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An In t roduc to ry  Note: Some time ago, when Dr. Harold 
Morowitz was engaged i n  bio-instrwnentation work a t  the  
National Heart I n s t i t u t e ,  he wrote two a r t i c l e s  encom- 
passing the  subject  of these notes: one, "Measurement 
i n  Biology" appeared i n  the Proceedings of the 1953 ISA 
annual meeting, the other, "The Relationship Between the 
Process of Measurement and Instrumentation i n  Biology" 
was printed as a r t i c l e  6 i n  Volwne 60 of the  Annals of 
the  New York Academy o f  Science. When BIAC was estab- 
l ished over t e n  years la ter  these papers seemed t o  have 
more relevance t o  the problems we face i n  bio-instru- 
mentation than ever. So we put together a special syn- 
t h e s i s  of the  tu0 as a general review and sermon for 
both b i o l o g i s t s  and t h e i r  engineer-collaborators a l i k e .  

The success  of  p r e c i s e  q u a n t i t a t i v e  measurement i n  t h e  p h y s i c a l  
s c i e n c e s  has  prompted many b i o l o g i c a l  r e s e a r c h  workers t o  a t tempt  quan- 
t i t a t i v e  measurements i n  t h e i r  r e spec t ive  d i s c i p l i n e s .  A growing number 
o f  i n v e s t i g a t o r s  are engaged i n  an a t tempt  t o  ana lyze  complex b i o l o g i c a l  
phenomena i n  terms of  t h e  s impler  l a w s  o f  phys ics  and chemistry.  This  
t r e n d  toward p h y s i c a l  t heo ry  has  been accompanied by an ever - increas ing  
use ,  by b i o l o g i s t s ,  of  instruments  and measuring techniques  o r i g i n a l l y  
developed f o r  o t h e r  purposes .  

However, i n  s p i t e  of t h e  ex tens ive  a p p l i c a t i o n  of  modern instrument  
t echn iques ,  biology i s  f a r  from i ts  g o a l  of  being a q u a n t i t a t i v e  sc i ence .  
An ins t rument  i s  o f  va lue  only i n  so  f a r  as w e  are a b l e  t o  understand or 
use t h e  resultant measurement. Biology p r e s e n t s  s p e c i a l  problems i n  
e v a l u a t i o n  of  such measurements. A l a r g e  number o f  measurements ob ta in-  
a b l e  t o  s e v e r a l  s i g n i f i c a n t  f i g u r e s  a r e  meaningless i n  terms o f  i n t e r -  
p r e t a t i o n  and r e p r o d u c i b i l i t y .  
f u s i o n  regard ing  t h e  fundamental  na tu re  of  a measurement on a b i o l o g i c a l  
system. 

Much of t h i s  u n c e r t a i n t y  arises from con- 

Two r e l a t e d  ques t ions  a r i s e  i n  cons ider ing  t h e  problem of  b i o l o g i c a l  
measurement: 

1. What are t h e  c r i t e r i a  and meaning of  an i n d i v i d u a l  measurement? 

2 .  What type  of a n a l y s i s  of d a t a  i s  s u i t a b l e  t o  t h e  l i m i t a t i o n s  
which ar ise  i n  t h e  cons ide ra t ion  of  t h e  preceding  ques t ion?  

I t  i s  t h e  purpose of  t h i s  paper t o  examine t h e  f i rs t  ques t ion  i n  
d e t a i l  i n  an e f f o r t  t o  s tudy t h e  l i m i t a t i o n s  and p o s s i b i l i t i e s  i nhe ren t  
i n  in s t rumen ta t ion  advances.  I n  a d d i t i o n  t o  examining t h e  measurement 
p rocess ,  t h i s  paper  p r e s e n t s  a b r i e f  t r ea tmen t  of  a rudimentary case ;  
where informat ion  theo ry  p o i n t s  t h e  way t o  q u a l i t a t i v e l y  e v a l u a t i n g  t h e  
l i m i t a t i o n s  of b i o l o g i c a l  measurement. 



ASSUMPTIONS 

I n  t h e  fo l lowing ,  it i s  assumed t h a t  b i o l o g i c a l  systems fo l low t h e  
normal laws of phys ics  and chemistry.  The d i f f e r e n c e  between b i o l o g i c a l  
systems and o rd ina ry  p h y s i c a l  systems i s  assumed t o  be t h e  r e s u l t  of  t h e  
tremendous complexity o f  t h e  former. 

