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F e a t u r e  A r t ic l e

Q ua nt if y ing  o ur  W o r l d

b y  Da v id  J. Lo c k w o o d  a n d  N e l s o n  L. R o w e l l

B
eh ind  v irtu a lly  every th ing  th a t th e  pub lic  uses 

and  con sum es is th e  sc ien ce  o f  m e tro logy , 

w h ich  is c o n s tan tly  evo lv ing  w ith  so c ie ty ’s 

n eed s . in  th is  sc ien ce , w e  m easu re  phy sic a l 

quan tities re la ted  to  everyday  experience. I f  you  have 

ever b een  la te  for a  m eeting , h ad  to  ru n  to  w ork , go to  the  

gym  o r tu rn  on  th e  a ir  cond ition ing , y ou  have  experienced  

th e  resu lts  o f  the  w ork  o f  m etro log ists : tim e, d istance, 

w e igh t and  tem peratu re , are  all studied.

T ake  tim e, for instance. In stead  o f  be ing  re la ted  to  the  

size o f  the  earth  as it once  w as, th e  m e tre  is now  m ore 

accu ra te ly  defined  as how  far ligh t trave ls in  a  certa in  

am oun t o f  tim e. Since th e  speed  o f  lig h t is a  fundam ental 

constan t, it w ill n o t ch an g e b ased  o n  env ironm enta l 

factors. A  second  o f  tim e— central to  m o st aspec ts o f  

life— is defin ed  in  te rm s o f  an  a tom ic tran sitio n  in  cesium . 

H ow ever, as our m easu rem en t cap ab ilities im prove and  

are  transfo rm ed , th e  m eth o d s o f  rea liz in g  th e  un its  also 

change. In  som e cases, th e  changes are  rev o lu tio n ary  as 

th ey  w ere  for the Josephson vo lt and  the  quantum  H all stan 

d ard  for resis tance. N orm ally , such changes in  h o w  the 

un its  a re  defin ed  are  n o t som eth ing  th a t th e  g eneral pub lic  

w o u ld  no tice , bu t, u ltim ately , it does a ffec t everyone.

S ate llites sensing  th e  en v ironm ent, m u st accurate ly  

m easu re  h o w  m u ch  su n ligh t w e ca tch  to  g auge its 

in flu en ce on  g lobal w arm ing . S to ck  ex changes m u st 

tim e-stam p  th e ir trades w ith  in c reasin g  accuracy . T he 

T oron to  S to ck  E xch an g e  recen tly  asked  the  N atio n al 

R esearch  C o uncil (N R C ) for d irec t access to  its d e ta iled  

tim e signal— b ased  o n  a tom ic clocks— so th ey  can  m ore 

p rec ise ly  tim e-stam p  th e ir  inc reasin g ly  rap id  tran sac tio n  

rates.

P erhaps th e  m o st v is ib le  ex am p le  o f  th e  w o rk  m e tro lo 

g ists p e rfo rm  is in  the  fo rm  o f  a  1965 req u est from  th en  

P rim e M in ister L ester P earson , w ho en tru sted  N R C  w ith  

th e  resp o n sib ility  o f  es tab lish in g  co lour specifications for

S u mma r y

Th e s c ie n c e  o f  m e tro lo g y  is c o n s ta n tly  e v o l

v ing  to  m e e t th e  p hys ic a l nee ds  o f  socie ty . 

O v e r th e  pas t c en tu ry  N R C  has led th e  w a y  

in m a n y  a re a s  o f  p rim a ry  m e tro log y, w h ic h  

have b e n e fitte d  C a n a d ia n  s o c ie ty  c o n s id e ra b ly  

-  a nd  w ill c on tin u e  to  do  so .

C a n ad a ’s na tio n al flag. T oday , C a n ad a ’s red  is a  source 

o f  in te rn atio n a l p rid e  th a t can  w ith stan d  th e  te sts  o f  the  

elem ents.

M e tro lo g y  is a lso  c r itic a l to  ec o n o m ic  an d  in d u stria l 

developm ent. Im pact studies indicate tha t it low ers transac 

tio n  costs, co n tribu tes to  en erg y  conservation , increases 

research  and  dev e lo p m en t (R & D ) effic ien cy  and  p ro d u ct 

quality , an d  enables n ew  m arkets. E v en  th o u g h  m o st 

n ev e r d irec tly  see th e  im p act o f  th is  research  d irectly , the  

financial re tu rn  o n  th e  research  in v estm en t is an yw here  

from  5 to  100 tim es. In  o ther w ords, it lite ra lly  p ay s to  be  

precise!

