NPLE

National Physical Laboratory

University of
@ Strathclyde
Glasgow

?..:,,4

Dependent Types for Metro’fo"‘gy i

Keith Lines, André Videla,

Data Science, NPL / Mathematically Structured Programming Group,
University of Strathclyde

v1.0.0, presentation to BCS 11/02/2025



Contents NPLE

1. Aims

2. Introduction

3. Background Information
4. Case Studies

5. Conclusions

6. Acknowledgements

/. References

© NPL Management Ltd, 2025 2



AImS NPLE
* Present overview of Strathclyde Joint Appointment / PhD

supervision work

* Present case for the value of theoretical computer science
and functional programming for NPL / Data Science Dept.:

e Or for anyone who codes...

» ...Just a little appreciation helps

* Show how case Is pitched

And get some feedback!

© NPL Management Ltd, 2025
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Introduction NP
Ty | About NPL

* UK'’s National Metrology Institute founded in 1900

o https://www.npl.co.uk/125

» A public corporation owned by the Department for
Science, Innovation and Technology (DSIT)

« Based in Teddington (London) with locations in
Strathclyde, Surrey, Cambridge, Huddersfield
and Solihull

« Strategic partners DSIT, the University of Surrey and
The University of Strathclyde

» 800 scientists with a breadth and depth of metrology
expertise.

© NPL Management Ltd, 2025 5


https://www.npl.co.uk/125

Introduction ... NP
“‘ > > National Challenges

Prosperity

Security and resilience
Environment

Health

Metrology improves the effectiveness and efficiency
of science and trust in its outcomes, which in turn
unlocks the potential of innovation, allowing faster
routes to market. Evidence-based policy, regulation
and decision making are heavily reliant on
measurements and data, and NPL is key in providing
and digitising that measurement infrastructure.

© NPL Management Ltd, 2025



Introduction
Pilot ACE 1946
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No Introduction Required




Introduction: NPL Data Science Dept. NPLE
Aim: Confidence in the intelligent & effective use of data

* Mix of mathematicians, data scientists, Al / machine learning experts,
statisticians and physicists and software / data quality experts.

« ~50 staff across three sites. Including 11 graduate scientists and joint
appointments with Surrey and Edinburgh UniversitYé\

« ~25 students (PhDs, sandwich courses) Q AfI)SR

Alliance for Data Science Professionals

« Extensive collaboration: Can’t do data science without data
) https://www.npl.co.uk/data-science
 Internal: work with most other departments at NPL
* Fellow NMIs worldwide
« External companies: collaborations and consultancy
« Academia: CDT engagement, grant-funded projects
* Other establishments & industry bodies: UK & worldwide

© NPL Management Ltd, 2025 9



https://www.npl.co.uk/data-science

Introduction NPLE
- If there’s one part of NPL where metrologists and

computer scientists should be able to communicate
fruitfully it should be Data Scienc

Definition 4.1. A monoid M = (A, -_, 1) consists of
AeSet with ._.€ AxA—=A and 1€ A

And it’s nothing new [1]...

© NPL Management Ltd, 2025 10



. University of
Introduction @ Strathclyde

Glasgow

* Project Trust?, “Trust to the fore”

 Engagement between:
o Strathclyde, Mathematically Structured Programming Group [2]
= Joint appointments: Connor McBride, Fredrik Nordvall Forsberg

* Head of department: Neil Ghani
» PhD students: André Videla, Eigil Rischel
o NPL, Data Science

= Alistair Forbes, Keith Lines, lan Smith
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Introduction
Some computer scientists: ‘_é:::;‘{ﬁayde

Glasgow

Chartered

3
=~ i Institute
’ — for IT

”~

An Introduction

. CATEGORY \
| THEORY (

HAROLD SIMMONS

oy

Fredrik and Conor athe whitebord.

Dimensionally correct by construction: Dependent types for practical use [4]

Type systems for programs [3] Date presented: March 29, 2022
Date presented: June 24, 2021
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https://www.youtube.com/watch?v=DVDvIoz9vE0
https://www.youtube.com/watch?v=DVDvIoz9vE0
https://www.youtube.com/watch?v=txJiuDM2gUM

Introduction Amongst many other things

They publish papers, full of things that look like this example [5]:

T-LET B T-LETREC B
P=VZA (P, =VZ; {C;});
O, Z;T'0Fn:A &, f:Plx}n":B (®,Z;;I',f : Pre;:C); @D, f:P[E}n:B
®;I'xklet f:P=ninn":B d;I" [z} letrec f: P=einn:B

* What do such examples mean?
* |s it worthwhile, for NPL, to try and find out?