I n  dea l ing  with measurements we w i l l  employ an o p e r a t i o n a l  concept 
c l o s e l y  ak in  t o  t h a t  of Bridgman. 
ope ra t ions  which g ives  r ise  t o  a coincidence t o  which w e  a s s i g n  a numer- 
i c a l  va lue .  
de f ined  e n t i t y .  

A measurement i s  a s p e c i f i e d  se t  o f  

The ins t rument  w i l l  a l s o  be cons idered  as an o p e r a t i o n a l l y  

THE MEASUREMENT COMPLEX 

I n  performing a measurement on exper imenta l  m a t e r i a l ,  l i t t l e  s i g -  
n: ,,,,,,ante F: n can be a t t a c h e d  t o  t h e  measurement of  a s i n g l e  parsmeter .  To 
t a k e  a s p e c i f i c  example, cons ider  t h e  measurement of  v i s c o s i t y .  In  
o r d e r  t o  a t t a c h  s i g n i f i c a n c e  t o  the  va lue  ob ta ined ,  i t  i s  necessary  t o  
s p e c i f y  temperature  and poss ib ly  r a t e  of s h e a r .  However, t h e  a d d i t i o n a l  
q u a n t i t i e s  s p e c i f i e d  are themselves t h e  r e s u l t  of  measurements which 
i d e a l l y  should be c a r r i e d  out  s imultaneously with t h e  d e s i r e d  measure- 
ment. Thus, t h e  u l t i m a t e  i tem t o  be obta ined  from t h e  measuring p rocess  
i s ,  i n  g e n e r a l ,  n o t  a s i n g l e  measurement bu t  a measurement complex con- 
s i s t i n g  of t h e  s imultaneous measurement of  a l l  independent v a r i a b l e s .  

I n  t h e  formula t ion  of  thermodynamics, two independent v a r i a b l e s  are 
s u f f i c i e n t  t o  s p e c i f y  t h e  s t a t e  of  a one component system. I n  such sy- 
stems, t h e  n e c e s s i t y  o f  consider ing a l l  independent v a r i a b l e s  seldom 
g i v e s  r i se  t o  d i f f i c u l t i e s .  Even i n  more complicated cases d e a l t  wi th  
i n  phys ics  or chemis t ry ,  t h e  number of  independent v a r i a b l e s  i s  seldom 
more than  s i x  or e i g h t .  A s  a consequence of t h i s  r e l a t i v e  s i m p l i c i t y ,  
a very  f r u i t f u l  methodological  approach has  been developed. I t  i s  based 
on t h e  i d e a  of l i m i t i n g  t h e  number of v a r i a b l e s  under  cons ide ra t ion .  
The i d e a l  experiment i n  t h i s  conceptual  scheme c o n s i s t s  of  measuring t h e  
v a r i a t i o n  o f  one measurable proper ty  as a func t ion  of  t h e  v a r i a t i o n  of  a 
second measurable p r o p e r t y ,  while keeping a l l  o t h e r  p o s s i b l e  independent 
v a r i a b l e s  cons t an t .  The r e s u l t a n t  r e l a t i o n s h i p  between t h e  two v a r i a b l e s ,  
which c o n s t i t u t e s  t h e  raw m a t e r i a l  f o r  s c i e n t i f i c  t h e o r i e s ,  can be ex- 
p re s sed  i n  t h e  thermodynamic par lance  i n  t h e  fo l lowing  form: 

ax, . 

a x2 
f (X2) - - 

m x3 x4 .*...e x 

The assumption i s  made t h a t  t h e  system is  i n  equ i l ib r ium or i n  a s teady 
s ta te  whi le  t h e  measurement i s  being made. 