N R C  b eg an  ex p an d in g  its  m e tro lo g y  ac tiv ities in  the  

1 9 3 0 s[1], an d  is n ow  h o m e to  on e  o f  the  w o rld ’s m o st 

resp ec ted  standards laboratories. A lm o st from  its in cep 

tion , N R C  h as p lay ed  th e  ro le  o f  C a n ad a ’s h ig h est-leve l 

m e tro lo g y  institu tion , an d  o ver th e  years h as beco m e 

on e  o f  th e  g lobal leaders in  m easu rem en t sc ience. M ost 

coun tries h av e  th e ir  ow n  N atio n al M etro lo g y  Institu tes 

(N M Is), w ith  th e  in te rn atio n a l co o rd in a tin g  b o d y  for such  

h ig h -lev e l m e tro lo g y  b e in g  a t th e  B u reau  In ternational 

des P oids e t M esures (B IPM ) in  F rance.

A t N R C , w e ensu re  th a t C a n ad a ’s m easu rem en ts  can  be 

traced  b ack  to  th e  In tern a tio n al S ystem  o f  u n i t s  (SI), 

th ro u g h  o u r o w n  in d e p en d e n t re a liz a tio n  o f  th e  un its . 

T h is  p ro to co l is co m m o n  to  m o s t co u n trie s  an d  in te r 

co m p ariso n  es tab lishes th e  level o f  equ iv a len ce  am ong 

n a tio n al m easu rem en t system s.

RECALIBRATING M EASUREM ENTS

T he SI com prises seven  b ase  u n its  (see F ig. 1a an d  

T ab le  1): m e tre  (m ), k ilo g ram  (kg), second  (s), am pere  

(A ), k e lv in  (K ), can d ela  (cd) an d  m o le  (m ol), all o f  w h ich  

n eed  to  b e  stab le and  rea lizab le  everyw here . A s long  ago 

as 1900, M ax  P lan ck  n o te d  that, i f  b ased  o n  fundam ental 

constan ts o f  n atu re , the  u n its  w o u ld  “n ecessa rily  re ta in  

th e ir  v a lid ity  for all tim es an d  cu ltu res, ev en  ex tra 

te rres tria l an d  n o n h u m an .” A lth o u g h  h e  co u ld  n o t h av e  

fo reseen  the  ch anges th a t n o w  d rive  th e  red efin itio n  o f  

som e units , h e  w as q u ite  co rrec t— p resc ien t even— in  his 

assertion .

It is no w  lik e ly  th a t in  2018 , coun tries aro u n d  th e  w orld  

w ill ag ree  to  ch anges in  th e  defin itions o f  th e  SI b ase  

un its . It is p ro p o sed  th a t th e  k ilo g ram , am pere , k e lv in  an d
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Fig. 1 (a) The diagram depicts the current SI in 2016. The

arrows show the dependence o f base unit definitions on 

other base units (for example, the metre is defined in 

terms o f the distance travelled by light in a specific 

fraction o f a second). For definition o f units see Table 1. 

(b) Proposed SI for possible adoption in 2018. The de

pendence of base unit definitions is on physical cons

tants with fixed numerical values and on other base 

units that are derived from the same set of constants.

m o le  b e  red e fin ed  b y  cho o sin g  ex ac t nu m erica l v alu es for, 

resp ec tiv e ly , the  P lan ck  constan t, th e  e lem en ta ry  charge, the  

B o ltzm an n  co n stan t an d  th e  A vogadro  co n stan t (see  F ig . 1b 

an d  T ab le  1). In  th is  endeavour, N R C  scien tists p ro v id ed  s ig 

n ifican t co n tribu tions an d /o r leadersh ip  to  the  dev e lo p m en t o f  

th e  n ew  k ilog ram , k e lv in  an d  m o le .

NEW  KILOG RAM

F or 126 years, L e G ra n d  K ,  a  p la tin u m  an d  irid iu m  cy linder 

h o u sed  at B IP M  in  P aris (see F ig. 2), has defin ed  th e  k ilogram , 

be in g  th e  o n ly  SI u n it rem ain in g  b ased  o n  a  ph y sica l object.

