
be in this meeting as a keynote of the subjects or anything like that. I have
my own things to say and to talk about and there’s no implication that
anybody needs to talk about the same thing or anything like it. So what I
want to talk about is what Mike Dertouzos suggested that ncbody would
talk about. I want to talk about the problem of simulating physics with
computers and [ mean that in a specific way which I am going to explain.
The reason for doing this is something that I learned about from Ed
Fredkin, and my entire interest in the subject has been inspired by him. It
has to do with learning something about the possibilities of computers, and
also something about possibilities in physics. If we suppose that we know all
the physical laws perfectly, of course we don’t have to pay any attention to

computers. It’s interesting anyway to entertain oneself with the idea that . . . . Be -
we’'ve got something to learn about physical laws; and if I take a relaxed bE undﬂrstﬂﬂ-d very weu lﬂ‘ EHE?‘-]}'Z]“E lhE Slt:uatlﬂﬂ. And I'm not hﬂpp}r ‘_'I"'?lth
view here (after all I'm here and not at home) I'll admit that we don’t all the analyses that go with just the classical theory, because nature isn’t
understand everything. . . . . . -
The first question is, What kind of computer are we going to use to classical, dammit, and if you want to make a simulation of nature, you'd
simulate physics? Computer theory has been developed to a point where it " £ Y] ' !
realizes that it doesn’t make any difference; when you get to a universal bE”EI mﬂ.kﬂ it qUﬂntum mﬂﬂhﬂﬂlc_al, ﬂ'ﬂd b}F gﬂﬂy 1It's a W'DﬂdﬂrfU]. Prﬂblﬂm,
computer, it doesn’t matter how it’s manufactured, how it’s actually made. bEEaUSE i[ d{}ﬂsn’t lﬂﬂk SO easy. Thank yOu.

Therefore my question is, Can physics be simulated by a universal com-
puter? I would like to have the elements of this computer locally intercon-
nected, and therefore sort of think about cellular automata as an example
(but I don’t want to force it). But I do want something involved with the
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Understanding Quantum Data

Probabilistic Nature

[Y) = «|0) + B[1)

a, € Cwith |a|? +|B]? =1

Superposition

Entanglement

Multiple qubits can be correlated such
that measuring one immediately affects
others. A well-known example is Bell's

state:

¥) = %uoonm»:% [%]

Fragility

Quantum noise results from unwanted
coupling with the environment

Depolarizing
Bit & phase flipping
Amplitude & phase damping
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I Noisy Intermediate-Scale Quantum (NISQ)

Quantum Computing in the NISQ era and beyond

John Preskill
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This paper -- Databases to the rescue

Can DB technologies boost the
development of quantum computing?

Local Client Remote Client
Protocols Protocols Catalog
Manager

Admission Client Communications Manage

Control
Memory
Query Parsing and Authorization Manager

Query Rewrite

DDL and Utility Administration,
. an

Query Optimizer Monitoring &
— Processing Utilities

Dispatch
Sch::dli Plan Executor
uling Replication and
Relational Query Processor (Section 4) pLoading
Services

Access Methods Buffer Manager
Batch Utilities

Lock Manager Log Manager Shared
Components and

Manager
(Section 2) Transactional Storage Manager (Sections 5 & 6) Utilities (Section 7)

Process

Fig. 1.1 Main components of a DBMS.



ILandscape: data management for quantum computing

Classical Simulation

Quantum state
Classical @
Computer
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I | Classical simulation of quantum computing paradigm

Quantum state

o}

O Simulate
(@
_|—E
Classical Classical

Computer DBMS
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Classical simulation

* The process of emulating quantum computation, enabling
researchers to model and analyze quantum processes as if they
were operating on actual quantum hardware

e A powerful, foundational tool

0o
@m —L
. Hardware
- Hardware control ——  Hardware development benchmarking and
Loy . characterization
L E1eo: | ,ﬁ
- ' Quantum error
5 ﬁ | ® | mitigation ‘
® § = y
- _ _ _ . i —
£ Quantum Classical simulation @ :
— = CQuantum error correction
E advantage methods -
O Random circuit
__ - sampling Q “‘ Q

x ,f R - Fault-tolerant |
 Hybrid algorihs }— Quantum algorithms —[ e cirisP

| -
‘ New applications uncovering | r-:

Xiaosi Xu, Simon Benjamin, Jinzhao Sun, Xiao Yuan, and Pan Zhang. 2023. A Herculean task:
Classical simulation of quantum computers. https://arxiv.org/abs/2302.08880



I Simulation problem: scalability

* We can represent an n-qubit quantum state as a vector of size 2"

n=1

\o>=[(1)] =[]

1
) = al0) + BI1) = =10) + =[1) =| 7| | Vector size: 2
72

23



I Simulation problem: scalability

* We can represent an n-qubit quantum state as a vector of size 2"

n=>2
1 0 0 0
_|0 |1 10 10
00)= 51 101)=| | [10)={7 [11)={g
0 0 0 1
0.5 + 0.0i
[Y) = agpl00) + agp|00) + age|00) + a11|11)= 82:8(5)1 Vector size: 4
0.0+0.51
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I Simulation problem: scalability

* We can represent an n-qubit quantum state as a vector of size 2"

n=3

Vector size: 8

1 1 _
1) = =1000) +—=[111)=

Slroococococogl-
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I Simulation problem: scalability

* We can represent an n-qubit quantum state as a vector of size 2"

|l/)> — aO...OlO O) T al...l‘l 1) =l Vector size: 2
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Simulation problem: scalability

* How much memory in GB do we need?

