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Nicolas Minorsky and the Automatic 
Steering of Ships 

Introduction 

The  so-called  “three-term” or “propor- 
tional + integral + derivative”  (PID)  con- 
trol algorithm  has  been  and  continues  to 
be very widely used.  Its use stems  largely 
from  the  development  of  the  three-term 
controllers by the  instrument  and  process 
control  companies. It is claimed  that the 
first  three-term  controller  was  introduced 
by the Taylor Instrument Company in 1936 
when preacr, that is,  derivative  action. was 
added to their double response controller: 
initially. the amount of preact  was  fixed in 
the factory. but  in 1939. a controller  with a 
continuously variable  derivative  action  was 
introduced [ I ] .  It is interesting  to note that 
it was  during  this  period  (1939-40)  that 
George A.  Philbrick  was  developing  his 
electronic analog  simulator,  which  included 
a three-tern  controller [ 2 ] .  

The  use of derivative  and  integral  ac- 
tion was. in the 1930s. not new:  many  con- 
trollers using it had been designed  and  used 
throughout  the  nineteenth  century: it had 
been recognized  early in the work on gover- 
nors that offset  could  be  removed by the 
introduction of integral  action (31. What  was 
new was the introduction of general  purpose 
controllers with continuously variable con- 

s. Bennett 

trol action. A consequence of the gradual 
introduction  of  such  controllers  into  the 
process industries was a growing interest in 
the dynamics of various typical processes 
and  attempts to analyze  the  behavior of 
controllers (41. The  writers of many of these 
papers were,  however.  unaware that Nicolas 
Minorsky. in 1922. in his  paper  on  the 
”Directional  stability  of  automatically 
steered bodies.” had  analyzed and discussed 
the properties of the three-term  controller [SI: 
this paper stands  alongside  those of Max- 
well. Routh.  and  Hunvitz as one of the early 
formal discussions of control  theory. 

The paper arose  out of work on the instal- 
lation and preparation  for the testing of the 
automatic steering gear on the battleship New 
Mwico. the trials of which took place in 
1923. There had been some interest in fully 
automatic steering  systems  almost  from the 
first introduction of servo-controlled  steering 
engines in 1864. but little  advance  was  made 
until the major naval powers  began  to  review 
their fire control techniques  at the beginning 
of this century [ 6 ] .  This  review  was  made 
necessary by the increasing  range of naval 
guns.  The  outcoms of the review  was an 
increased interest in (i) the development of 
the gyrocompass-in  iron  ships.  and with 
the increasing use of electricity  in  ships. 

s e a t  difficulty was  experienced  in  using the 
magnetic compass-and  (ii)  in the stabili- 
zation of either the ship or the gun  platforms 
and  gun  directors.  Consideration  was  given 
to  the  possible  improvement  in  accuracy 
through the reduction or elimination of yaw: 
‘._ . . my  first  approach to the  problem  of 
automatic  steering in order  to  eliminate  yaw 
was therefore  made  more  in  connection with 
gunnery than with navigation“  recalled  Sir 
James  Henderson  in  1934  [7],  who was 
against automatic  steering,  and  this  attitude 
did not change  until  the  successful  intro- 
duction of the commercial  autopilot [8]. So 
although the  tests  carried  out by Minorsky 
on the .New Mexico were  successful,  the 
automatic  steering  was  removed  and  further 
work discontinued. 

Automatic  Steering of Ships 
Nicolas  Minorsky  was  born on September 

24. 1885, in Korcheva,  Russia.  and  died at 
the age of 85 on  July 31. 1970, in Italy. He 
was  educated  in  the  Naval  School  in  St. 
Petersburg  (later  Petrograd  and now Lenin- 
grad)  and in 1908 went to  study  in  France 
in  the  Electrical  Engineering  Department 
of the University of Nancy. He  then worked 
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at  the  Imperial  Technical School in  Petrograd 
and left  in 1914 with  a  doctorate in applied 
sciences.  From 1914 to 1917, he served  in  the 
Russian  Navy and was for  one year  Adjunct 
Naval  Attache  at  the  Russian  Embassy  in 
Paris. In June 1918, he immigrated to the 
United  States  and  remained  there  until  his 
retirement in 1950  when he decided  to go 
to  Southern France, in  the  foothills of the 
Pyrenees  [9]. 

