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ABSTRACT

The sensitivity of a control system is usually taken to be the 

normalized variation of some desired characteristic with the variation of 

plant or controller parameters. Rather than the usual absolute sensitivity 

described above, a new definition of relative sensitivity is introduced for 

the optimal control problem, wherein the system performance is always compared 

with its optimum under the given circumstances. The implications of the 

relative sensitivity and its relevance to optimal system design are discussed 

in detail. Moreover, a theoretical approach to the problem of system optimi

zation when plant parameters are subject to change is presented.
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II. Relative Sensitivity

The optimal control problem is taken to be that of minimizing a 

given performance index,1

V, u (t)
V  - V, X (t), u (t), t

, 1 J  t
w  o L  -

dt, ( 2 )

under the restrictions imposed by plant operation,

* (t) = f x (t), u (t), (3)

The quantities which appear in the performance index (2) and the state equa

tions (3) are the n-dimensional state vector, x (t), the r-dimensional control 

vector, u (t), and the vector v which represents the variable plant parameters 

(the dimension of this vector is virtually unlimited in theory). It is 

assumed, moreover, that the control and plant parameters are members of given 

closed sets,

u (t) € U (4a)

and

V e V. (4b)

A grossly simplified version of the problem is presented in 

Figure 1. Although the performance index J is a functional, it is pre

sented here as a function of a single control variable u for various values of 

the single variable plant parameter v. This picture is adequate for the sake 

of argument. The controls u ^  u2, and u3 are optimal for the plant parameters
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Figure 1. Simplified representation of 

optimal control problem.
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Vl> and v , respectively. Moreover, the picture has been drawn purposefully

so that the value of the performance index is "insensitive" to plant parameter 

variations for the fourth control u . But no right-thinking system designer
cl

would choose the control ua merely on the basis of this insensitivity; a control 

somewhere in the cluster u , u , u would be better in every sense. It should 

be noted that although the change in performance index when the plant changes 

from v3 to vi for control u3 is large absolutely, there is little that can be 

done to overcome the situation (the small gain obtained by changing to control 

u1 may not even be worth the effort involved)„ It is considerations such as 

these which motivate the introduction of relative sensitivity given below.

At a set of plant parameters v the relative sensitivity for the con

trol u (t) is defined to be the difference between the actual value of the 

performance index and that which would be obtained if the control were the 

optimal for the plant parameters v (divided by the optimal performance index 

for normalization):

where u
o

(t) is the optimal control for plant parameters v,

(5)

J (xj ü° = min J \Z) H (t)^ 0 (6)
V  I u (t) € U L V  / J

It should be re-emphasized that the relative sensitivity, S—  |v, u (t)J , is 

that for the given control u (t) at the plant "operating point" v. For "small" 

control differences from plant optimal,

ô u (t) = u (t) - u° (t), (7a)

II 6 B (t) // «  1, (7b)
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the relative sensitivity (5) takes on an especially simple form in terms of 

the calculus of variations ( c f A p p e n d i x  A) :

.R
s~  ( v, u (t) I »

62 J
(z>

u° (t), 6 u (t))

; 1
j H°

(8a)

when the optimal control u (t) is interior to U;

6 J( u (t), 6 ii (t

J ^v, u° (ty)
(8b)

when the optimal control u (t) is on the boundary of U. It might be argued 

that the relative sensitivity should be further normalized by the difference 

in the control from the optimal, but then it would not be an accurate indi

cation of the folly of very poor control choices .

Among the obvious advantages of the relative sensitivity is that it 

is always a positive number. Moreover, the relative senitivity reduces to 

zero at the value of plant parameters v for which the control u (t) is the 

optimal. System performance is always compared with an attainable value; con

sequently, one is not traumatized by matters over which one has no control.

In Figure 2 is a simple illustration illuminating the above discussion; the

value of the relative sensitivity for the control u is zero at the plant 
R ^

parameter v^, S—  (v^, 0, which is also true for the control u^ at the

plant parameter v^, S—  ̂ y2, U2 )̂ = °°

III. Optimal System Design

The relative sensitivity is a normalized measured of optimality.

