
17 May 2024

ISTITUTO NAZIONALE DI RICERCA METROLOGICA
Repository Istituzionale

Fundamentals of Measurement: Giovanni Giorgi and the International System of Units / Callegaro, L. - In:
IEEE INSTRUMENTATION & MEASUREMENT MAGAZINE. - ISSN 1094-6969. - 26:7(2023), pp. 7-11.
[10.1109/MIM.2023.10238365]

Original

Fundamentals of Measurement: Giovanni Giorgi and the International System of Units

IEEE

Publisher:

Published
DOI:10.1109/MIM.2023.10238365

Terms of use:

Publisher copyright

© 20XX IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all
other uses, in any current or future media, including reprinting/republishing this material for advertising
or promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or
reuse of any copyrighted component of this work in other works

(Article begins on next page)

This article is made available under terms and conditions as specified in the corresponding bibliographic
description in the repository

Availability:
This version is available at: 11696/77739 since: 2023-09-28T15:12:29Z

IEEE-INST ELECTRICAL ELECTRONICS ENGINEERS INC

This is the author's accepted version of the contribution published as:



Giovanni Giorgi and the International System of Units

Luca Callegaro

June 21, 2023

1 Introduction

Electrical engineers and technicians face today many
professional challenges, but the problem of the choice
of the measurement units and their conversion is not
one of those. Our colleagues working in mechanics
or thermal engineering have to deal with inches and
metres, gallons and litres, calories, BTUs and joules.
In electricity, everything is smoother: the voltage is
always measured in volt, the resistance in ohm; one
volt times one ohm gives one watt, and so on. No am-
biguities occur, no calculations with weird conversion
factors are needed.

Several generations of scientists contributed to cre-
ate a system of units that we electrical people so much
enjoy. If a single name has to be given, however, most
metrologists would choose Giovanni Giorgi.

As I write, 120 years have passed since Giorgi’s
original proposal Rational units of electromag-
netism [1, 2]. Giorgi’s main thesis was that it is
possible to express electromagnetic quantities in a
(then) new system of units, founded on firm theo-
retical basis and at the same time practical to use for
both physics and engineering. Giorgi’s system, as the
proposal became known, evolved and expanded into
the International System of Units (SI) [3, 4], now ac-
cepted worldwide.

In 2019, the SI underwent a profound revision.
Four of the seven SI base units were redefined in
terms of constants that describe the natural world.
In particular, the base unit ampere is now defined in
terms of the elementary electric charge e. It is there-
fore worthwhile to discuss Giorgi’s proposal in such
a new framework.1

1This paper was presented during the dedication ceremony

2 The cgs systems of units

Units for electromagnetic quantities can be derived
from the mechanical base units, by considering the
Coulomb and Ampere force laws for point charges
q1, q2 or straight parallel current paths I1, I2 at dis-
tance d are respectively:

FC = kC
q1 q2
d2

FA = 2kA
I1 I2
d2

where a choice of the values of the constants kC and
kA defines the size of the units for the charge q or
current I, respectively. The two constants are linked
by Maxwell’s equations, kC/kA = c2, where c is the
speed of light.

The cgs (centimetre-gram-second) mechanical sys-
tem of units was extended to electromagnetic phe-
nomena in two main ways:

• the choice kC ≡ 1 defines the electrostatic
(cgs-es) system of units;

• the choice kA ≡ 1 defines the electromagnetic
(cgs-em) system of units.

The size of the units generated by these two choices is
wildly different. Table 1 gives the size of some cgs-es
and cgs-em units in terms of the modern SI units,
together with their names.2

of the IEEE Milestone “Giovanni Giorgi’s Contribution to the
Rationalized System of Units, 1901-1902”, on 15 December
2021. A more comprehensive version will appear in a forth-
coming volume in the History Notes Series, edited by the IEEE
History Activity Committee, Italy Section.

2The names were not universally accepted and in some cases
were recognized decades after the system was invented.
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Quantity cgs-es cgs-em

Current statampere 336 pA abampere 10 A
Voltage statvolt 300 V abvolt 10 nV

Resistance statohm 899 GΩ abohm 1 nΩ
Capacitance cm, statfarad 1.1 pF abfarad 1 GF
Inductance — — abhenry 1 nH

Table 1: Some cgs units for electromagnetic quantities. An approximate conversion to the corresponding SI
units is also given.