During  his  first four years  in  the USA, he 
worked as an  assistant  to C. P. Steinmetz at 
the  General  Electric Company, Schenectady, 
New  York. It has not  been  established what 
type  of  work he did  during  this  period, but 
it  would appear from  the  evidence of the 
papers  published  in  1922  and in 1930  that 
he worked on automatic  steering  problems, 
although  in  these  papers  there  is  no  reference 
to any  involvement  of the  General Electric 
Company  in his work. This work  would  have 
been  consistent  with  his  interests  and  expe- 
rience,  since, in  1916,  while  serving  with  the 
Russian  Navy, he had made  measurements 
on the  sensitivity  of the  eye in detecting 
angular velocities. The purpose of the  tests 
was  to compare the  ability of a  person to 
detect  small  angular  rotations  with  that of 
the  gyroscopic  angular  velocity  indicator- 
the  gyrometer-  which  he  had  invented [ 101. 

Almost  from  the  first  introduction  of  the 
servo-controlled  steering  systems  in  1864, 
thought  was  given to the  provision of fully 
automatic  steering:  the  difficulty  was  in 
sensing  the  position of the  compass needle 
without  disturbing  the  accuracy of it as an 
indicator. Systems of more  limited appli- 
cation  were  designed,  which  were  to be 
used either  for remote  steering  or,  as  in  tor- 
pedoes, to  maintain  a  constant  preset  course; 
for the  latter application, gyroscopes  were 
used [ 111. The provision of fully  automatic 
steering  began to appear  feasible  with  the 
work,  first of Anschutz-Kaempfe  and then 
of Elmer  Sperry,  on  the  development of the 
gyrocompass. 

For  his  expedition  to  take  a  submarine  to 
the North Pole, Anschutz-Kaempfe  proposed 
using  a compass based on the  use of the  free 
gyroscope. He subsequently  formed  a  com- 
pany  to  manufacture  gyrocompasses,  and 
interest  in his work  led  to  developments 
elsewhere, the  most  successful  being  those 
of the Sperry Company.  Elmer  Sperry ob- 
tained  the  basic  patent for his  gyrocompass 
in 1911, and  his  first  patent for the  automatic 
steering system,  the  gyropilot, was  filed in 
1914. Development  of  the  gyropilot was 
interrupted by the  war,  and  work  did  not 
recommence  until  1921.  Probably  the  most 
important  aspect of this  work  was Sperry’s 
development of the follow-up mechanism 
(a position servomechanism), which  made 

available  a  suitable  signal for input to the 
steering engine [ 121. 

Qualitatively  and  intuitively,  the  require- 
ments for  good steering  were  known: “An 
efficient  helmsman keeps  the  ship accurately 
on  her  course by exerting  a  properly  timed 
meeting and eming action on the  rudder” 
wrote Minorsky [ 131. Sperry [ 141 expressed 
the  requirement  in  very  similar terms,  and 
Henderson  wrote “. . .the  second  require- 
ment  is check helm  to stop the swing as the 
craft  approaches a prescribed  course. . .” 
[ 151; he also went on to  indicate the need for 
weather or lee helm to  compensate  for  the 
tendency of steady  disturbance forces de- 
flecting the  ship  from the desired course. The 
questions  and  problems were to  analyze such 
behavior  and to  devise means of incorpo- 
rating check and weather helm  into  the 
steering  control.  In  both  these  activities, 
Minorsky  was  successful.  However,  he 
lacked  the  commercial skills and the  backing 
of an  established  organization: the  commer- 
cially  successful  and  widely  used system was 
the  Sperry system, described by Dr. A. L. 
Rawlings,  a  director  of  the  Sperry  Company 
as I ‘ .  . . a  very simple  machine, and  it  applies 
a  deviation  helm and  also a  check  helm. The 
method of applying the check  helm  is  frankly 
a dodge. It  is  an  unscientific dodge. It defies 
mathematical  computation-at  least  it  has 
defied  mine” [ 161. 