The optimal value of relative sensitivity is zero for every plant regardless 

of the absolute value of its optimal performance index. Hence, before any
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Figure 2. Relative sensitivity illustration.
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statistic is introduced, the relative sensitivity provides a basis for comparing 

"the fact of optimality" among many plants . Those plant parameters which pro

vide values near their optimal over a wide range of controls remain near zero 

in relative sensitivity —  they are relatively insensitive to the choice of 

control. When a control is to be found which in some sense provides optimality 

to a variable plant (or a number of plants), it is good procedure to allow those 

plant parameters with small relative sensitivity to have a lesser affect on 

the design decision. Consequently, the relative sensitivity is the quantity 

which is utilized in the design-oriented plant sensitivities evolved below.

The relative sensitivity, S—  (v, u (t)^ , is a functional of both 

the plant parameters and the choice of control. Small relative sensitivity 

assures a design close to the optimal. One cannot, however, in general choose 

a control u (t) for minimum relative sensitivity for any plant. Consequently, 

the concept of plant sensitivity which relates the design criterion to the 

relative sensitivity is evolved.

The optimization of a system depends a great deal upon the designer 

having complete knowledge of the system’s behavior. How one deals with a 

system in partial ignorance of its behavior is in great measure a function of 

the assumed goals of the design. Two reasonable design criteria can be 

immediately conjectured:

1) Minimize the maximum deviation from optimal behavior; and

2) Minimize the average deviation from optimal behavior.

Either of these criteria might be applied when the designer is attempting to 

find a single controller for a number of similar plants or when he is 

attempting to find a controller for a single, changeable plant. The first 

criterion is, of course, the more meaningful when critical tolerances are 

present; the second, however, would probably find more production line use.

The word "deviation" employed in the two criteria above can be the victim 

of various interpretations; here, the plant sensitivity is chosen as a 

simple quantitative measure of "deviation" . Actually, as has been explained 

above, the sensitivity is a normalized deviation from some unknown optimal 

behavior; consequently, it must not be counted upon as an absolute measure.
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With the first assumed design criterion in mind, one can define 

the plant sensitivity

M x N 
S—  f u (t)J = max

^ v € v

which is indeed a measure of the maximum deviation from optimal behavior for 

a given control implementation u (t). With the plant sensitivity (9) the 

optimal design criterion becomes choose

u (t) u* (t), (10a)

where

min 

l € U
s~  (il (t>) (10b)

In Figure 3, the above plant sensitivity is illustrated by means of a simplified 

example; for control u it is
U

(V2' U3 ^ (11a)

and for control u
4)

S -  ( u 4 )  =  s 5 ( V l , u 4 ) . (lib)

The analytical details of such a minimum plant sensitivity design are pre

sented in Appendix B, while a simplified example is given in Section IV.
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Figure 3. Plant sensitivity illustration.
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When the second design criterion listed above is to be employed, 

an entirely different definition of plant sensitivity can be employed:

S - ( s  (t))

where "e " indicates expected value. Plant sensitivity (12) should be parti

cularly effective in situations where plant parameters are given as random 

variables. Such a situation might arise when a single (universal) controller 

is to be designed to control a large number of similar plants. The design 

criterion, of course, becomes

u (t) = u (t), (13a)

E 

v €
j^s~  (z> Ü <t)) J  , (1 2)

where

(13b)

Since such considerations must enter the maximization (9) or the

expected value (12), the plant sensitivity is affected by the means of

implementation of the control u (t); e.g., closed-loop control renders u (t)

and u (t) —  see (5) and (6) —  dependent upon v, whereas open-loop control 
2

does not. Since the plant sensitivity varies from one control implementation 

to another, as well as from one design criterion to another, it can be used 

as a basis for comparison among them in a manner analogous to that intro

duced by Cruz and Perkins [4,5],



12

ILz— Vxamgle:__ S ^ s ^ j D ^ m i z a ^ n

The simple second order example which follows illustrates some of 

the principles outlined above. From the amount of manipulation involved in 

this contrived example, it should be obvious that a computer is in general 

mandatory for a reasonable design.

Example Given the second-order system characterized by

*£ + v £ = u, (14)

where v is the only variable plant parameter and is assumed to lie in the 

interval [0,2]; consider the problem of choosing the control u (t) in such 

a way that the performance index

/ 2 «2 2 
(x + x + u ) dt (15)

is minimized. The optimal trajectories satisfy the second-order equation

oo , 
x + V-3 + v + x = 0, (16)

as can be shown by any one of a number of well-known optimization techniques 

[7,8,9]. The optimal control can be realized by linear feedback of the state 

variables:̂

o
u

o
x + c

2

o
(17)



where, from (14) and (16),

and

(18a)

= v -y-i3 + v (18b)

