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Agenda

1. Analytical, resource-based, first-principles performance 
models – where we are

2. Disruptive technologies on the horizon: Quantum…..
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Disruptive, innovative, revolutionary,….

https://en.wikipedia.org/wiki/Disruptive_innovation:

In business theory, disruptive innovation is innovation that creates a 
new market and value network or enters at the bottom of an existing market and 
eventually displaces established market-leading firms, products, and alliances.[1] The 
concept was developed by the American academic Clayton Christensen and his
collaborators beginning in 1995,[2][full citation needed]
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Analytical, resource-based, first-principles 
performance models – where we are
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Analytical, Resource-Based, First-Principles Performance Model?

A mathematical representation of hardware-software 
interaction based on simplified machine and 

application models, which predicts the performance or 
runtime of a program using hardware resource limits 

and code requirements

a.k.a. white-box models
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Resource bottlenecks
What is the maximum performance when limited by a bottleneck?
§ Resource bottleneck 𝒊 delivers resources at maximum rate 𝑹𝒊𝒎𝒂𝒙

§ 𝑾𝒊 = needed amount of resources (Instructions, FLOPs, Data Volume,…)

𝑊%

𝑅%&'(
Code 

properties

Machine 
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Resource bottlenecks
Minimum runtime due to bottleneck 𝑖:    

𝑇! =
"!
#!
"#$ + 𝜆!

§ Multiple bottlenecks?
à multiple minimum runtimes:  𝑇min = 𝑓(𝑇), … 𝑇*)

§ Overall performance: 

𝑊!

𝑅!"#$

𝑃max =
𝑊
𝑇min
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Simple two-bottleneck models for single loops

#pragma omp parallel for

for(i=0; i<107; ++i)

a[i] = a[i] + s * c[i];

𝑅!"#$% = 40
Gbyte
s

𝑊!" = 3×8×10# bytes

𝑅&'()*#$% = 192
G.lops
s

𝑊$%&'( = 2×10# 2lops
8-core CPU 

(3 GHz Intel Sandy Bridge)

𝑇23456 =
2×107 'lops

192G'lopss

= 104 𝜇𝑠 𝑇89 =
2.4×10: bytes

40Gbytes

= 6.0 ms
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Bottleneck models for single loops

How do we reconcile the multiple bottlenecks? 
I.e., what is the functional form of 𝑓(𝑇), … 𝑇*)?

à pessimistic (no overlap): 𝑓 𝑇), … 𝑇* = ∑% 𝑇%
à optimistic (full overlap):      𝑓 𝑇), … 𝑇* = max(𝑇), … 𝑇*)

Our example (two bottlenecks): 𝑇min = max 𝑇-./01, 𝑇23 = 6ms

Maximum performance (“light speed”): 𝑃40056 =
7×)9;

:.9×)9<=
5lops
s = 3.3 G5lop/s

Roofline model

(Williams et al., 2
008)

P	=	
min

	(Ppe
ak
,	I	*	

bS)
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Analytic modelling – where we are: Examples

𝑊
𝑓(𝑇A, … , 𝑇B) Proven/useful for

• CPU-type 
• GPU-type
• Vector-type

S. Williams, A. Waterman, D. Patterson (2009) 
DOI:10.1145/1498765.1498785

Energy:
J. W. Choi, D. Bedard, R. Fowler, R. Vuduc
(2013) DOI: 10.1109/IPDPS.2013.77.

Cache-Aware:
A. Ilic, F. Pratas, L. Sousa (2014) 
DOI: 10.1109/L-CA.2013.6.
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Execution Cache Memory 

Model

Hager, Treibig, Habich, Wellein (2016)
DOI: 10.1002/cpe.3180.

Power/Energy:
Hofmann, Hager, Fey (2018). 
https://doi.org/10.1007/978-3-319-92040-5_2

Communication models
LogP and variants

Data + Flops/Instructions – Throughputs / Latencies



Disruptive technologies on the horizon: 
Quantum…..