Minorsky’s  attack  on the analytical  prob- 
lem  was  first to argue  that good steering  was 
not 

. . . so much a question of intuition as of suitable 
timing based on actual  observation. . . . If, there- 
fore, accurate  steering  is nothing more  than a 
special  kind of timing of the  rudder  complicated by 
the  inertia of the  body  to  be steered, we may expect 
to  be  able  to  establish  analytically what kind of 
timing  must be adopted in order to reach  the best 
. possible  conditions  for directiod stability of the 
body to be  steered on its course [17]. 

Class of Control 

First p = ma + n& + p 6  
Second 

p = m2a + nz& + p 2 6  Third 
p = mla + n l &  + p 1 6  

Cases. 

His next step was one  that  was to be  charac- 
teristic of his  approach to problems for the 
rest  of his life:  an  awareness  of  nonlinearities 
in  systems, for  he immediately  simplifies  the 
problem by limiting it  to a  consideration of 
small deviations “. . . for [in]  the case of  un- 
limited  angular motion. . . there  is no  ana- 
lytical  expression applicable to the  various 
torques  acting on a ship in  general” [ 181. 

Consideration of the  dynamics of a ship, 
including  the  characteristics of rudders, leads 
him to an equation  of motion, as  follows: 

Ah + Bd! + k p  = D (1) 

where (Y is  the  angle of deviation  of the ship 
from  the desired course and p is the rudder 
angle, A is the  effective  moment of  inertia of 
the ship about  a  vertical axis passing  through 
the  center of gravity, B is  the  frictional 
resistance of the ship  to turning, D is the 
disturbing  torque,  and k is a constant, 
depending  on  the  characteristics  of  the 
rudder.  Thus,  providing  that  the  rudder 
angle p is given  as  a  function of the devi- 
ation  and  its  derivatives,  the  problem i s  
completely  determined. 

Minorsky  considered  individual  cases for 
various  types of regulation,  and  these are 
summarized  in  Table 1.  The third  class,  that 
of  controlling  the  acceleration of the  rudder, 
was  not considered in detail since  it  is not of 
practical  interest. 

Case 1, which  uses just  the angular  devi- 
ation  to  control the angle of the  rudder,  repre- 
sents the system  that had  been tried  by  sev- 
eral  people [19] and leads to  a  second-order 
system.  Minorsky  showed  that  the  damping 
of  the  system  was  dependent  on  the 
parameter 

B 
2A 

I4 = - 

and he noted  that for ships of increasing  size, 
the  term B ,  representing the frictional  re- 
sistance  to turning, increases  at  a  less  rapid 
rate  than the inertia of the  ship. He was thus 
able  to  explain  why deviation control, which 
had been  used  reasonably  successfully on 
small vessels, did not  work  on  large  ships. 
For cases 2 and 3, he showed  that there  was 
no directional  stability  [20]. 
Consideration of case 4 led  him  to  conclude 

Case Control Action Parameter Class 

1 

general  case m l  # = O,nl  # 0 , p 2  f 0 2 5 
general  case m C =O,n  C 0 , p  # O  1 4 
acceleration m = O,n = 0 1 3 
velocity m = 0 , p  = 0 1  2 
proportional n = 0 , p  = 0 1 

Table 1. Cases  studied by Minorsky. 
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that  the method “. . . is  efficient  from the 
standpoint of damping  out the effect of  a 
disappeared disturbance, but  will  not  elimi- 
nate  the  effect of a  steadily  acting  disturbing 
torque,  such,  for  instance,  as a  steady wind.” 
And  he  noted  that  in  such  circumstances, 
there  would  be  a  steady-state  error 

D 
a, = - 

C 

where C = km,  and  that “This first  class of 
steering devices, acting  to  regulate  the  angle 
of the  rudder,  is  unpractical for this  reason” 
[21].  However, he notes  that  the  second  class 
of device in  which  not “. . . the angle of the 
rudder, but  the  rate  at  which this angle is 
varied“ does not  have this disadvantage and, 
yet,  still  maintains  all  the  advantages of the 
first  class. 

In the  second  class,  the  controller  has the 
form 

,j = ma + ndl + p h  (4) 

and  substituting  for p in Eq. (1) gives 
r 

A& + Bdl + k (ma + ndl + p & ) d t  = D J 
( 5 )  

which by differentiating  and  rearranging 
gives 

A; + (B + k p ) ~  + knb + kma = b 
(6) 

Minorsky  comments  that for a  steadily  acting 
disturbance D = 0: “. . . from  which follows 
the  remarkable  result  that such a  disturbance 
has no influence  upon  the  performance of the 
device, depending  solely  upon  the  inertia A 
of the ship, the  resistance B and  the  con- 
stants, rn, n , p ,  representing  the  intensities  of 
the  corresponding  components of  the 
control”  [22]. 