I n  most b i o l o g i c a l  measurements, t h e  number o f  appa ren t ly  indepen- 
den t  v a r i a b l e s  becomes very l a r g e ;  and t h e  r e l a t i v e  s i m p l i c i t y  d i sappea r s .  
I n  a d d i t i o n ,  t h e  s i t u a t i o n  i s  of ten  made worse by t h e  fact  t h a t  many of  
t h e  independent v a r i a b l e s  a r e  unknown or ill understood,  
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A s  an example of t h e  l a r g e  number of appa ren t ly  independent v a r i a b l e s  
which may e n t e r  i n t o  a b i o l o g i c a l  experiment ,  l e t  us  cons ide r  t h e  d e t e r -  
minat ion of  t h e  blood p res su re  of a mouse as a f u n c t i o n  o f  e x t e r n a l  t e m -  
p e r a t u r e .  
a b l e ,  t h e  fo l lowing  a r e  some o f  t h e  appa ren t ly  independent v a r i a b l e s :  

Assuming an adequate pressure  measuring ins t rument  were a v a i l -  

1. Humidity 
2 .  Composition of  i n s p i r e d  a i r  
3 .  Weight of mouse 
4.  
5 .  Age of mouse 
6 .  
7 .  

8. Thickness of  coa t  of  h a i r  on t h e  mouse 
9 .  Sex o f  mouse 

Last feeding  t i m e  of  mouse and composition of  food 

A c t i v i t y  of  mouse during experiment 
T i m e  ( s i n c e  t h e  system is not  i n  equ i l ib r ium,  t i m e  e n t e r s  as 
an independent v a r i a b l e . )  

Each r e a d e r ,  according t o  h i s  own exper ience ,  can add many more 
v a r i a b l e s  t o  t h i s  l i s t .  I n  a d d i t i o n ,  i n  a l l  p r o b a b i l i t y ,  t h e  experiment 
would n o t  be r ep roduc ib le .  
i nc reased  from 0' t o  50'C and t h e  experiment was r epea ted  a t  some subse- 
quent  t i m e ,  d i f f e r e n t  r e l a t i o n s h i p s  between p res su re  and temperature  
would most probably be found i n  t h e  two cases. 

If the  e x t e r n a l  temperature  w a s  g r a d u a l l y  

Thus, one d i f f e r e n c e  between p h y s i c a l  and b i o l o g i c a l  measurement i s  
i n  t h e  small number of w e l l  con t ro l l ed  v a r i a b l e s  i n  t h e  former and l a r g e  
number of  poor ly  c o n t r o l l e d  v a r i a b l e s  i n  t h e  l a t t e r .  S ince  a measure- 
ment i n  t h e  p h y s i c a l  sense implies  c o n t r o l  or measurement of a l l  v a r i a b l e s  
i n  t h e  complex, it may be seen t h a t  t h e  meaning o f  measurement i s  a l t e r e d  
i n  b io logy .  

UNCERTAINTY 

The p rocess  of measurement always produces,  t o  a g r e a t e r  or lesser  
degree ,  changes i n  t h e  material  being measured. If t h e s e  changes are 
l a r g e ,  t h e  system undergoes r a p i d  t r ans fo rma t ion  and t h e r e  i s  an uncer- 
t a i n t y  as t o  whether t h e  measurement taken  a p p l i e s  t o  t h e  system as it 
e x i s t e d  a t  t h e  beginning of  t h e  measurement. 
has  become a fundamental  p a r t  o f  t h e  d e s c r i p t i o n  of a tomic p rocesses .  
Biology, t hus  fa r ,  o f f e r s  no q u a n t i t a t i v e  method of  d e a l i n g  wi th  t h e  
p a r t i c u l a r  t ype  of  unce r t a in ty  which ar ises  i n  measurements on l i v i n g  
systems.  

The u n c e r t a i n t y  i n  phys i c s  

There are two ch ie f  a s p e c t s  concerning b i o l o g i c a l  u n c e r t a i n t y ,  one 
on t h e  micro l e v e l  and t h e  second on both t h e  micro and macro l e v e l s .  
A t  t h e  micro l e v e l ,  w e  have t h e  problem of  a complete func t ion ing  c e l l  
be ing  t h e  same o r d e r  of  s i z e  as t h e  smallest probe w e  can make f o r  a 
measuring ins t rument .  A l l  measurements a r e  thus  e i t h e r  i n d i r e c t  or ac- 
companied by a high degree of unce r t a in ty .  