S ince th e  cy linders w ere  m an u fac tu red  in  1889, m ass d iffe r 

ences as la rge as 50 m ic ro g ram s h av e  b een  detec ted  be tw een  

th e  L e G ra n d  K  an d  its six  offic ia l copies. S uch  v aria tio n s are 

certa in ly  w ith in  p resen t m easu rem en t reso lu tion , an d  ca st into 

d o ub t th e  s tab ility  o f  th e  m ass o f  L e  G ra n d  K , an d  h en ce  th a t o f

Fig. 2 Nested within several bell jars, rarely handled and 

stored in a controlled environment secure in a vault 

near Paris, Le G rand K  is the artifact that presently 

defines the official SI unit of mass.

th e  in te rn a tio n a l m ass u n it. A s a  resu lt, it w as p ro p o sed  th a t the  

standard  k ilo g ram  b e  defin ed  n o t in  te rm s o f  a  p h y sica l artifact, 

b u t th ro u g h  a  ph y sica l experim en t, re la tin g  the  k ilo g ram  to 

th e  va lu e  o f  th e  P lanck  co n stan t. In  th is n ew  defin ition , the  

k ilo g ram  w ill also  b e  dep en d en t o n  th e  second  an d  th e  m etre .

C o u n ting  atom s, as in  th e  A vogadro  P ro je c t[2], an d  w eigh ing  

using w att b a lan c es[3] are the  tw o distinct physical m ethods p ro 

posed  to  establish  a  m ass un it that is no t based  o n  an  artifact. It is 

requ ired  tha t b o th  m ethods be so precise tha t the ir m easurem ent 

uncertain ties are less than  20 parts per b illion  (ppb).

In  th e  in te rn a tio n a l A vogadro  P ro ject, N R C  h as m ad e  a  s ig 

n ific an t co n trib u tio n  b y  es tab lish in g  th e  re la tiv e  iso to p e ratio s

T A B L E  1

Ph y s i c a l  c o n s t a n t s  a n d  b a s e  u n i t s  e m p l o y e d  i n  t h e  c u r r e n t  a n d  p r o p o s e d  SI.

Physical constants Base units

Constant Symbol SI quantity U nit Symbol

V elocity o f  light c Length m etre m

Planck constant h Mass kilogram k g

H yperfine transition frequency in  cesium Δ ν  (Cs) Tim e second s

Elem entary electric charge e Current am pere A

Boltzm ann constant k Tem perature kelvin K

Lum inous efficacy Kcd Light candela cd

Avogadro constant Na M olecular w eight m ole m ol
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(a)
How to get an accurate value for 

Planck’s constant- a Watt balance

B

C o il P osition  

S e rvoed  to  z=0

H eN e  Lase r

Fig. 3 NRC has recently completed a critical experi

ment -  measuring the Planck constant to high 

accuracy using a watt balance, such that the 

measurement uncertainty is now below 14 ppb. 

The results are crucial to the redefinition of 

the S i kilogram. (a) in  the upper panel, above, is 

a schematic of the watt balance in which the 

gravitational force due to the presence of a 

mass, m, is shown balanced by the electromag

netic force caused by the current through a coil. 

(b) in  the lower panel, above, is a photograph of 

the NRC watt balance, with its vacuum cover 

removed.

in  the s ilico n  spheres n o m in a lly  com p o sed  o f  a  sing le iso tope 

(m ass 28), u sed  in  the a to m -co u n tin g  m easu rem en ts  o f  th is 

p ro jec t. A ccu ra te  kn o w led g e  o f  th e  trace  am oun ts o f  the  o ther 

iso topes p ro v id ed  b y  N R C  a llo w ed  th e  A v ogadro  P ro jec t team  

to  im prove th e ir v alue for A v o g ad ro ’s constan t, w h ich  they  

co n v erted  in to  a  v a lu e  for the  P lan ck  co n stan t th a t w as m ore 

accurate  th an  th e ir  p rev io u s one.

A  w att b a lan ce  is u sed  to  p ro d u ce  a  v alue for P lan c k ’s co nstan t 

b y  w eig h in g  a  te s t m ass ca lib ra ted  ag a in st an  e lec trom agnetic  

force (see F ig. 3a). N R C ’s m etro lo g y  lab o ra to ry  in  O ttaw a 

h as the w orld -lead in g  w a tt b a lance exp erim en t (See Fig. 3b), 

p resen tly  p ro v id in g  values for the  P lan ck  co n stan t w ith  the 

lo w est uncerta in ty  ( <  15 p pb) o f  an y  such experim ents. T he 

N R C  team  has co n tin u ally  red u ced  th e  uncerta in ties  in  th e ir 

resu lts  b y  an a lyz ing  an d  lo w erin g  system atic uncertain ties .

C urren tly , an d  sign ifican tly , N R C ’s resu lts  h ave the  low est 

uncertain ties .

