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The p r o b l e m  o f  how to  i m p u t e  f o r  n o n r e s p o n s e  
i n  a s u r v e y  c o n d u c t e d  r e p e a t e d l y  ove r  t i m e  has 
seen l i t t l e  t h e o r e t i c a l  d e v e l o p m e n t .  T h i s  pape r  
p r o v i d e s  a m o d e l - b a s e d  a n a l y s i s  o f  t h e  
h i s t o r i c a l  i m ~ t a ~ i o _ n  ~ r ~ t e ~ y  - an a p p r o a c h  to  
i m p u t a t i o n  dubbed t h e  " r a t i o - o f - i d e n t i c a l s  
method"  by t h e  Census Bureau ( f o r  e x a m p l e ,  see 
Huang 1 9 8 4 ) .  

W h i l e  i n  p r a c t i c e  s u r v e y s  a r e  o f t e n  
c o n s i d e r a b l y  more c o m p l i c a t e d  t h a n  a n y t h i n g  
d i s c u s s e d  h e r e ,  t h e  a n a l y s i s  does bea r  e d i b l e  
f r u i t .  Key c o n c e p t u a l  i s s u e s  a r e  i s o l a t e d  and a 
p r a c t i c a l  t e s t  f o r  e v a l u a t i n g  a l t e r n a t i v e  
i m p u t a t i o n  s t r a t e g i e s  i s  i n t r o d u c e d .  

S e c t i o n  1 d i s c u s s e s  t h e  s t a n d a r d  t e c h n i q u e  
o f  i m p u t a t i o n  w i t h  t h e  r e s p o n d e n t  mean ( o f  a 
c e i l )  b o t h  i n  t e r m s  o f  a p a r a m e t r i c  and a 
q u a s i - r a n d o m  r e s p o n s e  mode l .  S e c t i o n  2 d e v e l o p s  
t h e  u p d a t e d  h i s t o r i c a l  i m p u t a t i o n  m e t h o d o l o g y  and 
i n v e s t i g a t e s  i t s  p r o p e r t i e s  unde r  t h e s e  two t y p e s  
of m o d e l s .  S e c t i o n  3 proposes a t i m e s  s e r i e s  
model  unde r  w h i c h  t h e r e  a r e  p o t e n t i a l  g a i n s  f r om 
e x p o n e n t i a l l y  s m o o t h i n g  h i s t o r i c a l  v a l u e s .  A 
t e s t  i s  i n t r o d u c e d  i n  s e c t i o n  4 f o r  c o m p a r i n g  
a l t e r n a t i v e  mechanisms f o r  c a l c u l a t i n g  t h e  
h i s t o r i c a l  v a l u e s .  
An e m p i r i c a l  examp le  u s i n g  m o n t h l y  g a s o l i n e  
vo lumes r e p o r t e d  to  t h e  Energy  I n f o r m a t i o n  
A d m i n i s t r a t i o n  f o l l o w s .  

p a r a m e t r i c  model  i n  w h i c h  e v e r y  u n i t  has t h e  
f o r m :  X ;  - ~(~. ( ~ 4C" ") 

where  £" i s  a random v a r i a b l e  w i t h  mean z e r o .  

E q u a t i o n  (2 )  s t i p u l a t e s  t h a t  t h e  d i f f e r e n c e s  

i .  THE STANDARD FRAMEWORK 

1.1  The P rob lem 
C o n s i d e r  a s u r v e y  c o n d u c t e d  among a 

p o p u l a t i o n  o f  N u n i t s  t o  e s t i m a t e  t h e  t o t a l  
q u a n t i t y  o f  some p a r a m e t e r  o f  i n t e r e s t .  Le t  
X ;  be t h e  q u a n t i t y N o f  t h e  p a r a m e t e r  c o n t a i n e d  
by u n i t  i ,  and X = ~ [X ; .  

We w i l l  assume t h a t ,  i n  t h e  absense  o f  
n o n r e s p o n s e  t o  t h e  s u r v e y ,  X i s  e s t i m a t e d  based 
on a s i m p l e  random sample o f  n<N d i s t i n c t  u n i t s .  
We a l l o w  t h e  p o s s i b i l i t y  t h a t  n=N; i n  o t h e r  
w o r d s ,  t h e  s u r v e y  may be a c o m p l e t e  c e n s u s .  

Ne a r e  r e s t r i c t i n g  t h e  t h e o r e t i c a l  a n a l y s i s  
i n  t h i s  and s u b s e q u e n t  s e c t i o n s  t o  a u n s t r a t i f i e d  
p o p u l a t i o n ,  bu t  i t  i s  p o s s i b l e  t o  t h i n k  o f  t h e  
p o p u l a t i o n  unde r  s t u d y  as a s i n g l e  s t r a t u m  o r  
c e l l  o f  a l a r g e r  p o p u l a t i o n .  In  t h e  example  
o f f e r e d  in  S e c t i o n  4, t h i s  i s  i n d e e d  t h e  case .  