I n  a d d i t i o n ,  f o r  a l l  l e v e l s  of s i z e ,  t h e  measurement process  may 
act  as a s t imulus  causing very g rea t  changes i n  t h e  o b j e c t  measured. 
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The gene ra l  c h a r a c t e r  of a s t imulus response  s i t u a t i o n  i s  such t h a t  a 
very small amount of i npu t  energy causes  l a r g e  changes i n  t h e  organism. 
Reducing t h e  inpu t  energy coming from t h e  measurement process  does n o t  
he lp  g r e a t l y ,  u n l e s s  it i s  reduced below t h e  th re sho ld  l e v e l  f o r  st imu- 
l a t i o n .  
on ly  p o s s i b l e  i n  a system a t  a high p o t e n t i a l .  

The energy changes of a s t imulus response s i t u a t i o n  are u s u a l l y  

A measurement of  an inorganic  s o l u t i o n  showing s t imulus  response . -  c h a r a c t e r i s t i c s  would perhaps e l u c i d a t e  t h e  prev ious  d i scuss ion .  Con- 
s i d e r  t h e  measurement of  t h e  e l e c t r i c a l  conduc t iv i ty  o f  a super  s a t u r a t e d  
s a l t  s o l u t i o n .  P lac ing  t h e  conduct iv i ty  meter  probe i n t o  t h e  s o l u t i o n  
causes  s a l t  t o  suddenly p r e c i p i t a t e ,  changing t h e  system and caus ing  a 
r e s u l t a n t  u n c e r t a i n t y  i n  t h e  measurement o f  t h e  conduc t iv i ty  of  t h e  
supe r  s a t u r a t e d  s o l u t i o n .  

S i t u a t i o n s  s imilar  t o  t h e  above mentioned case  occur  f r e q u e n t l y  i n  
I r r i t a b i l i t y  i s  a fundamental  f e a t u r e  of b io-  b i o l o g i c a l  measurements. 

l o g i c a l  systems and must be faced i n  a l l  measurements. 

THE PROBLEM 

Measurement i n  t h e  c l a s s i c a l  p h y s i c a l  sense  i s  thus  l i m i t e d  i n  
biology i n  t h e  fo l lowing  r a t h e r  parodoxical  f a sh ion .  A s i n g l e  measure- 
ment complex r e q u i r e s  a l a r g e  number o f  s imultaneous measurements, each 
o f  which produces an u n c e r t a i n t y  i n  t h e  r e s u l t s .  The e f f e c t  of t h e  un- 
c e r t a i n t i e s  may be cumulative and l e a d  t o  a l a r g e  u n c e r t a i n t y  i n  t h e  
f i n a l  r e s u l t .  T h e s e  d i f f i c u l t i e s  are i n h e r e n t  i n  t h e  complexity and in -  
s t a b i l i t y  (from a thermodynamic po in t  of  view) of  b i o l o g i c a l  systems,  
and ref inement  of  measurement can never  completely overcome t h e  t r o u b l e .  

One mode of  approach is t o  assume t h a t  t h e  ep i s t emolog ica l  r e l a t i o n -  
s h i p  between theo ry  and experiment i s  d i f f e r e n t  i n  biology and phys ic s .  
This  ieaas t o  t h e  n e c e s s i t y  o f  formulat ing b i o l o g i c a l  t heo ry  i n  t e r m s  o f  
t h e  new p o i n t  of  view. Since ep is temologica l  c o r r e l a t i o n  is one of  t h e  
most unce r t a in  p o i n t s  i n  t h e  philosophy o f  s c i e n c e ,  grave d i f f i c u l t i e s  
are t o  be a n t i c i p a t e d  i n  t h i s  approach. 

Another approach i s  somewhat i n d i r e c t  and deduct ive  i n  n a t u r e .  I t  
i s  p o s s i b l e  t o  measure, i n  t h e  usua l  p h y s i c a l  s ense ,  t h e  material and en- 
e rgy  input  and output  o f  a b i o l o g i c a l  system under varying e x t e r n a l  con- 
d i t i o n s  without  t ak ing  d i r e c t  measurements on t h e  l i v i n g  b i o l o g i c a l  ma- 
t e r i a l .  The j o b  of  t heo ry  i s  then t o  p o s t u l a t e  a b i o l o g i c a l  system con- 
s i s t e n t  wi th  t h e s e  measurements. This  i s  much t h e  same p o i n t  o f  view as 
has  been adopted i n  p o s t u l a t i n g  the  s t r u c t u r e  of molecules from d a t a  on 
r a d i a t i o n  absorbed and emi t ted .  Such a methodology i s  q u i t e  d i f f e r e n t  
from t h e  usua l  b i o l o g i c a l  p o i n t  of  view. 