Since is independent of v, the (not necessarily optimal) control is taken 

as

u = - X + c^ x. (19)

The performance index (15) now becomes a function of :v and -c ; (it coiilc be a 

function of c^ as well, but ¡such;a choice would unnecessarily obscure the 

discussi9 n) a simple:calculation yields

J (v, c2 )

2 2
(c2 - v) + v + 3

2 (v - c_) Xo

+ 3

+ 2 x £ +
o o 2(v-c2>

XXr> i (20)

where

x = x (0) 
o

(21a)

and

£ = £ (0) 
o

(21b)

For the specific set of initial conditions x = 1 and x = 0, J (v. c ) becomes
o o * * 2
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while, from (18b), the optimum is

J < v, c” ) /\J3 + v2 ' (22b)

Under the above circumstances, then, the relative sensitivity is

0R , 
S— (v

(v - c2 + y T T T "  j

, c ) - -

) v ^2 I v - c2 H /3 + v

(23)

.R
Figure 4 graphs S (v, c9) versus v for several values of cQ . The design

4

2

2' ___ —  ~2

procedure being discussed is that of choosing the value of c„ which minimizes
.M „ _R

shows that

the plant sensitivity (9), S—  (c ) = max S—  (v, c ). Inspection of Figure 4
V *

M
S—  (c a - 1.3) « 0.04, (24a)

whereas other values of plant sensitivity are

S- (c »**-1.73) « 0 . 0 6 (24b)

and

S- (c2=s=—1.0) « 0.15; (24c)

for other values of c2 it is even higher. Consequently, the design optimal

c2 is approximately

C2 w '- 1 ‘3 '
(25)
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Figure 4.
,R

(v, c^) versus v for the example.
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From Figure 5 it can be seen that J (v,-1.3) varies from 1.77 to 2.72, a gross 

variation of 35% over the interval [0,2] in v; however, these graphs also 

reveal that J (v,— 1.3) is extremely close to the optimal throughout the pre

scribed range, [0,2].

y _ Con c lu s _i ops

The relative sensitivity (5) has been shown to be a meaningful 

measure of the performance of an optimal system. Moreover, two different 

measures of plant sensitivity, (9) and (12), have been indicated as rea

sonable design criteria for the optimization of incompletely specified (or 

variable) plants. With the introduction of relative sensitivity to the 

system optimization problem, system designs can be compared in new and more 

meaningful ways. Moreover, computer techniques for optimizing whole classes 

of systems can be developed.
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1
APPENDIX A

1

1

The purpose of this appendix is to demonstrate the reasonability of 

expressions (8) for the relative sensitivity. The first term in the numerator 

of (5) is expanded about the minimum in the standard manner of the calculus of 

variations [6]: if

1

■

6 u (t) = u (t) - u° (t), (A .1)

1
then

1 J M (t)) = J Qi, u° (t))

I + s J (%, u° (t), 6 u (t>)

l + 62 j Qv, u ° (t), 6 U (t)y

l + ^terms of order ||6 u (t) || 3) • (A.2)

I
■

Thus, the difference expressed by the numerator of (5) is 

by

given approximately

1

|

J Qi) H (t)^ - J (z, U° (t)) » 6 J Qz, u (t), 6 u a ) )

■

1

+ 6 2 J u (t), 6 u (t)^), (A.3)

■

l for "small" variations in u (t),

I
I
I

II6 u (t) || «  1. (A.4)
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When the optimal control u° (t) is interior to the region U, the first varia

tion of the performance index vanishes.

S J (jL> (t), S u (t = 0, (A .5a)

and the second variation is nonnegative,

~° S & (t>) > 0; (A.5b)

consequently, expression (5) becomes approximately (8a)

S-
62 J ICx> a° (t), 6 B (t>)

J 1 u° (t))
'11

(A .6)

to order ^j|6 u (t)||^ 3 . On the other hand, when the control u° (t) is on the 

boundary of the region of U, the first variation of the performance index does 

not vanish; the condition for a local minimum becomes rather

5 J ^v, u° (t), 6 u (t)) > 0.

In this situation expression (5) becomes approximately (8b)

(A.7)

£ ( x , u (tf) * -■J H°  ( t ) > 5 a, (t))
| J (x> H° (t))|

(A.8)

to terms of order |||6 u (t)j|j . The intuitive notion that interior (sta

tionary) control is qualitatively less sensitive than boundary control most of
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the time is thus reinforced (here the difference is of order ||6 u|| 3°

