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Introduction

� Modern software largely ignores the notions of
physical quantity and measurement uncertainty

� Resulting in brittle software, prone to error and hard to test

� Our aim is to develop convenient software component
designs for these key concepts

� This is a step change in current technology

Software projects [at IBM] with the lowest levels of defects had the shortest 

development schedules and the highest productivity ... software defect removal is 

actually the most expensive and time consuming form of work for software. 

(Jones, 2000)
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Need new abstractions

� Software should support higher levels of expression

�  Encapsulate detail

� Do you think about floating-point computation?

�  Hide complexity

� Could you discover much about floating-point computation?

� Streamline testing

� Do you test your floating-point library?

� Eased maintenance

� The closer a piece of software is to its problem domain, the

easier it is to understand, test and maintain

Simplicity is prerequisite for reliability

(E.W. Dijkstra)
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In this talk, discuss support for:

� Physical quantities

� Uncertainty calculations using the ‘Law of Propagation
of Uncertainty’ (standard GUM )

� Uncertainty calculations using ‘Propagation of
Distributions’ with moments

If builders built buildings the way programmers wrote programs,
then the first woodpecker that came along would destroy civilisation.

(Gerald Weinberg)



5 Measurement Standards Laboratory of New Zealand

Physical quantity and measurement

The key concepts are all there:

� Dimensional exponents (Fourier, 1822);

� Quantity calculus (Maxwell, 1870);
� Dimensional Analysis (Bridgeman, 1931);
� Classification of scales (Stevens, 1946);

So, why not implement them?

Dimensioned data is important in many computer applications, and will become
even more important in emerging application domains such as health care and the
environment. The most familiar computational aspects involve units conversion and
dimensional analysis. Behind these deceptively simple aspects lies a remarkably
confusing set of issues concerning the appropriateness and meaning of the various
operations.

(Hewlett Packard Laboratories, Report 73, 1996, 135 pages)
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What are some of the difficulties?

� Unique identification of quantities
� An indexing scheme using base quantity exponents is insufficient, for

example, the following cannot be distinguished

� torque [L2MT-2] and energy [L2MT-2]

� angular velocity [T-1] and frequency [T-1]

� thermal conductivity [L-1MT-1] and viscosity [L-1MT-1]

� ‘dimensionless’ quantities, angles, plane angles, relative humidity

� Rules restrict manipulation of quantities
� For example, are these ok:

� the ratio of two temperatures expressed in degrees Celsius?

� the mean of a set of exam grades?

� the relative size of two compass bearings?

� The relationship between quantities and units is not
one-to-one
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A solution is to combine different aspects

� A scale can be composed of (some or
all of) quantity, unit and scale type;

� A quantity should be unique, it may
also be

� independent, e.g.: L, M, T
� derived, e.g., K = ½MT2

� A unit is an instance of some system of
units, ‘m’, ‘K’.

� A scale’s arithmetic properties are
determined by its type, for example,

� ratio (e.g., Metric quantities)
� interval (e.g., temperature, time)
� ordinal (e.g., hardness)
� nominal

Type

Quantity Unit

Measurement scale
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Arbitrary quantities means: your choice

Independent quantities 
• potential difference [ V ], current [ I ] and time [ T ]

Derived quantities 
• impedance [ Z ] = [ V I-1 ] 
• charge [ Q ] = [ I T ]
• capacitance [ C ] =[ V-1 Q ] = [ V-1 I T ]
• inductance [ L ] = [ C-1 T2 ] = [ V I-1 T ]

Complex-valued impedance is ok, because 
•  [ wL ] = [ 1/wC ] = [ T V Q-1 ] = [ V I-1 ]

Complex-valued power is ok, because
• [ P ] = [ wL I2 ] = [ wC V2 ] = [ Z I2 ] = [ V I ] 

� For example, a possible set of basic electrical quantities:
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Potential benefits

� Compile-time detection of errors
� Quantity, scale and unit information are all ‘metadata’

� Programming with physical relations is feasible
� F = ma
� Systems behaviour can be made more physically consistent

(automation described in physical terms)

A notation is important for what it leaves out. 

(Joseph Stoy)
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On the Law of Propagation of Uncertainty

…. We recognize that 17025 has been well accepted around the globe. 

... it works well on simple artifacts that are a few steps removed from national 

metrology institutes. But, as you’ll see through my talk, it gets much more 

complicated, and  doesn’t work all that well for the more complex instruments 

such as the network analyzer or even high frequency LCRs. Impedance data 

we deal with are much more in vector complex number quantities and not in 

scalar or DC values.  It gets to be quite a challenge for us.