A t h i r d  approach i s  t o  devise  methods o f  handl ing d a t a  which are 
c o n s i s t e n t  wi th  t h e  l i m i t a t i o n s  and u n c e r t a i n t i e s  i nhe ren t  i n  i n d i v i d u a l  
measurements. Such an approach is conta ined  i n  many of t h e  s t a t i s t i c a l  
methods developed i n  r e c e n t  years .  Ca re fu l  cons ide ra t ion  must be g iven  
t o  t h e  type  of  a n a l y s i s  most l i k e l y  t o  be s u c c e s s f u l  i n  dea l ing  with t h e  
r e s u l t s  o f  b i o l o g i c a l  measurement. 
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AN APPROACH TO THE UNCERTAINTY PROBLEM 

Returning t o  t h e  problem o f  determing t h e  u n c e r t a i n t y  accompany- 

Consider f o r  t h e  s imples t  ca se ,  a s i n g l e  
ing  b i o l o g i c a l  measurement, informative theo ry  sugges t s  t h e  p o s s i b i l i t y  
of  a q u a n t i t a t i v e  approach. 
c e l l  of  information conten t  I .  The atomic c o n s t i t u e n t s  of  t h e  c e l l  can 
e x i s t  i n  n p o s s i b l e  s t a t e s ,  of which L s t a t e s  correspond t o  t h e  c e l l  
being a l i v e  and normally func t ioning .  
conten t  of  t h e  l i v i n g  c e l l  s o  t h a t  

We may then  d e f i n e  t h e  informat ion  

L 
2 n  

7 = -log - 

Information and negentropy of  formation are s o  r e l a t e d  t h a t  t h e  l a t t e r  i s  
g iven  by t h e  fo l lowing  express ion  

where k i s  Boltzmann's cons t an t  and , 6 9 3 1  i s  t h e  n a t u r a l  logar i thm o f  2.  
This  a n a l y s i s  is based on t h e  f i rs t  o r d e r  o f  approximation p o s t u l a t e  t h a t  
a l l  atomic s ta tes  of  t h e  system have t h e  same p r i o r i  p r o b a b i l i t y .  Accom- 
panying a given measurement, t h e r e  w i l l  u s u a l l y  be an inc rease  i n  en t ropy  
AS, such t h a t  t h e  f i n a l  negentropy of  formation w i l l  be 

- - - . 6 9 3 I k  log2 - - . 6 9 3 7 h  2092 c1 
n 
La 
n - . 6 9 3 7 k  2og2 - - - 

where = k log a. 

P r i o r  t o  t h e  measurement, the  system was i n  one of L s t a t e s  a l l  cor- 
responding t o  normal l i v i n g  systems. 
one of  La s t a t e s .  The p r o b a b i l i t y  of t h e  system remaining i n  one o f  t h e  
o r i g i n a l  s ta tes  i s  them 

A f t e r  t h e  measurement, it was i n  

p is t h e  p r o b a b i l i t y  of t h e  c e l l  being unchanged by t h e  measurement. 
l a r g e r  t h e  va lue  of AS, t h e  smaller t h e  va lue  o f  p ,  and t h e  g r e a t e r  t h e  
u n c e r t a i n t y  of t h e  measurement. 

The 

While such a n a l y s i s  omits  many of  t h e  d e t a i l s  accompanying b i o l o g i -  
c a l  measurements, it provides  a h e u r i s t i c  approach t o  t h e  formula t ion  o f  
a q u a n t i t a t i v e  u n c e r t a i n t y  p r i n c i p l e  f o r  b io logy .  One of t h e  assumptions 
caus ing  a good d e a l  of unce r t a in ty  i s  t h e  one regard ing  t h e  same p r i o r i  
p r o b a b i l i t y  of  a l l  s t a t e s .  This  assumption i s  made t o  s impl i fy  t h e  p re -  
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e 

s e n t a t i o n ,  Any a c t u a l  case t o  be considered would invo lve  cons ide rab le  
d e t a i l  i n  s e t t i n g  up an expression f o r  t h e  information c e n t e n t ,  