In the general control problem, of course, both types of control occur and 

both expressions (A .6) and (A.8) must be used, each where appropriate.
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APPENDIX B

To indicate what steps may be involved in a minimum plant sensitivity 

design, an analytical procedure is sketched below. It is assumed for simpli

city that all extremals [ 6 ] occur in the interior of admissible regions; the 

extension of the procedure to more general cases is readily inferred. If the 

system equations (3),

*i = fi (~> t)} 1 = 1> n> (B.l)

are appended to the performance index (2) by means of lagrange multipliers 

[6], the integrand becomes

X  (v, x, *, u, t, \ )  = F + \i (xi - fi>

i = l

The resulting Euler equations for the optimal control, u (t), are

(B .2)

= fi 2S, u°, t), i = 1, ..., n, (B.3a)

and

i
= - A.. "js—  

l dx . fi x ; u ; t)
d

+
~ [ F (v, x, u°, t)

i = 1, ..., n, (B.3b)
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and

3u°
J

P (v> Si H°) t) \  fi <Z> £°> t) = o,

i=l

j = !;•••) m . (B .3c)

In the second round one must obtain the plant sensitivity (9) by means of a 

maximization of the relative sensitivity (5):

S—  ^ u  (t)) = max

max 

v€ V

3~  Qi, u (tX)J 

ft f  F 2 <*>> H (t), tj dt

J f F [ *  x (t), u° (t), tj dt

(B.4a)

1 > (B .4b)

The constraint equations which must be appended for this maximization are the 

original system equations (B.l) plus the three sets of equations for the 

optimal control (B.3); thus, the variation is taken for the augmented quantity

i=l i=l

3f°» f o “i 3f°

+ X  p 3 i  \ \  + \  

l A  \ 1 1

m n

+ Y  Pa - ---  F ' X. f I ,
A  au ° * s  i  i  I *

j

(B .5)
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where superscript zero indicates that a quantity is to be evaluated on the 

optimal control. It must be kept in mind that the control quantities u (t) 

only enter this variation through their dependence on other quantities (i.e., 

because of the means of control implementation). The maximization leads to 

a set of equations for v, the plant parameters which yield the plant sensitivity, 

plus 6n + 2m auxilliary equations, 2n + m from (B.3), n from (B.l), and 3n + m 

for the Lagrange multipliers, p. .. All of these constraining relations must 

be carried in like manner into the final minimization —  that which yields the 

optimal design u (t).

It is clear that although such an optimization procedure can be out

lined in detail as above, it is quite untractable in practice. The essential 

features of the design procedure are incorporated in the example of Section IV; 

in many practical cases similar simplifying assumptions may be employed.



25

FOOTNOTES

1. This formulation of the problem is merely for notational convenience; 
relative sensitivity can be obtained for any optimization problem.

2. Strictly speaking, once a control implementation has been chosen, the 
control must be represented as

Such an interdependence between u (t) and x (t) and v obviously affects 
the maximization (9).

3. Already, the implementation of the optimal control law has been assumed; 

the reader can convince himself of the futility of attempting to complete 
the solution without such an assumption.
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C a lif o rn ia  In s titu te  o f  T ec hn o lo g y  

P a sad e n a , C a lif o rn ia

1 P ro f e sso r N ic h o la s  G eo rg e

C a lif o rn ia  In s titu te  o f  T ec hn o lo g y  

E le c tr ic a l  En g in ee rin g  D ep artm ent 

P a sad e n a , C a lif o rn ia

1 Sp ac e  T e ch n o lo g y  L a b s . ,  In c .

O ne Sp ac e  Park

Red o nd o  Be a c h , C a lif o rn ia  

A ttn: A c q u is itio n s  G roup

STL T e c h n ic a l  Lib rary

2 C om m and ing  O f f ic e r  and  D ire c to r 

U .S .  N av al E le c tr o n ic s  Lab o rato ry  

San  D ie g o  5 2 , C a lif o rn ia

A ttn: C o d e  2 8 0 0 , C .  S . M anning

1 C om m and ing  O f f ic e r  and  D ire c to r

U .S .  N av y  E le c tr o n ic s  Lab o rato ry  

San  D ie g o  5 2 , C a lif o rn ia  

A ttn: L ib rary

1 O f f ic e  o f  N av al R e se a rc h  Bran ch  O f f ic e

1000 G eary  Stre e t 

San  F ra n c is c o ,  C a lif o rn ia

1 The RAND C o rp o ratio n

1700 M ain  Stre e t 

San ta M o n ic a , C a lif o rn ia  

A ttn: L ib rary

1 Stan fo rd  E le c tro n ic s  Lab o ra to rie s  (U n c la s s i f ie d )

Stan fo rd  U n iv e rs ity  

Stan fo rd , C a lif o rn ia  

A ttn: SEL D o c um en ts L ib rarian

1 D r. L . F . C arter

C h ie f  S c ie n t i s t A ir Fo rc e  

Ro om  4 E - 3 2 4 , Pen tag o n  

W ash in g to n  2 5 ,  D . C .