Number of qubits

N
2n+ —

e Reaching the memory limits of today’s supercomputers

ARTICLES

nature
pll}’ SICS https://doi.org/10.1038/541567-018-0124-x

Characterizing quantum supremacy in near-term
devices

Sergio Boixo @™, Sergei V. Isakov?, Vadim N. Smelyanskiy', Ryan Babbush', Nan Ding', Zhang Jiang3*,
Michael J. Bremner©5, John M. Martinis®” and Hartmut Neven'

2.25 petabytes for 48 qubits (single precision)
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I Quantum state as tensors

» Example: 3-qubit GHZ state [y) = \/% |1000) 4 \/15 1111)

As a vector As tensors
State vector Matrix product state (MPS)
1
V2 A=[1 0 A'=[0 1]
O .
0 1 0 0 0
0 1 __
0 b= [0 0} B [0 1}
0
0 [ 0 |
0 o0 — | V2 cl=|,
1 0 V2

———————————————————————————————
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Efficient tensor computation: database to the rescue

Q1: Push the simulation workload to DBMSs?

System Theory

QC meet CQ: Quantum Conjunctive Queries

______________________________ | M mmmmmmmmmmmmmmeeeeemmmm———————a Floris Geerts Rihan Hai
I 1 University of Antwerp University of Delft
: Frontend Backend ! Antwerpen, Belgium Delft, Netherlands
1 . e
: Translation LE}"EI' | floris.geertsi@uantwerpen.be R.Hai@tudelft.nl
i
I Circuit Layﬂr i Abstract Hypertree width of gquantum conjunctive queries. An ini-
: [ Circuit Conversion SQL Translator ! We explore how recent methods for evaluating conjunctive queries ﬁ"?] ubstr\'alim‘.t s lh"?l the treewidth .ufa quantum CQ [4] al.ig,ns
" BEr QuantumCircuit : (CQs) can help to efficiently simulate quantum cireuits (QCs), Le., ‘T’Iﬂh th_"‘ trt::w:d:lh “I_ the corresponding QC [6]. Tr“—'w’dth_” de-
1 mi (/) computing output amplitudes from a given input state. fined via the CQ's primal graph, where nodes represent variables
" J SD' N + field: qat Gate / State : ACM Ref F . and edges connect variables co-occurring in a relation. In QC terms,
ield: gates erence Format: , : . . ,
i Circuit (N Translator Translator I . ) } . N variables map to qubits and relations to gates, making the primal
[ Floris Geerts and Rihan Hai. 2025, QC meet C0Q: Quantum Conjunctive ] . ) ) . o ) )
! Builder Code Input || File Inpult [ field: hi ! Queries. In Workshop on Quantum Computing and Quantum-Inspired Tech- graph of a quantum CQ the dual of the QC's circuit graph. How-
1 'y + field: num_qubits | nolagy for Data-Intensive Systems and App.fa::;.!mﬂs (0-Dhata “25), Jume 2227, ever, graph-based representations are not always ideal. For instance,
I 1 I 2025, Berfin. German v. ACM, New York, NY, USA, 1 page. httpsy//doi.org/10. acyclic CQs can have arbitrarily large treewidth, despite being evalu-
: 1y ! 1145/3736393 3736606 able in linear time via the Yannakakis algorithm. To address this,
1
»  Output Layer i Simulation Layer |
] 1
Iy
1
| Simulation Benchmark ¥ Method Selector | |
: Results Results _[ sqL [StEtEVEC : Shrltt ﬂrd.cr-n-ttnsur Relational rcprcsl.:ntnti.uu MF"S
I ) ) | |5} (Baseline I) (RDBMS solutions) (Baseline II)
] I General state izm) i - nnz( )] G[nrgll
: ‘ LIMDD ] ‘ MPS ] 1 W, State (2" (n”) O}
. X )\ J : GHZ, State 0i2") O(n) Oin)
" | QFT, 212" n - 2") Olny”)
e o e e e f f f f et m e m e m e e e m e e e e e E e e e e e e e e e m e e = = = = = i Table 1: Space complexity comparison of different representations of state [(¢}. Here, n is the number of qubits, nnz{|{}) denotes

the number of non-zero probability amplitudes in the state ), and the MPS bond dimension y is a fixed constant that one
chooses oneself, potentially making the representation approximate.