BESIDES UNCERTAINTY 

The ch ie f  f a c t o r  which d i s t i n g u i s h e s  b i o l o g i c a l  i n s t rumen ta t ion  
from convent ional  t ypes  o f  i n s t rumen ta t ion  i s  t h e  des ign  of t h e  sens ing  
probe. The other: components of t h e  instrument  system, such as communi- 
c a t i o n  channel ,  a m p l i f i e r ,  r eco rde r ,  and obse rve r  are common problems 
shared by va r ious  f i e l d s  of i n s t rumen ta t ion .  I n  a d d i t i o n ,  it should be 
r e a l i z e d  t h a t ,  f o r  many problems o f  b i o l o g i c a l  measurement, t h e  i n s t r u -  
mentat ion i s  adequate ,  but  t h e  p repa ra t ion  of t h e  material r e q u i r e s  c r i -  
t i c a l  i n s i g h t  i f  t h e  measurement is  t o  have s i g n i f i c a n c e .  

The design of t h e  probe r e q u i r e s  c e r t a i n  g e n e r a l  c o n s i d e r a t i o n s :  

(1) Minimwn perturbation. Often a compromise iiiiist be iriade between 
s e n s i t i v i t y  and p r e c i s i o n  on t h e  one hand and probe s i z e  on t h e  o t h e r .  

( 2 )  Precision and variance. The va r i ance  o f  t h e  measured q u a n t i t y  
should determine t h e  necessa ry  p r e c i s i o n ,  I t  i s  uneconomical t o  s t r i v e  
f o r  g r e a t e r  p r e c i s i o n  i n  a s i n g l e  measurement than  i s  j u s t i f i e d  by t h e  
va r i ance  of a set of measurements. 

(3) Signal s e n s i t i v i t y .  After: a d e c i s i o n  has  been made as t o  what 
p h y s i c a l  q u a n t i t y  t h e  probe i s  t o  measure, it must be designed s o  t h a t  
v a r i a t i o n s  i n  o t h e r  p h y s i c a l  q u a n t i t i e s  have a minimum effect  on t h e  out- 
p u t .  This  i s  a l s o  t r u e  i n  nonb io log ica l  systems,  

Approaching t h e  s u b j e c t  from a more p r a c t i c a l  l e v e l ,  it would seem 
t h a t  t h e  problem of b i o l o g i c a l  i n s t rumen ta t ion  i s  a p a r t  of t h e  l a r g e r  
problem of developing a d i s c i p l i n e  t o  g i v e  meaning t o  b i o l o g i c a l  measure- 
ment, ;ne r e s p o n s i b i l i t y  o f  deciding which measurements t o  make (which 
sens ing  elements t o  use and how t o  make them i n t e r a c t  with t h e  systems 
t o  be measured) i s  t h e r e f o r e  t h e  b i o l o g i s t ' s  problem. For it is  only 
w i t h i n  t h e  context  o f  t h e  theo ry  of a given d i s c i p l i n e  t h a t  a p a r t i c u l a r  
se t  of ope ra t ions  can y i e l d  i n t e r p r e t a b l e  d a t a .  Measuring t echn iques  
must be evolved t o  f i t  each problem, and t h e  b i o l o g i s t  should no t  expect 
t o  buy h i s  r e s e a r c h  in s t rumen t s  ready made any more than  a p h y s i c i s t  
should s o  expect .  The g r e a t  advances i n  experimental  phys i c s  have no t  
come from men who have purchased a commercial i n s t rumen t  and taken mea- 
surements.  They have r a t h e r  come from men l i k e  Mi l l i kan ,  with h i s  o i l  
drop apparatius, or Michelson and Morley, with t h e i r  o p t i c a l  equipment. 
The advances have come when men have designed a s p e c i f i c  appa ra tus  t o  
p rov ide  an answer t o  a ques t ion  framed by a background of t h e o r y .  It 
would a l s o  seem t h a t  b i o l o g i s t s  must design appa ra tus  c o n s i s t e n t  w i th  a 
t h e o r e t i c a l  framework and t h a t  t h e  subsequent measurements a r e  i n t e r p r e t -  
a b l e  or a t  l e a s t  meaningful,  
s t ruments  w i l l  always s e r v e  i n  t h i s  way i s  a s u r r e n d e r  of t h e  b i o l o g i s t ' s  
claim t o  understanding h i s  own f i e l d  or, a t  l e a s t ,  an admission t h a t  t h e  
instrument  manufacturer has  a b e t t e r  understanding of b i o l o g i c a l  problems 
t h a n  t h a t  possessed by t h e  instrument u s e r .  