1 M r. R o bert L . Fe ik

A s s o c ia te  D ire c to r  fo r R e se a rc h  

R e se a rc h  and  T e ch n o lo g y  D iv is io n  

A FSC

Bo llin g  A ir Fo rc e  Base  2 5 ,  D . C .

1 C ap ta in  Pau l Jo h n so n  (U SN -Ret)

N atio n al A e ro n au tic s and  Sp ace  

A d m in istratio n  

1520  H S tr e e t, N . W .

W ash in g to n  2 5 ,  D . C .

1 M a jo r Ed w in M . M y e rs

H ead q u arters USAF (AFRDR)

W ash in g to n  2 5 , D . C .

1 D r. Jam es W ard

O f f ic e  o f  D ep u ty  D ire c to r 

(R e se arc h  and  In fo )

D ep artm en t o f  D e fe n se  

W ash in g to n  2 5 ,  D . C .

1 D r. A lan  T . W aterm an

D ire c to r , N atio n a l Sc ie n c e  Fo u nd atio n  

W ash in g to n  2 5 ,  D . C .

1 Mr.. G . D . W atso n

D e fe n se  R e se a rc h  M em b er

C an ad ian  Jo in t Sta f f

2450  M a s sa c h u s e tts  A v e . , N . W .

W ash in g to n  8 ,  D . C .

1 M r. A rthur G . W im er ]

C h ie f  S c ie n ti s t 

A ir Fo rc e  Sy stem s Command  

A nd rew s A ir Fo rc e  Base  

W ash in g to n  2 5 , D . C .

1 D ire c to r , A d v an ced  R e se a rc h

P ro je c ts  A g en cy  j

W ash in g to n  2 5 ,  D . C .

1 A ir Fo rc e  O f f ic e  o f  S c ie n ti f ic  Branch

D ire c to ra te  o f  Eng in ee rin g  S c ie n c e s  j

W ash in g to n  2 5 ,  D . C .

A ttn: E le c tr o n ic s  D iv is io n

1 D ire c to r o f  S c ie n c e  and  T ec h n o lo g y

H ead q u arte rs, USAF 

W ash in g to n  2 5 ,  D . C .

A ttn: A FRST-EI/ G U  j

1 A FRST -  SC

H ead q u arte rs, USAF 

W ash in g to n  2 5 ,  D . C .

1 H ead q u arte rs, R & T D iv is io n  (U n c la s s if ie d )

Bo llin g  A ir Fo rc e  Base  

W ash in g to n  2 5 ,  D . C . '*

A ttn: RTHR

1 H ead q u arte rs, U . S . A rmy M a te r ia l Command  1

R e se arc h  D iv is io n , R & D  D ire c to ra te  

W ash in g to n  2 5 , D . C .

A ttn: P h y s ic s  & E le c tr o n ic s  Bran ch  

E le c tro n ic s  Se c tio n
1

1 C omm and ing  O f f ic e r

D iam o nd  O rd nan ce  Fu z e  Lab o rato rie s  

W ash in g to n  2 5 ,  D . C .

A ttn: L ib ra rian , Ro om  2 1 1 ,  Bld g . 92

1
1 O p eratio n  Ev a lu atio n  G roup

C h ie f  o f  N av al O p e ra tio n s (O P -03EG )

D ep artm en t o f  N av y  

W a sh in g to n , D . C . 2 0350

C h ie f  o f  N av al O p e ra tio n s (C o d e  O P-ON T) 

D ep artm en t o f  th e  N av y  

W a sh in g to n , D . C . 20350

C omm and ing  O f f ic e r

U . S . A rmy P e rso n n e l R e se a rc h  O f f ic e

W ash in g to n  2 5 , D . C .