3 Practical units

Towards the end of the nineteenth century, electrical
engineers did not consider the cgs systems of units
convenient enough for applications. A new practi-
cal “international” system of units was progressively
introduced. The unit sizes of the new system were in-
tended to be multiples or submultiples of those of the
corresponding cgs units, but were given with specific
practical realisation rules. Their definitions were es-
tablished in a series of international congresses [5]. Of
particular interest is the 1893 International Congress
of Chicago, by which the practical realisations of Ta-
ble 2 were introduced.

4 Noncoherence

A problem with the practical units is that, although
they are intended to be multiples of cgs units, their
definition is in fact independent and introduces a new
set of natural constants, related to properties of mat-
ter. Taking the ohm, for example, it is apparent that
the values 14.4521 g and 106.3 cm were carefully cho-
sen to act as a conversion factor, such that the size
of the ohm matched an exact decadic multiple (109)
of the abohm. The choice was made on the basis of
the best experiments available at the time: however,
when further experimental knowledge became even-
tually available, and the experimental values were
then found to be different, the practical ohm became
no more a perfect multiple of the abohm. Over time
the two systems drifted apart from each other.

The practical system is noncoherent3 because it is

3A system of units is coherent if it is defined in such a

not intended to be used independently, but in con-
nection with the cgs units in the description of elec-
tromechanical phenomena. The electromagnetic unit
of power 1 V ·1 A is not just a simple decadic multiple
of the mechanical unit of power 1 erg = 1 g cm2 s−2;
it has an independent definition.

The practical system of units has also an intrinsic
noncoherence. The three electrical units volt, am-
pere, and ohm have independent definitions, hence
the relation 1 V = 1 A · 1 Ω, for the very same reason
as above, may be not satisfied after an improvement
of the experimental knowledge.

5 Giorgi’s proposal

Giorgi’s proposal was that any system of units has to
be constructed on the basis of three pillars:

Rationalization. The system of units must be ra-
tional, chosen such that the electromagnetic
equations include the factor π (or its multiples,
2π and 4π) only when it makes sense because
of the geometry. The cgs-es system is not ratio-
nal, because the equation for the capacitance of

a parallel-plate capacitor, C =
1

4π

S

d
includes a

factor 4π which is unjustified on the basis of the
planar geometry.

No doubt, the student who meets for the

first time equations of this kind, is induced

to think that 4π arises mysteriously from the

way that the equations relating the numerical values of the
quantities have the same form, including numerical factors, of
the corresponding physical equations relating the quantities.
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Quantity Unit Definition

Current ampere The unvarying current which, when passed through a
solution of silver nitrate in water, deposits silver at the
rate of 0.001 118 00 grams per second

Voltage volt 1000
1434 of the electromotive force of a Clark cell at a
temperature of 15 ◦C

Resistance ohm The resistance offered to an unvarying electric current
by a column of mercury at the temperature of melting
ice 14.4521 g in mass, of a constant cross-sectional area
and of the length of 106.3 cm

Table 2: The international units, as established in 1893.

most intimate nature of electromagnetic phe-

nomena [. . . ] we ought then to define π elec-

tromagnetically, and determine its value by

measuring [. . . ] the capacity of a plane con-

denser. [2]

Four base units. Three base units (for length,
mass, time) are necessary to describe the me-
chanical phenomena. Electromagnetism, being
a new phenomenon, deserves its own new unit
of measurement.

The original proposal of Giorgi was in fact to
add two electromagnetic units, but in a way that
satisfies coherence.

Coherence. The definition of the added base unit(s)
for electromagnetic phenomena must be chosen
in such a way that the unit for electromagnetic
energy and the unit for mechanical energy is the
same.

On considering the cross-connections established by
the circuit laws, we notice that the fundamental
units needed are reduced to a common one for [elec-
tromotive force] and magnetic current, and to an-
other for [magnetomotive force] and electric current.
Their product must reproduce the mechanical unit
of activity [power]. In the limits of this condition,
their choice is entirely arbitrary.