Since  the  control variable, which  affects 
the  course of the ship,  is still  the  angle of the 
rudder, Minorsky,  in his second  class of 
steering device, has in effect changed  the 
characteristics of the  controller  such  that 

p =  rn a d t  + n a   + p d :  (7 )  

Thus,  his  first  class  is a proportional + 
derivative + second  derivative  controller, 
and his  second  class  is a proportional + 
integral + derivative  controller. 

Minorsky  then goes  on  to show,  using  the 
Hurwitz criteria,  that for stability, the follow- 
ing conditions  must be satisfied: 

i 

B + K p > O  

(b + Kp)   Kn - AKm > 0 (8) 

Krn > 0 

In a  final  section  of  the  paper,  he  considers 
how control of the  second class would be- 
have in the  presence  of  time  lags in  the trans- 
mission  system. He considers  a  controller  of 
the  form 

p = [ma(r - TI)]& + na(t - Tz)  

+ p a ( ?  - T3) (9) 

I 
and uses  an  approximation  based on Taylor’s 
expansion, on the  assumption  that the  delays 
TI, T2,  and T3 are  small  with  respect  to the 
period of yawing of the ship,  to obtain  the 
following  conditions for stability: 

B + k p - k n T z > O  

(B + kp - knT2)k(n - mTI)  
- ( A  - kpT3) krn > 0 

k m > O  (10) 

In his conclusions, he deals with  the  ques- 
tion  of  the anticipation of angular  motion- 
a  current  topic  was  anticipatory control, and 
we  have  already  noted  that  when  derivative 
action  was  introduced into process control, it 
was called preact - Minorsky’s  comment 
is  that 

. . . it  is  apparent  that all possible  methods of 
rudder  control do not actually  anticipate the 
disturbing  angular  motion,  but  merely  utilize  this 
motion at  its  beginning  when its value is  small  for 
the  purpose of impressing  a  properly  timed  reac- 
tion  against it.  It is therefore  obvious  that  the 
disturbing  angular  motion  must  necessarily  occur 
before any controlling  means  can  be  operative 
(Minorsky’s  emphasis [23]). 

Tests on the New Mexico 
The tests on the New Mexico were  carried 

out by Minorsky for the  Bureau of Construc- 
tion  of  the US Navy in 1923,  although they 
were  not  reported  until  1930  [24].  The 
New Mexico was  chosen  for  these  tests 

because it was fitted  with  the  Waterbury 
electrohydraulic  steering  gear, which, unlike 
most  other  types  then  in  use,  permitted 
continuous  control  action.  The measuring 
instruments  used  were  a S p e q  gyrocompass 
and  the  so-called gyrometer, a device used to 
measure  angular  velocity. In spite of his 
comments on the  unsuitability of the  first 
class of control-control of rudder  angle- 
Minorsky  used  the  method for these  trials: 
initially  using  proportional + derivative 
control  and  later  introducing  an  acceleration 
component  into  the  controller. (In an article 
in The Engineer in  1937,  Minorsky claims 
that  control of rudder  velocity  was used, but 
in  the  original  article, he clearly  states  that 
the  first  class-  control  of  rudder  angle- 
was used, and  examination of the  circuits 
given in both  papers  confirms  this  [25]). 