* |s any of this work directly applicable to developing trustworthy
software tools for metrology?

13



Introduction
«BS 10754-1:2018 [6] defines trustworthy as:
Appropriately addresses safety, reliability, availabllity,

resilience and security iIssues But that’s a discussion for

another presentation...

* Five facets of trustworthiness:

rustworthiness

!

Safety | |Reliability| | Availability| |Resilience| | Security

14
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Background: Theoretical computer science (TCS) INPLE

* This work concerns theoretical computer science (TCS)

* What Is TCS?

_ % UK Research

UK Research and Innovation [7] says: and Innovation
This area explores the fundamental and foundational aspects of
computers and computation. Aiming to improve understanding of
computation and its capabillities, limitations and future potential, this

research area encompasses research around logic and semantics,
and the study of algorithms, complexity and automata.

Some theoretical computer scientists would object to

“computers’” in the above definition.

16



Background: Theoretical computer science (TCS) INPLE

Mathematical
logic

GNITIRW-
TERCES

Cryptography

Formal specification, verification
and validation

=8~ o Functional programming
Programming language semantics
Automata
C)NTC) | OGIFS -
UUUUU SI DIGITAL FRAMEWORK N
Y ! A -~ 7 ooy 114 Mesures
I'tz:Int \ . :
7 M The Sl Digital Framework:

Underpinning FAIR measurement data [9]

CEI‘E-;]GH-' ¥ : ; :
T.:I_fpe '[I'IEDI"{,.’ - Dr Jean-Laurent Hippolyte, National Physical Laboratory

theory BCS FACS webinar
Tuesday 20 February 2024



Background: Functional Programming: Reasons... NPLE

“LISP brought the class of entities that are

denoted by expressions a programmer can
write nearer to those that arise in models of
physical systems and in mathematical and |
logical systems.” peter Landin, 1930 - 2000

P. J. Landin, The Next 700 Programming Languages, March 1966 [10]

- Also applies to newer functional languages, such as Haskell
and ldris2

 Worth exploring by NPL...?




Case Studies: Resistance Calibration [11] NPLE
Unitless, no dimensions  Time /s T

. \ l Voltage / V ML2T3|1

dper da n1 €1 f a
V1

dncz dcz no Co t2 Acal
Vo
X c 1=1| -
Ccal V.N

dwen dov Ny Oy ty m

What if the type of columns is a function from the

column index to a combination of numeric / dimension?
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Case Studies

 Realistic but not too complicated:
1. Law of Propagation of Uncertainty

2. GravCalc
3. Resistance Calibration (Certificates DB)

NOTHING TO DO WITH LIVE SOFTWARE.

21



Case Study 1: Law of Propagation of Uncertainty INPLE

« Simplified example from calibration certificate: Approx. 95 % probability true
value lies within quoted interval.

Value Uncertamty Mean Date

1-000 003 97 kQ +0-05 ppm 4 September 2023

The reported expanded uncertainty is based on a standard uncertainty multiplied by a coverage factor

k=2, providing a coverage probability of approximately 95%.
: Other distributions are available...
Expanded uncertainty = k X0 T e E R T |

« Based on a normal distribution

A

« Often need to combine standard
uncertainties from a variety of inputs

(e.g., sensors)

PP ﬂ;a veasured value  © Law Of Propagation of Uncertainty
— / Units
u = Measured value
o = Standard uncertainty
© NPL Management Ltd, 2025

Probability
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Case Studies: Law of Propagation of Uncertaint

N o From Guide to the Expression of
uﬁ\;%”j Uncertainty in Measurement
Where: (GUM) [12]

* u, is the standard uncertainty of the output quantity. :
A measurement result is

Incomplete without a

¢, is a sensitivity coefficient associated with input ; KSISEWUEIIERS EWE Rl Lol
the quality of the measured
value (in the form of an

The following assumptions are made: uncertainty), and hence the
Importance to metrology of

making such statements
— The input quantities are independent. trustworthy.

There are N input quantities, indexed by ;

u; Is a standard uncertainty associated with input ;

— There is one output quantity.