In  a  2014-15  ev a lu a tio n  o f  N R C ’s p rogram s, the  rep o rt sta ted  

th a t o ther N M Is reco g n ized  N R C  as “h av in g  m ade a  n o tew o r 

th y  co n trib u tio n  to  k ey  m etro lo g y  research  developm ents, 

specifically  the  red e fin itio n  o f  the k ilog ram . u s in g  experim en ts 

b ased  o n  the  w a tt b a lance, N R C  has b een  ab le  to  ach ieve the 

m o st p rec ise  determ in a tio n  o f  th e  P lan ck  co n stan t to  d a te .” A s 

sta ted  b y  one in te rnational N M I in terv iew ee , “u nequ ivocally , 

th is  has b een  a  m a jo r co n trib u tio n  to  fu ndam ental m e tro lo g y .” 

In  reco g n itio n  o f  its expertise  in  m etro lo g y , N R C  h as recen tly  

b een  in v ited  to  jo in  th e  C onsu lta tive  C o m m ittee  for u n its .

W hile  the  id ea  o f  red efin in g  the  k ilo g ram  in  te rm s o f  e lec trica l 

quan tities has b een  aro u n d  for som e tim e, the  accu racy  and  

stability o f  electrical m easurem ents has im proved trem endously  

o v er the  years, tak in g  advan tage o f  qu an tu m  p h en o m en a in  the 

Jo sephson  an d  v o n  K litz ing  effects. B ecause e lec trica l q u an ti 

tie s  are n o w  b ased  o n  fundam ental constan ts, w e k n o w  th ey  are 

v ery  accurate  an d  stable. Such  ad vances in  m easu rem en t 

sc ience a llo w  us to  b u ild  a  m ass u n it b a sed  o n  e lec trica l 

quan tities, so th a t w e can  re tire  the  k ilo g ram  a r ti fa c t[4].

NEW  KELVIN

M o st p rac tica l tem p era tu re  m easu rem en t a round  the w o rld  is 

b ased  o n  a  d efin ed  scale, the  In ternational T em peratu re  Scale 

o f  1990 (IT S -90), w h ich  re lies  o n  the  b es t tem p era tu re  values 

at fixed  p o in ts  (e.g ., m e ltin g  or freezing). T his approach  

to  ev a lua ting  tem p era tu re  no w  has a  n u m b er o f  issues. W e 

k n o w  tha t, w ith  b e tte r m easu rem en t m eth o d s n o w  availab le , 

the  tem p eratu re  va lu es d eriv ed  u sin g  IT S -90  an d  the  actua l 

(therm odynam ic) tem p era tu res  are n o t exactly  the  sam e. W hile 

these  d iffe ren ces w o u ld  n o t b e  n o ticed  b y — n o r lik e ly  all th a t 

im p o rtan t to — th e  average person , som e m o re  specia lized  

ap p lica tions do n eed  to  use  excep tio n ally  accurate  tem p era 

tu res, m ore so th an  th ose affo rd ed  b y  IT S -90 , espec ia lly  aw ay 

from  the fix ed  points.

A s an  exam ple  o f  ca lib ra tio n  accu racy  an d  its sign ificance to  

society , w e k n o w  th a t c lim a te-m o n ito rin g  satellites are in 

te n d ed  to  p rov ide u s w ith  ac tua l (th erm odynam ic) tem peratu re  

qu ite  accu ra te ly  in  the  en v iro n m en ta l range b e tw een  ap p ro x i 

m a te ly  —70 an d  50 d egrees C elsius. A s the low er p art o f  th is 

range is one o f  the p laces w here  th e re  are s ig n ifican t dev iations 

b e tw een  IT S -90  an d  th e rm o d y n am ic  tem peratu re , m easu re 

m en ts re fe ren ced  to  ca lib ra tio n  dev ices in te rnal to  the sa tellites 

u sing  IT S -90  h av e to  b e  co rrec ted  befo re  the resu lts  are used, 

for exam ple , in  p h y sica l m odels.

T he d efin itio n  o f  the  k e lv in  is un d erg o in g  a  fundam ental 

change. R a th er th an  u sin g  the  trip le  p o in t o f  w a te r to  fix the 

tem p eratu re  scale, i t  w ill be  b ased  o n  a  fixed  v alue for the 

B o ltzm an n  constant; h ow ever, th e  tem p era tu re  at the trip le  

p o in t o f  w ate r w ill rem a in  th e  s a m e [5]. N R C , th ro u g h  its
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m aste ry  o f  p rim ary  th e rm o m etry , is n o w  one o f  the  w o rld  

leaders in  th is  area.