The  system,  including  the  acceleration 
control, is shown  in block diagram form in 
Fig. 1. The mechanism  used to introduce an 
acceleration  component was very  simple-  a 
loosely coupled  contact  on  the  gyrometer 
follow-up shaft-the  effect of which  is to 
give  a  relay  action  with  some  hysteresis. The 
method of combining  the  signals from the 
gyrometer, gyrocompass,  acceleration  and 
rudder  position  is  shown in Fig. 2. The gyro- 
compass and gyrometer  were  both  fitted  with 
follow-up motors, such  that the angle turned 
through by the shafts of  the  motors  repre- 
sented  the  angular  position  of  the ship and the 
angular  velocity of yaw,  respectively. The 
signals from these  were  combined  using  a 
differential  gear,  the  ratio  being  fixed  at  1 : 2 
(gyrocompass : gyrometer). The output  from 
the  differential was used  to  set  the  position of 
the  wiper of potentiometer 1. The wiper  set- 
tings  on  potentiometers  3 and 3‘ were  set by 
the  position of the rudder. The voltage sup 
plied from the potentiometer  combination 
was used to provide  the  field  current for a 
motor-generator set (12,13  in  Fig.  2). In 
order  to  provide  acceleration  control,  the 
lever 6, loosely  coupled to the  gyrometer 
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Fig. 1. Block diagram of Minorsky’s  automatic  steering  system. 
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Fig.  2.  Controller  (Redrawn from Minorsky  1930, J .  Amer. SOC. Naval Eng.,  v. 42). 

follow-up system, connected  the  field  supply 
to one of two booster  generators (8 and 8’), 
which  were  inserted  in  series  with  the  field of 
the  generator of the  motor-generator  set. The 
amount  of  boost  given  was  controlled by the 
setting of the  potentiometers 10 and 10’ and, 
in this way,  the amount of  acceleration  con- 
trol  introduced  could be adjusted. 

The trials  were  intended to determine  the 
controller  parameters,  and  it  was  fairly 
quickly  established  that the  signal that  could 
be obtained  from  the grometer-the de- 
rivative  action - was  insufficient  to  give 
good  control: the  ship settled  down  to  a  mo- 
tion of +2  degrees  in yaw. This behavior  is 
shown in  Fig.  3a, which  is  based on a  simu- 
lation of the system.  It is  in  part conjecture, 
since  full  details  of the system were  not  given 
in the  paper. From  these initial  trials,  which 
lasted  only  a few minutes - the New Mexico 
was  at  that time  on  fleet  maneuvers-  he 
concluded  that two methods  could be used  to 
improve  performance:  (i)  to increase  the pro- 
portion of  the  gyrometer control or (ii) to 
introduce  acceleration  control. He decided 
on the latter  because it was easier  to install. 
A simple  system was  quickly  rigged  up  while 
at  sea,  and  this  showed  promising  results;  a 
more  permanent  arrangement  was  installed 
during  September 1923. The  effect of intro- 
ducing  acceleration  control  was  dramatic; 
the  rudder  indicator on the bridge  showed 
no movement - the  minimum  movement 
it  could  show  was 5 degees-and  exam- 
ination of the  actual  rudder  movement 
showed  that  it  was  very small, not  exceeding 

2 or 3  degrees. The effect can be seen in 
Fig.  3b, obtained by introducing an equiv- 
alent to the  acceleration  term. 

Despite  the  success  of  these  tests, the gear 
was  removed  from  the N e w  Mexico, and no 
further  work on automatic  steering  was  done 
until  the  1930s,  the  main  reason being, as 
Captain H. S .  Howard of the US Navy  ex- 
plained,  that “. . . the operating  personnel  at 
sea  were  very  definitely  and  strenuously 
opposed  to  automatic  steering,  and  they 
wished us to  have  nothing further to do with 

it after  these  tests were completed”  [26]. Be- 
tween  1923 and 1930, the  Sperry  Company 
developed  extensively  their  version  of the 
automatic  pilot for  commercial  use [27], and 
Minorsky  sold  his  patents  to  the  Bendix 
Corporation in 1930  [28]. 

The Sperry system was  not  described in 
detail  until  1937  when  Minorsky  analyzed  it 
in his  articles  in The Engineer [29]. He 
showed  that  the  so-called dodge was in  fact 
a  method of introducing  acceleration  con- 
trol,  and  Sperry’s  system  used  propor- 
tional + acceleration  control of the rudder 
angle. As Fig.  3c shows,  it was  an effective 
combination,  and  automatic  steering systems 
manufactured by the Sperry  Company  came 
to  be  widely  used. 