If the watt is assumed as unit of activity, we have
two units ready made, the volt and the ampere,
which satisfy the condition. Let us assume them
as fundamental. [. . . ]

From the fundamental set here assumed, a com-

plete system of electric and magnetic units can be

deduced. This system is rationalized. [2]

6 The SI, 1960-2019

The Metre Convention acknowledged the extent of
Giorgi’s proposal, and the metric system incorpo-
rated it, but with an important twist: the choice of
the ampere as the individual base unit. The defini-
tion

The ampere is that constant current which, if main-

tained in two straight parallel conductors of infi-

nite length, of negligible circular cross-section, and

placed 1 metre apart in vacuum, would produce be-

tween these conductors a force equal to 2 × 10−7

newton per metre of length.

makes the system both rational and coherent.
The direct realisation of the unit can be performed

with the current balance (or ampere balance) exper-
iment, where the electrodynamic force between two
coils is measured by in terms of a weight. Such re-
alisation requires, in addition to the knowledge of
the gravitational acceleration g, an extremely care-
ful measurement of the mechanical dimensions of the
coils and their positions in space, limiting the uncer-
tainty of the best realisations to a few parts in 106.

The uncertainty can be improved by linking the
outcomes of two different electromechanical experi-
ments, the watt balance or Kibble balance [6], where
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the electromagnetic watt is realized in terms of the
mechanical watt, and the calculable capacitor, which
allows for the realization of the impedance units
(farad, ohm, henry).

Such realisations are extremely challenging and ex-
pensive. In practice, the large majority of the Na-
tional Metrology Institutes belonging to the Metre
Convention maintained the electrical units by cali-
brated artifact standards.

7 Quantum standards

The discovery of quantum phenomena in solid-state
devices revolutionized electrical metrology. Two ef-
fects are of particular relevance:

Josephson effect The Josephson effect occurs in
devices made of superconducting tunnel junc-
tions, when irradiated by a microwave radiation
at frequency f . In proper conditions, the volt-

age V on the device is V =
n f

KJ
, where n is an

integer and KJ =
2e

h
is the Josephson constant,

in turn given by the elementary charge e and the
Planck constant h.

quantum Hall effect The quantum Hall effect oc-
curs in two-dimensional electron gases, at low
temperature and under a strong perpendicular
magnetic field. The quantum Hall resistance
RH = RK/i, where i is an integer, is a simple

fraction of the von Klitzing constant RK =
h

e2
.

The von Klitzing constant is thus again given
by the very same fundamental constants of the
Josephson constant, the elementary charge and
the Planck constant.

Both the Josephson and the quantum Hall effects
are universal : they provide a quantized voltage or
resistance which has been experimentally confirmed
to be independent of the specific devices or physical
conditions up to extreme accuracies, down to parts
in 1016 for the Josephson voltage and to parts in 1011

for the quantum Hall resistance.

With these quantum electrical metrology standards
it is possible to generate voltages and resistance with
an extremely high reproducibility, at the level of parts
in 109 or better.

8 Conventional electrical units

In the 1960-2019 SI the Josephson and von Klitzing
constants that allow the reproduction of a quantum
voltage and resistance must be experimentally deter-
mined in terms of the SI electromagnetic units, hence
with their electromechanical realisations.

In 1989, the experimental knowledge at the time [7]
was

KJ = 483 597.9(2) GHz V−1 [4 × 10−7],

RK = 25 812.807(5) Ω [2 × 10−7].

The relative uncertainties are reported in square
brackets. A problem arised: the reproducibility of
quantum experiments was two to three orders of mag-
nitude better than the uncertainty contribution due
to the knowledge of the constants. Consequently,
electrical metrologists were keen to compare their
measurements in terms of the reproduced quantum
values, instead of the actual electromechanical SI
units.

This preference was officially recognized within the
Metre Convention, with the introduction of the con-
ventional units. The conventional exact values KJ−90

and RK−90 were introduced [8], by simply dropping
the uncertainty of the 1989 determination:

KJ−90 = 483 597.9 GHz V−1 [exact],

RK−90 = 25 812.807 Ω [exact].

The conventional values for KJ−90 and RK−90 fixed
the size of a new set of conventional electrical units
A90, V90, Ω90, W90, H90, F90 and so on4.