C om m and ing  O f f ic e r  & D ire c to r  

C o d e 142 Lib rary  

D av id  W . Tay lo r M o d e l Bas in  

W ash in g to n , D . C .  20007

C h ie f ,  Bu reau  o f  Sh ip s  (C o d e  686)  

D ep artm en t o f  th e  N av y  

W a sh in g to n , D . C . 20360

C h ie f ,  Bu reau  o f  Sh ip s  (C o d e  732)  

D ep artm en t o f  th e  N av y  

W ash in g to n , D . C . 2 0360

C h ie f ,  Bu reau  o f  N av al W eap o n s 

T e c h n ic a l  L ib rary , D LI-3  

D ep artm en t o f  th e  N av y  

W a sh in g to n , D . C . 20360

D ire c to r , (C o d e  5140)

U . S . N av al R e se a rc h  Lab o rato ry  

W ash in g to n , D . C . 20390

C h ie f  o f  N av al R e se a rc h  (C o d e 437)  

D ep artm en t o f  th e  N av y  

W a sh in g to n , D . C .  20360

D r. H . W a l la c e  Sin a ik o  (U n c la s s if ie d )  

In s titu te  fo r D e f e n se  A n aly ses  

R e se a rc h  & Eng in ee rin g  Sup p o rt D iv is io n  

1666  C o n n e c tic u t A v e . , N . W .

W ash in g to n  9 ,  D . C .

D ata P ro c e s s in g  Sy stem s D iv is io n  

N atio n a l Bu reau  o f  Stand ard s 

C o nn , a t V an N e ss  

Ro om  2 3 9 , Bld g . 10 

W ash in g to n  2 5 , D . C .

A ttn: A . K. Sm ilo w

N atio n al  Bu reau  o f  Stand ard s (U n c la s s if ie d )  

R e se a rc h  In fo rm atio n  C en ter  &

A d v iso ry  Se rv ic e  o n  In fo rm atio n  

P ro c e ss in g

D ata P ro c e s s in g  Sy stem s D iv is io n  

W ash in g to n  2 5 ,  D . C .

Ex ch an g e  and  G ift D iv is io n  (U n c la s s if ie d )  

The L ib rary  o f  C o n g ress  

W ash in g to n  2 5 ,  D . C .

NASA H ead q u arters 

O f f ic e  o f  A p p lic a tio n s  

400  M ary land  A v enu e , S .  W .

W ash in g to n  2 5 ,  D . C .

A ttn: M r. A . M . G reg  A nd rus 

C o d e  FC

A PGC (PGAPI)

Eg lin  A ir Fo rc e  Base  

Flo r id a

M artin  C om p any  

P . O . Bo x 5837 

O rlan d o , Flo rid a 

A ttn: Eng in ee rin g  L ib rary  

M P -30

C omm and ing  O f f ic e r

O f f ic e  o f  N av al R e se a rc h , C h ic ag o  Bran ch  

6th  F lo o r , 230 N o rth  M ic h ig an  

C h ic ag o  1 , Il l in o is

L ab o ra to rie s  fo r A p p lied  S c ie n c e s  

U n iv e rs ity  o f  C h ic ag o  

6220  So u th  D re x e l 

C h ic ag o  3 7 , Il l in o is

L ib ra rian  (U n c la s s if ie d )

Sc h o o l o f  E le c tr ic a l  Eng in eerin g  

Purd ue U n iv ers ity  

L a f a y e tte , In d iana
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D o nald  L . Ep le y  (U n c la s s if ie d )  

D ep artm en t o f  E le c tr ic a l  Eng in ee rin g  

Sta te  U n iv e rs ity  o f  Io w a 

Io w a C ity , Io w a

C omm and ing  O f f i c e r *

U . S . A rmy M e d ic a l R e se arc h  Lab o rato ry  

Fo rt K no x , K entu cky

K eats A . P u lle n , Jr .