(Byron Anderson, Senior Vice-President, Agilent Technologies)

Keynote speech NCSL International Symposium, 2001
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Standard LPU presentation

How do you deal with a set of equations representing a
measurement function?
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(Equivalent) modular form
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� Obtained from chain rules
� Step for u(xm) is the same

� Easy to implement
� Easier to use

value() : double
uComponent(Module& i) : double

«interface»
Module
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The GUM Tree

� Computationally equivalent to
the LPU

� Inherently modular and
extensible

� Introduces an abstraction,
called Uncertain Number,
which combines value and
uncertainty attributes

� Simple, intuitive, efficient

� Complexity hidden

� Patented June 2001
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Hypothetical application to ‘smart’ sensors
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Complex-valued problem,
with uncertainty!

Signal flow diagram
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VNA correction can handle uncertainty
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The error parameter determination

� Three standards and three measurements

� Equations are of form:

� Solve linear problem:

� Classical approach involves Jacobian matrices of partial
derivatives and solving matrix equations.

� With uncertain numbers, ‘solve’ directly...

3,2,1; =G=GG-+G iCBA m
ii

m
ii

�
�
�

�

�

�
�
�

�

�

G

G

G

=

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

GG-G

GG-G

GG-G

m

m

m

m

m

m

C

B

A

3

2

1

333

222

111

1

1

1



17 Measurement Standards Laboratory of New Zealand

def onePort(measure, artefact):

    # H =   [ (artefact[0], unity, -artefact[0] * m easure[0]),
    #           etc
    #       ]
    H = Numeric.array( [
        (gamma,1.0,-gamma * gamma_m)
            for (gamma,gamma_m) in zip(artefact,mea sure)
    ] )

    ABC = LU.solve(H, Numeric.array(measure) )

    rtn[ E_D ] = ABC[1]
    rtn[ E_S ] = -ABC[2]
    rtn[ E_R ] = ABC[0]-ABC[1]*ABC[2]

    return Numeric.array( rtn )

…. in software, a generic solution is enough
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Instrument modelling provides uncertain inputs

� An instrument error model can be developed using
uncertain numbers

� Collects together sources of uncertainty

� Easy to document and test

� Produces uncertain numbers for data processing

� Random and systematic errors can be handled

� uncertainty in a systematic error is modelled by a single uncertain
number instance

� uncertainty in a random error is represented by new instances for
each new measurement

� The next slide shows an error model of the VNA,
which has been implemented in software and used to
process measurement data
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VNA error model

Used to model vector network analyser uncertainty  
(ANAMET Report 045, July 2004)

Signal flow graph of standard VNA error model
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Propagation of distributions

� Moments of the error
distributions are inputs to a
propagation algorithm

� Apply a series of standard
operations (+,-,*,/, log, exp,
etc), corresponding to the
decomposition of a
measurement function

� Obtain the first four moments
of the output distribution

� Approximate the output
distribution using a Pearson
function with the same
moment values

� Pearson functions can have a
rich variety of shapes
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Propagation of distributions

� Retain linear approximation to measurement function¶

� Extends GUM LPU by including shape parameters for the
output distribution

� Stable (uses lower moments);
� Computational techniques from GUM Tree (i.e., fast, simple,

efficient)
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Linear form is based on a
simple relation between a
weighted sum of cumulants
and the cumulant of a
weighted sum

¶“A procedure for the evaluation of measurement uncertainty based on moments”,

 R Willink, Metrologia, in press
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Summary

� Support for quantity and measurement scales

� system behaviour closer to physical model

� easier to build, more flexible to deploy

� improved support for error detection

� Support for uncertainty

� uncertainty as type with ‘value’ semantics

� ‘step by step’ measurement procedures

� support for modular instrumentation

� Other issues need consensus solutions

� Persistence and interoperability

- Unique identities (quantities and uncertainties)

- Data format (e.g., XML)

- Data retrieval (databases)

- Communications interfaces
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In conclusion

We can bridge the current semantic gap between conception

and implementation. Design concepts are so easily lost, or

damaged, because of tools that are inadequate for the job!

We can facilitate the design of safer, more robust and flexible

systems; new kinds of system that inherently apply the

fundamental physical concepts of measurement.
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More information ….

It has often been said that a person does not really
understand something until he teaches it to someone else.
Actually a person does not really understand something
until he can teach it to a computer.

(Donald Knuth)

http://www.irl.cri.nz/msl/mst