To expect  t h a t  unmodified commercial i n -  
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This  a s s e r t i o n  is  not  t o  deny t h a t  a g r e a t  d e a l  o f  very va luab le  r e -  
search  i s  performed wi th  commercial equipment. 
t h a t  a measurement is  not  an ac t  i n  i s o l a t i o n ,  bu t  must be connected 
wi th  a d i s c i p l i n e  which g ives  meaning t o  t h e  measurement. 
t i o n  i s  c l e a r l y  t h e  r e s p o n s i b i l i t y  of  t hose  t r y i n g  t o  develop t h e  d i s c i -  
p l i n e  and t a k e  t h e  measurements. 

I t  i s  r a t h e r  t o  assert 

This  connec- 

What f u n c t i o n  does t h i s  leave  t h e  ins t rument  engineer  who wishes t o  
c o n t r i b u t e  t o  b i o l o g i c a l  ins t rumenta t ion?  I t h i n k  t h a t  t h e r e  a r e  t h r e e  
p o s s i b i l i t i e s  f o r  such an ind iv idua l :  F i r s t ,  he may become a b i o l o g i s t  
i n  t h e  sense  t h a t  he may l e a r n  enough b io logy  t o  develop ins t ruments  and 
techniques  which make sense  f o r  t h e i r  b i o l o g i c a l  a p p l i c a t i o n s ,  Second, 
he may act  i n  a consu l t ing  capac i ty  i n  adv i s ing  t h e  b i o l o g i s t  what i s  
a v a i l a b l e  i n  terms of  t r ansduce r s ,  a m p l i f i e r s ,  and t h e  l i k e .  Th i rd ,  he 
may devote  himself  t o  t h a t  p a r t  of t h e  system which i s  common t o  a l l  i n -  
s t rument  systems and may a i d  i n  t h a t  p a r t  of  a p r o j e c t .  

The b i o l o g i s t ,  on t h e  o t h e r  hand, must acqua in t  himself  s u f f i c i e n t l y  
wi th  o p t i c s ,  mechanics,  e l e c t r o n i c s ,  and so f o r t h ,  t o  be a b l e  t o  under- 
s t a n d  t h e  des ign  of  h i s  experiment.  Here, I t h i n k  t h a t  t h e  educa t ion  of  
b i o l o g i s t s  i s  s u b j e c t  t o  improvement. The i n c l u s i o n  of a u n i v e r s i t y  
course  f o r  b i o l o g i s t s  on b a s i c  ins t rumenta t ion ,  ins t rument  design and 
u s e ,  and t h e  theo ry  of measurement should a i d  t h e  b i o l o g i s t  i n  developing 
new techniques  t o  answer new ques t ions .  

A FINAL WORD 

The preceding a n a l y s i s  may appear d iscouraging  t o  those  who look t o  
in s t rumen ta t ion  t o  s o l v e  t h e  many b a f f l i n g  mys te r i e s  o f  l i v i n g  systems. 
Rather  t han  se rv ing  as a discouragement,  an understanding of t h e  d i f f i -  
c u l t i e s  should s e r v e  as a cha l lenge  t o  those  who would a t tempt  t o  under- 
s t a n d  b i o l o g i c a l  phenomena i n  terms of  q u a n t i t a t i v e  d a t a .  

The problems of  b i o l o g i c a l  ins t rumenta t ion  go t o  t h e  core  of  our  
understanding of b i o l o g i c a l  processes .  
s i g n i f i c a n t  impl ies  an understanding of  t h e  s i g n i f i c a n t  ques t ions  which 
a s c i e n c e  may pose ,  and t h i s  understanding impl ies  cons iderable  ma tu r i ty  
and t h e o r e t i c a l  foundat ion .  B io log ica l  i n s t rumen ta t ion  cannot be separ -  
a t e d  from b i o l o g i c a l  t h e o r y ,  for t h e  meaning of each measurement must be 
sought  i n  t h e  ins t rument ,  t h e  measuring p rocess ,  and t h e  n a t u r e  of  t h e  
material  being measured. 

Judging which measurements are 
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