B a l l i s t i c  R e se a rc h  L ab o rato rie s  

A b erd een Pro v ing  G ro u nd , M ary land

1 A FMDC (M D SG P/ C ap t. W rig h t)

H o llo m an  A ir Fo rc e  Base  

N ew  M e x ic o

1 C om m and ing  G en era l

W h ite  San d s M is s i le  Rang e  

N ew  M e x ic o

1 M ic ro w av e  R e se a rc h  In s titu te

P o ly te c h n ic  In s titu te  o f  Bro o k ly n 

56 Jo hn Stre e t (U n c la s s if ie d )

Bro o kly n  1 , N ew  Yo rk

D ire c to r 1

U . S . A rmy Human En g in ee rin g  L ab o ra to r ie s  

A b erd een  Pro v in g  G ro u nd , M ary land

M r. Jam es  T ip p e tt

N atio n al Se c u rity  A g en cy  1

Fo rt M e ad e , M ary land

Comm and er

A ir Fo rc e  C am b rid g e  R e se a rc h  L ab o ra to rie s  

Lau ren ce  G . H an sco m  Fie ld

Bed fo rd , M a s s a c h u s e tts  1

D r. Llo y d  H o llin g sw o rth  

D ire c to r , ERD 

A FCRL

L . G . H an sco m  Fie ld  • 1

Bed fo rd . M a s s a c h u s e tts

D ata S c ie n c e s  la b o ra to ry

A ir Fo rc e  C am b rid g e R e se a rc h  Lab

O f f ic e  o f  A e ro sp ac e  R e se a rc h , USAF

L . G . H an sco m  Fie ld  1

Bed fo rd , M a s s a c h u s e tts

A ttn: L t.  Ste p h en  J.  Kahne -  CRB

In strum en ta tio n  Laboratory(Unclassified) 

M as s a c h u s e tts  In s titu te  o f  Te ch n o lo g y  

68 A lb any  Stre e t, 1

C am b rid g e 3 9 , M a s sa c h u s e tts

R e se a rc h  Lab o rato ry  o f  E le c tr o n ic s (U n c la s s i f i  

M a s s a c h u s e tts  In s titu te  o f  T ec hn o lo g y  

C am b rid g e 3 9 ,  M a s s a c h u s e tts  1

A ttn: D o cum en t Room  2 6 - 3 2 7

D r. R o b ert K in g sto n  

L in co ln  L ab o rato rie s

Le x in g to n , M a s s a c h u s e tts  1

Lincoln Laboratory (Unclassified)

M as s a c h u s e tts  In s titu te  o f  Tec h n o lo g y  

P . O . Bo x 73

Le x in g to n  7 3 ,  M a s sa c h u s e tts

A ttn: L ib ra ry , A -082  3

Sy lv an ia  E le c tr ic  P ro d u c ts , In c .

E le c tro n ic  Sy stem s 

W alth am  L ab s . L ib rary  

100 F irs t A v enue

W alth am  5 4 , M a s s a c h u s e tts  1

(Unclassified)

M in n e ap o lis -H o n e y w e ll R e g u lato r C o . 

A e ro n au tic a l D iv is io n  

2600  R id g ew ay  Ro ad  

M in n e ap o lis  1 3 , M in n e so ta  

A ttn: D r. D . F .  E lw e ll 

M ain  Sta tio n : 625

1

C o rn e ll A e ro n au tic al  Lab o rato ry , In c .

4455  G e n e se e  Stre e t 

Bu f fa lo  2 1 ,  N ew  Yo rk 

A ttn: J.  P . D esm o nd , L ib rarian

Sp erry  G y ro s c o p e  C o m p any  (Unclassified)

M arin e  D iv is io n  L ib rary

155  G le n  C o v e  Ro ad

C arle  P la c e , L . I . , N ew  Yo rk

A ttn: M rs . Barb ara Judd

M ajo r W illiam  H arris 

RADC (RAWI)

G r i f f is s  A ir Fo rc e  Base  

N ew  Yo rk

Rome A ir D ev e lo p m en t C e n te r 

G r i f f is s  A ir Fo rc e  Base  

N ew  Yo rk

A ttn: D o c um en ts L ib rary  

RAALD

Lib rary  (Unclassified)

Lig h t M ilita ry  E le c tro n ic s  D ep artm en t 

G en eral  E le c tr ic  C om p any  

A rm am ent & C o n tro l Pro d u c ts Se c tio n  

Jo h n so n  C ity , N ew  Yo rk

C o lu m b ia R ad ia tio n  Lab o rato ry  

C o lum b ia U n iv e rs ity  (Unclassified)

538 W e s t 120th  Stre e t 

N ew  Yo rk 5 7 , N ew  Yo rk

M r. A lan  Barnum  

Rome A ir D ev e lo p m en t C en ter  

G r i f f is s  A ir Fo rc e  Base  

R o m e , N ew  Yo rk

D r. E . H ow ard  H o lt (Unclassified) 