Florian Lange
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The Quantum hype
ww.science.org
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FP arithmetics and data movement ßà Quantum computer
Favorable assumptions on quantum
technology:

§ Cost of FPxy computations excessively
high à no FP calculations

§ Data transfer costs 10000x higher
à very restricted data transfer

Quantum advantage ßà Complexity classes

Communications of the ACM, May 2023, Vol. 66 No. 5, Pages 82-87. DOI:10.1145/3571725
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Performance Modelling of QC

The easy / nice answer: 

§ Quantum Computer is an accelerator to an HPC system (which becomes
“serial“ part)

§ Assume some quantum quantum acceleration factor (xQA) and use
Amdahl‘s law

𝑆5 𝑄𝐶 =
𝑇657

𝑇657897
=

1

𝑠 + 1 − 𝑠𝑥9:
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Quantum Simulations

§ Use quantum computers to simulate quantum systems

§ Spin (1/2) systems ßà Qbits

§ General state:  𝟐𝑵 degrees of freedom / base states

| … 010101… ⟩

antiferromagnetic state

𝜓 = C
*∈ 9,) C

𝜓* 𝑛)𝑛7…𝑛? , 𝜓* ∈ ℂ

Exponential Complexity
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Quantum Simulations: Time Evolution – 𝑋𝑋𝑍 model

§ Hamiltonian of XX𝑍 model:

§ time-evolution operator solves time dependent Schrödinger equation:

𝜓 𝑡 = 𝑈 𝑡 𝜓 0 , 𝑈(𝑡) = 𝑒@%AB ≈ C
CD9

&

𝑎C𝐻C , 𝑎C∈ ℂ

𝑆EF …0… = …1…
𝑆E@ …1… = …0…
𝑆EG …𝑛E… = )

7
−1 *D …𝑛E…

𝐻 = C
ED)

?@)
1
2
𝑆EF𝑆EF)@ + 𝑆E@𝑆EF)F + Δ𝑆EG𝑆EF)G ,

Δ ∈ ℝ
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Quantum Simulations: Time Evolution – Classical Approach

§ Hamiltonian is mapped to (large) sparse matrix

§ Compute time evolution by calculating sparse matrix polynomials

𝑦 = C
CD9

&

𝑎C 𝐻C 𝑥

§ Performance Modelling & Cache Blocking 
e.g., Alapatt et al., DOI: 10.1109/TPDS.2022.3223512

𝜓 0𝜓 𝑡

Sparse Matrix-Vector Multiplication (SpMV)

𝐻 = ?
EFA

GHA
1
2 𝑆EI𝑆EIAH + 𝑆EH𝑆EIAI + Δ𝑆EJ𝑆EIAJ
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Quantum simulations: time evolution – classical approach

Number of spins (S_z=0)
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HPCG matrix

𝑃 = 𝑏K/𝐵L 𝑤𝑖𝑡ℎ 𝐵L= 6 +
14
𝑁BJM

𝐵
𝐹

Upper performance bound (RLM) for SpMV

Strong irregular vector access! 
Exponential Complexity
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Simple quantum algorithm for time evolution

𝑚 times

𝑒@%AB = ∏ED7,H,… 𝑒@%AJD/& ∏ED),L,… 𝑒@%AJD/&
&
+ 𝑂(𝑡7/𝑚)

|𝜓 0 ⟩ |𝜓 𝑡 ⟩
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§ Prepare initial state |𝜓(0)⟩ on the quantum computer (may not be trivial)
§ Decompose time-evolution operator into 2-qubit gates via Suzuki-Trotter

Each 𝑒!"#$%/& is split into a product of
elementary gates available on quantum
hardware, e.g.:
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Quantum speedup
§ For general lattice Hamiltonians: Time evolution up to an error 𝜖 can 

be simulated using 𝑂(𝑁𝑡 polylog(𝑁𝑡/𝜖)) gates
→ exponential speedup compared to known classical methods
J. Haah et al., SIAM J. Comput. SPECIAL SECTION FOCS (2018)

§ Gate errors and noise limit the reachable time scales on current hardware 

§ Error-mitigation techniques may help enable a quantum advantage on 
near-term quantum computers
§ Heisenberg chain

M. Urbanek et al., PRL 127, 270502 (2021)
§ transverse-field Ising model 𝑁 = 127

Y. Kim et al., Nature 618, 500–505 (2023)
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Which Quantum Computer to use?
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Summary / Conlusions
§ Many open issues in “performance“ modelling of quantum computers

§ Classical concepts of data, computation, latency, throughput need to be
reconsidered

§ Techonolgy not yet fixed à time scales, reliability,…
§ Noisy qubits à statistical modelling

§ Similar questions arise with other disruptive technologies

§ Performance Modelling for QC – right time to start with?!