Minorsky’s  Later Work and His 
Influence on Control  Developments 

From  1923  to  1934,  Minorsky  worked at 
the  University of Pennsylvania  as  a  professor 
in the  field  of  electronics  and  applied  phys- 
ics; he  then  joined  the US Naval  Research 
Laboratory  and  worked at the David  Taylor 
Model Basin, largely  working on the sta- 
bilization  of  ships  against  rolling. His main 
concern  was  with  the active tank  method  of 
stabilization,  and he  made both  practical  and 
theoretical  contributions to  the work in this 
field.  During  the  war, he  was special  consul- 
tant  to  the  director  of  the  David  Taylor  Model 
Basin,  in  which  capacity he worked  largely 
on  stability  problems:  it  was during  this pe- 
riod  that he became  increasingly  interested in 
nonlinear  systems. In 1946, he  joined the 
Division  of  Engineering  Mechanics  at  the 
University of Stanford where  he continued to 
work on  ship stabilization problems and on 
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his  growing  interest  in  the  area of nonlinear 
mechanics. This was  an  area  in  which he 
continued  to  work  after  his  retirement from 
Stanford  at  the age of 65  in 1950;  his  last 
paper  was  published  in  1968, just  two years 
before his death in 1970  [30]. 

Minorsky‘s  early  work  on  automatic 
steering  influenced  Harold  Hazen  and  this 
can be seen  in Hazen’s  papers  on  servo- 
mechanisms,  published  in  1934.  These 
papers  were  to form the  basic  reading  of 
many of the early  control engineers  [3 11. 
Other than this,  the 1922 paper  was not 
very widely known, and outside  the  field of 
naval engineering, Minorsky  and his work 
remained  largely  unknown  until a series 
of articles by him  were  published  in The 

Engineer in 1937.  To  the  few  who  dis- 
covered  the  papers,  however, the work  was 
significant in that  it  presented  a  clear  theo- 
retical  understanding of the problems.  Fur- 
thermore.  the  operation  of  the  practical 
devices  proposed  could  be  clearly  understood 
and related  to  theory,  thus  providing  a good 
basis  for  future  developments  and  a  transfer 
of the  principles  to  analogous  problems. In 
contrast,  the  gyropilot  work  of  the  Sperry 
Company,  although  commercially  success- 
ful,  was based upon  the  intuitive  under- 
standing of Elmer Speny, and  the  principles 
were not clearly  understood  until  Minorsky 
analyzed  the  system  in  1937. 

In 1941,  Minorsky  published  a  long paper 
in the Journal of the Franklin  Institute in 

which he dealt  with  a  variety  of  linear  and 
nonlinear  control  problems  and  outlined  a 
method  of  analysis  based on operator  tech- 
niques  [32]; in this, he drew  from  the  work 
of Norbert  Wiener on the  operational  calcu- 
lus [33]. This paper, in fact, received  little 
attention,  for  it  lacked  the simplicity and 
immediate  ease of  understanding  of other 
contemporary papers,  for  example, the paper 
by H. Harris  published in 1941 and the  later 
papers to come  out of the wartime work of 
the  Radiation  Laboratory  at MIT [34].  It 
did, however,  mark the  change in the direc- 
tion of Minorsky’s  work  toward  nonlinear 
problems, and his major  contribution  in this 
area  was to draw  attention to  the work of 
the Russian mathematicians,  in particular, 
that of Liapunov  and  the  then  new  work of 
Bogoliubov and Krylov  [35]. 

Following  his  retirement from  teaching,  he 
continued  to  work for his adopted country 
through  contracts for the Office of  Naval  Re- 
search  and  continued  to  follow  closely  devel- 
opments by Russian authors, work  which he 
reported on in his last book, published  in 
1969;  however,  through  translation  pro- 
grams,  much of the  Russian  work  was  widely 
known, and  the  exchange of ideas  was taking 
place  through  the P A C  meetings. Minorsky 
was not fully aware of the  developments  that 
had  taken  place  in  the USA. Because of this, 
his  later  work  was  not as important as,  for 
example, the  book Introduction to Nonlinear 
Mechanics, published  in  1947,  which  be- 
came a  work of reference for workers in the 
field of nonlinear  control [36].  

Let us leave  the  last  word  to  Flugge-Lotz 
who, writing in 1971,  remembered “. . . the 
tall slender man presenting the ‘grand 
seigneur’ type  when  he  was  walking  with his 
characteristically  bent  soft-felt  hat over the 
Stanford campus, perfectly  absorbed in his 
scientific  ideas”  [37]. 
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