Littau, Tim, and Rihan Hai. "Qymera: Simulating Quantum Circuits using RDBMS." SIGMOD. 2025. Geerts, Floris, and Rihan Hai. "QC meet CQ: Quantum Conjunctive Queries." Proceedings of

the 2nd Workshop on Quantum Computing and Quantum-Inspired Technology for Data-
Intensive Systems and Applications. 2025.

Hai, Rihan, et al. "Quantum Data Management in the NISQ Era: Extended Version." arXiv
preprint arXiv:2409.14111 (2024).
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Databases to the Rescue:
Classical-Quantum Simulation System

Automatic Optimization Out-of-Core Operation
Providing the most efficient simulation by selecting optimal data Supporting simulation of large circuits that exceed main memory
structures and operations based on available resources and capacity through efficient memory management.

circuit properties.

Consistency & Recovery Workflow Improvement
Preventing data corruption and enabling recovery in the event of Enhancing the entire simulation process, including parameter
large-scale simulation crashes. tuning, data collection, querying, exploration, and visualization.

At its core, a CQSS must be capable of evaluating quantum circuits, primarily involving tensor network operations.
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I Il Joint Quantum-Classical Computing paradigm

Quantum device
(sensor, chip,...)
_—8

Classical Classical
Computer DBMS
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FIG. 1. Left: Physical layout of IBM’s 127-qubit Eagle quantum processor, ibm_ sherbrooke. Right: Circuit-level representa-
tion of a selected three-qubit segment (Q1, Q2, Q3) from the Sherbrooke device.

Xu, Xuexin, Sivu Wang, Radhika Joshi, Rihan Hai, and Mohammad H. Ansari. "Parity
Cross-Resonance: A Multiqubit Gate." arXiv preprint arXiv:2508.10807 (2025).
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I [l Pure guantum computing paradigm

Quantum

Computer ——

Quantum .I
Database @
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Private Quantum Database

Bank Share quantum data
(qubits) Auditor

Oblivious query 0

Access data privately

: Quantum
Classical (measurement)

database database

Gatti, Giancarlo, and Rihan Hai. Private Quantum Database. arXiv:2508.19055. 2025.
https://arxiv.org/abs/2508.19055.
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Private Quantum Database

Core quantum
technology

Quantum Random Access Coding Mutually unbiased bases

Quantum Database

Classical Data Server Client Classical
L Database

Database (R x C) : :  Mx C Fragment

Input | @

o H A 4
Hybrid
Mapping : :
. Quantum States i | (MUB assignment) : Classical Channel : _
a rc h Ite Ct u re Intermediate | : : » | Classical Data
Results | | : Metadata (e.g., k) : | Reconstruction
. | Quantum Encoder f
RAC :
@ ) : Maijority
5 : votin
l Qubit states: d
. | Qubit Preparation |_, :  Quantum Channel ;[ Measurement &
Classical : : Quantum : | Basis Selection

Database et Hardware/Circuits P
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QC for DB

Reference

DB problem

Subproblem Formulation Intermediate Quantum computer
quantum algorithm

I. Trummer et al.,
VLDB’16

T. Fankhauser et al.,
IEEE Access, 2023

M. Schonberger et al.,
SIGMOD23, VLDB24

N. Nayak et al.,

Query
optimization

Multiple query QUBO - Annealing-based
optimization

QAOA Gate-based

Join ordering QAOA Gate-based &
annealing-based

QAOA, VQE Gate-based &

BiDEDE 23 annealing-based
T. Winker et al., - vQcC Gate-based
BiDEDE 23

K. Fritsch et al., Data integration Schema matching QUBO QAOA Gate-based &

VLDB’23 Demo,
L. Gerlach PODS25

annealing-based

T. Bittner et al., Transaction Two-phase locking QUBO - Annealing-based
IDEAS’20, 0JCC management

S. Groppe et al.,

IDEAS’21

M. Kesarwani et al., Index selection Index configuration QUBO QAOA Gate-based &
VLDB24 recommendation annealing-based

given budget

ICDE'24 Tutorial slides

Summary: Quantum data management in NIS

DB for QC

-
-
-
-

This paper

Q era
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I Summary: Quantum data management in NISQ era

A privileged time in data management,
with many research problems awaiting exploration.
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Can DB technologies boost the
development of quantum computing?

Local Client Remote Client
Protocols Protocols Catalog
Manager

Admission Client Communications Manager

Control
Memory
Query Parsing and Authorization Manager

Query Rewrite

DDL and Utility Administration,
. an

Query Optimizer Monitoring &
A Processing Utilities

Dispatch
Sch::dli Plan Executor
uling
Replication and
Relational Query Processor (Section 4) PLoadmﬂg "
Services

Access Methods Buffer Manager
Batch Utilities

Process Lock Manager Log Manager Shared
Components and

Manager
(Section 2) Transactional Storage Manager (Sections 5 & 6) Utilities (Section 7)

Fig. 1.1 Main components of a DBMS.
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