4The conventional units are written in italic type (e.g., A90)
in recognition of the fact that they are physical quantities, and
the 90 subscript recognizes their introduction in 1990.
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9 Conventional units drift
apart from SI units

In the period 1990–2019 all electrical measurements
and calibrations were performed in conventional
units. This fact was mostly left unrecognized in
measurement outcomes. In 1990 the only conse-
quence was the expected one, an improvement of the
measurement uncertainty thanks to the high repro-
ducibility of the quantum standards.

The 1990 conventional units introduced, a century
later, the very same problem of the 1893 practical
international units [9]. Soon, new determinations of
the Josephson and von Klitzing constant measured
in terms of the SI units were published, and the 1989
values given above were updated, not only with im-
proved accuracies, but also to different values. In
2014 the knowledge of the constants was the follow-
ing [10]:

KJ = 483 597.8525(30) GHz V−1 [6.1 × 10−9]

RK = 25 812.807 455 5(59) Ω [2.3 × 10−10],

from which it follows that

V90 = 1 + 9.8(6) × 10−8 V

Ω90 = 1 − 1.764(2) × 10−8 Ω.

The shift of the constants’ SI values from the conven-
tional values makes the size of the conventional units
different from that of the SI units. In particular, the
size of the electromagnetic unit of power W90 is dif-
ferent from the size of the mechanical unit of power
W. The overall resulting system is, as the 1893 one
was, noncoherent. History repeats itself.

10 The revised SI

The existence of a parallel system of conventional
electrical units, drifting from the corresponding SI
ones, was a major problem of the SI5. The need of
a profound revision of the SI was recognized at the

5The main problem of the SI was the suspected instability
of the international prototype kilogram, which defines the unit
of mass.

Figure 1: A pictorial representation of the SI, high-
lighting the base unit ampere (A) and the fundamen-
tal constants that enter the definition, the elementary
charge e and the hyperfine transition frequency of the
caesium atom ∆ν.

turn of the century. The revision was approved by the
26th General Conference of Weights and Measures in
November 2018 and implemented on 20 May 2019,
the implementation day. The present SI is based on
a set of seven constants with exactly specified numer-
ical values.

The definition of the ampere (Fig. 1) is

The ampere, symbol A, is the SI unit of elec-
tric current. It is defined by taking the fixed
numerical value of the elementary charge e
to be 1.602 176 634 × 10−19 expressed in the
unit C, which is equal to A s, where the sec-
ond is defined in terms of ∆νCs [where ∆νCs

is the hyperfine transition frequency of the
caesium atom].

In the definition of the kilogram, the SI fixes
also the value of the Planck constant to be h =
6.626 070 15 × 10−34 J s. The values of e and h fixed
by the revised SI correspond to the best last deter-
mination of the same constants in the previous SI.

Josephson and von Klitzing constants have fixed
values with no uncertainty. The quantum electrical
experiments are realisations of the electromagnetic
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SI units.

No significant changes between the size of the SI
units realized from the past and the revised SI defini-
tions occur6. Measurements performed in the period
1990-2019, however, were expressed in the conven-
tional 1990 units. Hence, a small step in the values of
maintained electrical standards (calibrated in terms
of the quantum standards both before and after the
revision) occurs after the implementation day.

11 Conclusions

Measurement units must adapt to the scientific and
technical discoveries and challenges and must there-
fore evolve with time. Recognizing this, the 2019 SI
does not refer to any specific physical effects; hence,
any experiment that directly links a quantity value
to one or more of the fixed constants through known
physical laws, with an uncertainty sufficient for the
measurement purpose, can be considered a realisa-
tion of the SI unit for that quantity. The physics of
quantum electromagnetic phenomena in solid-state
systems is evolving quickly and we expect more to
come in the near future.

The ideas of Giorgi of what constitutes a good sys-
tem of units have aged well and remain at the basis of
the 2019 revision of the SI. The kilogram can be and
is now realised with the Kibble balance [11], which in
the revised SI experimentally implements the equiv-
alence of the electromagnetic and mechanical units
of power and energy. I suspect that Giorgi would
be amused by this hierarchy reversal, of mechanical
units “made” from electrical ones.
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