— The output quantity can be expressed as an explicit function of the input
quantities: Y = (X1, -+ ,Xn)

© NPL Management Ltd, 2025 23



Case Studies: Law of Propagation of Uncertainty INPLE

ol

al® el ol@ oo

ol o\@

ol ol@ a@

Assign number of input quantities.
N = 4;

Assign uncertainties associated with estimates of input gquantities.
Note this vector is a column vector (implemented in this case as a
transpose of a row vector).

ux = [0.1, 0.2, 0.3, 0.4]"';

Assign sensitivity coefficients. Again, it's a column vector.
c = [0.5, 0.4, 0.3, 0.2]1"':

Rpply law of propagation of uncertainty (LPU) to evaluate standard
uncertainty associated with estimate of output quantity.

uy = 0; 1y —
for 7 = 1:N ;
uy = uy + c(j)~2%ux(3)~2; ﬂ.l?E‘%&?DEBEdB??Bd
end % for j uy efficient =
uy = sqrt(uy); 0.152970585407784

uy efficient = sqrt((c.”2)"'*(ux."2)) :_

© NPL Management Ltd, 2025 24



:: Matrix Double )x= HHCkﬂgE s [PaCngE]
= fromLists [[©.5, ©.4, .3, ©.2]]

A - - ™) - L "]
: Matrix Double

transpose (fromLists [[©.1, ©.2, ©.3, ©8.4]])

: 1 Matrix Double
fmap sqrt ((fmap (\x -> x*x) c¢) "multStd (fmap (\x -> x*x) ux))

main :: I0 ()

main = do
putStrLn "Law of propagation of uncertainty (LPU)"
putStrLn "Haskell example version ©.1.8 with Hackage."

putStrin (prettyMatrix uy) Law of propagation of uncertainty (LPU)
Haskell example version ©.1.0 with Hackage.

[ 0.152970658540778355 ]

© NPL Management Ltd, 2025



Case Studies: Law of Propagation of Uncertainty INPLE

t Data.Vector

™
ITf=Ta WlalBl =
Vi LIAJUIUDL

- »-Haskell

= Vec [©.5, 0.4, 0.3, 0.2] Vector module by
Andreé

ux :: Vec Double
ux = Vec [©.1, ©.2, 0.3, 0.4]

uy :: Double Law of propagation of uncertainty (LPU)
uy = sqrt (sumVec (c.”2 * ux.”2)) Haskell example version ©.1.0 with Andre vectors.
10.15297058540778355
main :: IO ()
main = do
putStrLn "Law of propagation of uncertainty (LPU)"
putStrLn "Haskell example version ©.1.0 with Andre vectors."

putStrLn (show uy)



Case Studies: Law of Propagation of Uncertainty INPLE

import Data.Vector

~
-- Assign sensitivity coefficients. ;ﬁ I(i ' :Z
: Vect 4 Double rls

C
c = [6.5, 0.4, 0.3, 0.2] Sized vectors
Vector module by

André

Assign uncertainties associated with estimates of input quantities.
: Vect 4 Double

[0.1, ©.2, ©.3, 0.4] Law of pr

ropagation of uncertainty (LPU)
IdrisZ2 example wversion 0.1.0 with Andre vectors.
: Double 0.15297058540778355

sgrt (sumVect ((c.”2) * (ux.”2)))

e

10 ()
= do putStrLn "Law of propagation of uncertainty (LPU)"
putStrLn "Idris2 example version ©.1.8 with Andre vectors.™

putStrLn (show uy)

© NPL Management Ltd, 2025



Case Studies: Law of Propagation of Uncertainty NPLE

np.array([e.5, ©.4, 0.3, ©.2])
np.square(c)

np.array([©.1, @.2.79.3, ©.4])

np.square(ux) Law of propagation of uncertainty (LPU)

Python example version 6.1.0 with NumPy
uy np.sgrt(np.matmul(c,ux.transpose())) ©.152978585408778355

print(“Law of propagation of uncertainty (LPU)")
print("Python example version ©.1.8 with NumPy")
print(f'{uy:.17F}")

© NPL Management Ltd, 2025



Case Studies: GravCalc ...

Gas reference
materials |

 Realistic example of metrology software for coding in a functional
language

« GravCalc [13], calculates the amount fraction and uncertainty of
all components in gravimetrically prepared gas mixtures using the
method described in ISO 6142 [14].