A n o th er illu stra tio n  o f  the  im portance o f  co n tro llin g  ca lib ra 

tio n  uncerta in ty  w as n o ted  in  rad io m etry  an d  rad ia tio n  ther 

m o m etry  several y ea rs  ago  w ith  th e  con tro v ersy  ab o u t the 

am o u n t o f  sun ligh t (to ta l so lar irrad ian ce) in c id en t ou tside 

th e  a tm o sp h e re [6]. O v er th e  years, beg in n in g  in  th e  la te  1970s, 

sp ace-based  m easu rem en ts  o f  so lar irrad iance w ere  m ade on  

a  con tinuous basis w ith  a  series o f  rad io m etric  instrum en ts. T he 

resu lts  co n ta in ed  s ig n ifican t d iffe rences b e tw een  the  rad io 

m eters, gen era tio n  to  generation , due to  a  sm all b u t o v erlooked  

source o f  ca lib ra tio n  uncerta in ty . T his resu lted  in  in te r 

in stru m en t varian ces o f  a  few  w atts p e r square m etre , w hich , 

alth o u g h  on ly  0.3%  o f  the to ta l, w ere  s ig n ifican t re la tiv e  to  the 

o ther rad ia tio n  co m ponen ts th a t com prise  the  cu rren t g lobal 

rad ia tiv e  en ergy  im balance . T his particu la r ca lib ra tio n  u n ce r 

ta in ty  w as co rrec ted  w ith  m ore accurate  m etro logy , w h ich  w ill 

also  b e  req u ired  to  ev a lua te  th e  re liab ility  o f  the  m easurem en ts 

in  th e  long  term .

TIM E (THE SECOND)

T im e m easu rem en t, th e  m o st accurate  m etro logy , has alw ays 

b een  b ased  o n  the id ea  o f  an  o sc illa to r, e.g ., as in  the 

pendu lum . E v en  atom ic clocks m easure  the  na tu ra l m icrow ave 

osc illa tio n  o f  an  a to m ic tran sitio n  in  cesium . F rom  the 1950s 

onw ard , N R C  m etro lo g ists  w ere  ea rly  innovato rs (see Fig. 4) o f  

th is  ty p e  o f  te c h n o lo g y [7,8,9], b u ild in g  som e o f  the  first -  an d  

finest -  cesium  clocks w ith  h ig h -q u ality  frequency  an d  tim e-

m easu rem en t cap ab ilities  [10].

T oday , a lth o u g h  the  p rec is io n  o f  cesium  clocks has b een  

som ew hat su rpassed  by  o p tical frequency  standards, th e  u n it o f  

tim e is still b ased  o n  cesium  standards. N o nethe less, w e shou ld  

still b e  aw are  th a t the p resen t cesium  atom ic c locks have 

ex trem ely  lo w  un certa in ties  (less th a n  one p a rt in  1016). T his 

am o u n t is less th an  a  n an o seco n d  p e r  cen tu ry , so th a t i f  such

Fig. 4 In 1965, NRC employees Allan Mungall, Herman 

Daams and Ralph Bailey check out a chart record

ing o f the Ramsay fringes originating from N RC’s 

primary, atomic beam, cesium clock of the day.

a  c lo ck  w ere  ru n n in g  con tinuously , i t  w o u ld  take ab o u t 100 

m illio n  y ears to  b e  ou t b y  a  second. F u rth er im p rovem ents in  

p rec is io n  could , h ow ever, still b e  s ig n ifican t in  vario u s areas.

CONCLUSION

A lth o u g h  its m e tro lo g y  p ro g ram s are re la tiv e ly  sm all by  in te r 

n a tio n a l standards, N R C  con tin u es to  be  one o f  the  w o rld ’s top  

N M Is, an d  h as co n trib u ted  sign ifican tly  to  the  developm ents 

lead in g  to w ard  the  n ew  SI. O v er the  p as t cen tu ry  N R C  has led  

th e  w ay  in  m an y  areas o f  p rim ary  m etro logy , w h ich  have 

b e n e f i te d  C an ad ian  society  co n siderab ly— an d  w ill con tinue to  

do so. P erhaps, b y  th a t standard , w e w o u ld  n eed  to  rev is it how  

w e m easure  the  size o f  m etro lo g y  program s. I f  such a 

red e fin itio n  w ere  to  tak e  p lace, N R C  w o u ld  no d o u b t be  a t 

th e  forefron t, read y  to  tack le  the  challenge.
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