D ire c to r

P lasm a R e se a rc h  Lab o rato ry  

R e n s s e la e r  P o ly te c h n ic  In s titu te  

T ro y , N ew  Yo rk

C omm and ing  O f f ic e r

U .S .  A rmy R e se a rc h  O f f ic e  (Durham )

Bo x C M , D uke Sta tio n  

D urham , N o rth C aro lin a  

A ttn: C RD -A A -IP , M r. U lsh

Batte lle -D EFEN D ER  

Ba tte l le  M em o rial In s titu te  

505 King  A v enu e 

C o lum bu s 1, O hio

A e ro n au tic a l Sy stem s D iv is io n  

N av ig atio n  and  G u id an ce  Lab o rato ry  

W rig h t-P a tte rso n  A ir Fo rc e  Base  

O hio

In sp e c to r  o f  N av al M a te r ia l

Bu reau  o f  Sh ip s  T e c h n ic a l  R e p re sen ta tiv e

1902 W e s t M inn ehaha A v enue

S t.  Pau l 4 ,  M in n e so ta

A c tiv ity  Sup p ly  O f f ic e r ,  USA ELRDL 

Bu ild in g  2 5 0 4 , C h a rle s  W o o d  A rea 

Fo rt M o nm o u th , N ew  Je rs e y  

Fo r: A c c o u n tab le  Pro p erty  O f f ic e r  

M arked : Fo r In s t ,  f o r Exp lo rato ry  R e se a rc h  

In sp e c t a t D e s tin a tio n  

O rd er N o . 5 7 6 - P M - 6 3 - 9 1

C omm and ing  G en era l 

U . S .  A rmy E le c tro n ic  Command  

Fo rt M o nm o u th , N ew  Je rs e y  

A ttn: A M SEL-RE

M r. A . A . Lund strom  

Be ll Te lep h o n e  Lab o ra to rie s  

Ro om  2E-127  

W hip p any  Ro ad  

W h ip p an y , N ew  Je rs e y

1 A e ro n au tic a l Sy s tem s  D iv is io n

D ire c to ra te  o f  Sy stem s D y nam ic  A n a ly s is

W rig h t-P a tte rso n  A ir Fo rc e  Base

O h io

1 C omm and er

R e se a rc h  & Te ch n o lo g y  D iv . 

W rig h t-P a tte rso n  A ir Fo rc e  Base  

O h io  45433  

A ttn: MAYT (M r. Ev an s)

1 C omm and ing  O f f ic e r  (A D -5)

U .S .  N av al A ir D ev e lo p m en t C en ter  

Jo h n s v i l le , P en n sy lv an ia  

A ttn: NADC Lib rary

2 C omm and ing  O f f ic e r  

Frank fo rd  A rsen al 

P h ilad e lp h ia  3 7 , P en n sy lv an ia  

A ttn: SM U FA -1300

1 H . E . C o ch ran

O ak R id g e N atio n a l Lab o rato ry

P . O . Bo x X

O ak R id g e , T e n n e s se e

1 U .S .  A tom ic En erg y  C o m m iss io n

O f f ic e  o f  T e c h n ic a l  In fo rm atio n  Ex te n s io n

P . O . Bo x 62

O ak R id g e , T e n n e s se e

1 P res id en t

U .S .  Army A ir D e fe n se  Bo ard  

Fo rt B l i s s ,  T e x as

1 U .S .  A ir Fo rc e  Se c u rity  Se rv ic e

San  A n to n io , T e x a s  

A ttn: O D C -R

1 D ire c to r

Human R e so u rc e s  R e se arc h  O f f ic e  

The  G eo rg e  W ash in g to n  U n iv e rs ity  

300  N o rth W ash in g to n  Stre e t 

A le x an d ria , V irg in ia

20  D e f e n se  D o c um en tatio n  C en ter  

G am ero n  Sta tio n  

A le x an d ria , V irg in ia 

22314

1 C o mm and er

U . S .  A rmy R e se a rc h  O f f ic e  

H ig h land  Bu ild in g  

3045  C o lum b ia P ike  

A rlin g to n  4 ,  V irg in ia

1 U .S .  N av a l W eap o n s  Lab o rato ry  

C o m p u tatio n  and  A n a ly s is  Lab o rato ry  

D ah lg re n , V irg in ia

A ttn: M r. Ralp h  A . N iem ann

2 A rmy M a te r ia l  Command  

R e se a rc h  D iv is io n

R & D  D ire c to ra te  

Bld g . T -7

G rav e lle y  P o in t, V irg in ia