* The composition of the final gas mixture is, by the principle of the
gravimetric method, defined by the mass of each component.

» Version currently in use coded in Visual Basic 6 [REAIEIElRIE
be released

© NPL Management Ltd, 2025 29



Case Study 2: GravCalc: Amount Fraction NPLE

i

¥ = amount fraction of component &

m; = mass taken from parent cylinder ;

Vi; = amount fraction of component & in parent cylinder ;
¥;.= amount fraction of component ; from parent cylinder ;
M; = relative molar mass of component ;

[;; = indices of those components in parent cylinder

n = number of parent cylinders

© NPL Management Ltd, 2025 30



Matrix unsafe

Dimension unsafe

Dimension safe

Matrix safe
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P Python

Matrix unsafe

Dimension unsafe

Dimension safe

Matrix safe
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calc (components :

calc (components :

Component array,masses: decimal array): (strt%g * decimal) array

Component array,masses: decimal<mol> array): (string * decimal) array

33



P Python

Matrix unsafe

Dimension unsafe

Dimension safe

Matrix safe
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gasMixCalc :: [Component] -> [Rational] -> [Rationall

forall a. (Fractional a, Num a) => [Component a] -> [a] -> [(String, a)]

gasMixCalc :: forall a. (Fractional a)
=> [Component (AmountOfSubstance SI) a]
-> [AmountOfSubstance SI a]
-> [(String, a)]

35



P Python

Matrix unsafe

Dimension unsafe

Dimension safe

Matrix safe
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gasMixCalc :

{0 g : Type} -> {0 num : g -> Type} ->

(gn : GradedNum g num) =>

{0 gr : g} ->

{sampleCount, massCount : Nat} ->

Vect sampleCount (Component massCount (num gr) (num u)) ->
Vect massCount (num gr) ->

Vect sampleCount (String, num u )

37



P Python

Matrix unsafe

Dimension unsafe

Dimension safe

Matrix safe

38



Conclusion

* More Types -> More Safety
* More Types -> More Expressivity

* Usability Questions

39



[& Enter Resistor and New Mk1 Bridge Details

Case Study 3: Resistance Calibration

O
Date of Meas.
I'— Proceed to
Data Display
Measurement Comment
— o
Serial No. Device Type Nom. Val / Ohm Deviation Click "Select
- z 2 Known...” to
Bridge Settings £10.0000000 =
Master (Nx) Slave (Ny) Known Resistor Reference Resistor Edit
o A Resistors
o o Master (Rx) \—!
Deviation Parameters
Master (Nx) Cal Bal N Cal G (uA Select Knows
. aster (Nx) Cal ’Ia ance a 2 (UA/V) File Ref.
o o 10.000000 (non-Cube)
N Balance Meas IMaster Meas Master | Cal Balance | Cal R200 Details
3o £40.000000 £40.000000 Hooo0000 St S
J v y, J Biidge Reading File Details KCabe)
‘) 0.000000000
Unknown Resistor
R200 Base R200 Slope R200 Zero Select
Serial No. Device Type Nom. Val / Ohm Switch Pos. E} 0.000000000 ;}D.OOOOOOOOO E} 0.000000000
Click “Select 3
i R200 Teoeff R200 Tcorrec R200 Tzero Select
Notn T e select Unknown A A A
Comment lom Temp. / deg Radtor £10.000000000 10.000000000 10.000000000 Unknown
(non-Cube)
o 'R200 Link R200 Difference R200 Tdeviation
£4/0.000000000 10.000000000 £J10.000000000 Selact
Unknown
(Cube)

40



First: Theory
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Database

—F
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Outer

Database
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App 1

App 2

\ Database
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Contalners

(Polynomial Functors)
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C1l

C2
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Request 1

Reqguest 2
IHHHHHH%’H'
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Request 1

Request 2
IHHHHHHHHE!
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Container = API

Application
Programming
Interface
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I' =S Type I',S : Type = P Type

' S>> P: Container

Cont
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record API where
constructor (!>)
|11 The type of messages we send to the systen.
message : Type
||| The type of responses we expect for each message we send.
response : message -> Type

56



record (=%>) (cl, c2 :

constructor (<!)

API) where

fwd : cl.message -> c2.message
bwd : (x : cl.message) -> c2.response (fwd x) -> cl.response X

(1>) : a=% b ->0D
(I>) xy = (y.fwd

=%> Cc => a =%> c

. X.fwd) <! (\z => x.bwd z

. y.bwd (x.fwd z))

57



C1l

C2

C1l

C2

Handle Either 1 of 2 APIs

Handle 2 APIs
Simultaneously

| >

Handle 2 APIs Sequentially

=>> Delegate

58



Back to Software

u Enter Resistor and New Mk1 Bridge Details

O
A
File path Date of Meas.
] _ i Proceed to
9 Data Display
Session Measurement Comment Known Resistor
: - Cancel
_ Serial No. Device Type Nom. Val / Ohm Deviation Click "Select
RN e Joooooo o
Master (Nx) Slave (Ny) Known Resistor Reference Sadtator Edit
A A Resistors
o g0 Master (R0 —
Deviation Parameters
Master (Nx) Cal Bal N Cal G (uA
- aster (Nx) Cal ,.nance al 2 (VA /V) File Ref. Select K
70 0 v) 0.000000 (non-Cube)
‘ N Balance Meas IMaster Meas Master | Cal Balance | Cal R200 Details
0o £410.000000 £40.000000 230.000000 Select Known
” s o 2 Bridge Reading File Details (Cube)
£4/0.000000000
Unknown Resistor
- R200 Base _R200 Slope R200 Zero RZOSOM
Serial No. Device Type  Nom. Val / Ohm Switch Pos. l} 0.000000000 ijl 0.000000000 1‘) 0.000000000
Click "Select -
Unknown..." to
o s P ject Unk - R200 Teoeff A R200 Tcorrec ’: R200 Tzero Select
Comment om Temp. / deg Resistor £10.000000000 £410.000000000 £J0.000000000 Unknown
4 (non-Cube)
Bath R200 Link R200 Difference R200 Tdeviation
a A A A
£7/0.000000000 £//0.000000000 £/0.000000000 Select
Unknown
(Cube)
v
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Send Measurement
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Analyse

ID

DB

61



Certify

ID

DB

PDF <———— Response 4—4
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Certify

Certify Database

—F—
DB
=——
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Send Measurements

Measure Database

——
DB
| ——



Analyse

Analyse Database

—F—
DB
| ——

65



Analyse Database

==

Measure Database
Certify Database

L=
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Analyse

|
(|

=>>
Measure
D -
Certify
=>>

il
(|

Database

Database

(|

Database
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+ “\\
=>>
74

+
l/l/

Database
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App

>>

Database

69



App

>>

Database
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HTTP

>>

App

>>

Database

71



CLI

>>

App

>>

Database

72



mainHTTP :

mainHTTP

mainREPL :

mainREPL

mainCLI
mainCLI

DB => I0 ()
init >> http' (localhost 3000) (plugFrontend httpRouter)

DB => I0 ()
init >> repl' (plugFrontend replRouter)

« BB == 10 £

init >> cli' (plugFrontend cliRouter)

73



httpRouter :

replLRouter

cliRouter :

HTTP =%> MaybeAll AppAPI

: REPL =%> MaybeAll AppAPI

CLI =%> MaybeAll AppAPI

74



Conclusion

Very Flexible
Unparalleled Abstraction Level
Confined to Dependent Types

Requires Better Ergonomics & Tooling
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Conclusions NPLE

 Can this work be made accessible to non-specialists?

 Jury is still out. Probably “yes”. More case studies /
publications aimed at metrologists needed. Software tools

will be vital. FEEY) Bl

‘*May be easier to make NPL's work more accessible to
computer scientists.

 Existing, more “unit aware”, languages (e.g., F#) worth
exploring. Despite limitations noted with these languages.

© NPL Management Ltd, 2025 77



Conclusions NPLE

* Value of theoretical computer science and functional programming for
NPL / Data Science Depit.

 Plenty of value. Has been for many years [1].
<+ NPL should not be “passive acceptor” of software tools /
computer science theory. Should be helping “shape the future”.

1 Functional languages as prototyping tools. Alternative to MATLAB.

 Ontologies, big crossover.

* Or for anyone who codes... just a little appreciation helps.

dExample, lambda expressions in Python [15].

Powerful tool to make code more concise and reusable. IF8



Conclusions NPLE
And then...

@ python’
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