One e s t i m a t o r  o f  X is t h e  s i m p l e  e x p a n s i o n  
I ~ I estimator: ~ =(N n)~X" hLroughout the paper 

units ere relEabelled so'that ~Y; sums onIy the 
Y-vaIues of those units.in the relevant cIass of 

z k units. In this case, X~ is the sum o the f 
parameter of interest contained by the n units in 
the sampie excIusiveIy. 

NoN suppose t h a t  among t h e  n u n i t s  i n  t h e  
sample o n l y  n R u n i t s  r e s p o n d  t o  t h e  s u r v e y .  I f  
t h a t  i s  t h e  case ,  one must i m p u t e  v a l u e s  f o r  t h e  
r e m a i n i n g  nNg, u n i t s .  

1.2 A Simple Imputation Strategy 
The simplest and most popular imputation 

s t r a t e g y  i s  t o  proxy t h e  m i s s i n g  v a l u e  of each 
n o n r e s p o n d e n t  by t h e  a v e r a g e  v a l u e  o f  t h e  
r e s p . o n d e n t s .  In  ou r  f r a m e w o r k ,  t h i s  means t o  use 
X * = ~ X ' , / n ~  i n  p l a c e  o f  t h e  n o n r e s p o n d e n t  v a l u e s  
in ^E :  ^ 

xE-( "L~ ~ x 

The e s t i m a t o r  i n  t h e  l a s t  l i n e  o f  ( i )  has t h e  
same fo rm as t h e  e x p a n s i o n  e s t i m a t o r  w i t h  n &  
r e p l a c % n g  n. As a r e s u l t ,  we w i l l  a l s o  d e n o t e  
i t  as X~ .  T h i s  s h o u l d  n o t  cause any c o n f u s i o n .  

1.3 A Parametric Model 
Implicit in the deveIopment of XE in the 

last s u b s e c t i o n  i s  t h e  a s s u m p t i o n  t h a t  
n o n r e s p o n d i n g  u n i t s  a r e  s i m i l a r  t o  r e s p o n d e n t s .  
One way to  f o r m a l i z e  t h i s  s i m i l a r i t y  i s  by a 

(2) 

among the X; can be treated as random no i se. 
(N.B. In this paper, we have abstracted away from 
stratified sampling designs, where one has the 
luxury of applying a different version of (2) to 
each stratum.) 

~ t is easy to see that under the modeI in 
(2), E is an unbiased estimator: 

(The subscript "M" on the expectation operator is 
used to speci fy that the expectali on i s wi th 
respect to the model.) 

If the E~I are~independent and identically 
distributed, then XE is the best linear unbiased 
estimator of X given only the n a responses. This 
is well knot4n. Suppose, however, a survey of 
X-values is taken repeatedly over time, and some 
units that have failed to respond to the current 
survey did responct~to a previous survey. If 
that is the case, X£ may be improved upon by 
using the information contained in the 
previous survey. More on this in a later section. 

1.4 A Response Model 

Many survey statisticians are uncomfortable 
with the parametric model expressed in equation 
(2). They would prefer to estimate X free of any 
assumptions about the parameter of interest. 
Assumptions can, after all, be wrong. An 
assumption-free approach is possible, however, 
only in the absense of nonresponse. When faced 
with the spectre of nonresponse, these 
statisticians are forced to use a model. The 
model they use, however, is of j~e_s~__oonse behavior 
rather than parametric behavior. 

I n a •ua s i - ren dQl~e-cl, re eAp_£ n s e ms del, 
nonresponse is treated as the realization of a 
random variable. Each unit is assumed to have a 
positive probability of responding to the survey. 
Response probabilities become little more than 
another layer of the random selection process in 
tile design-based theory of sample design and 
inference. 

The simple quasi-random response modeI we 
wiII use here assumes that each unit is equaIly 
IikeIy to repond to the survey. It is th~n 
possible t o  show t h a t  t h e  e x p e c t a t i o n  o f  X E w i t h  
r e p e c t  t o  t h e  s u r v e y  d e s i g n  ( s i m p l e  random 
s a m p l i n g  w i t h o u t  r e p l a c e m e n t )  and t h e  ~.response 
model i s  X. As a r e s u l t ,  we say t h a t  X~ i s  
~[e.Si~ll Iulbie~.P.~.. ( S i n c e  we have d e f i n e d  d e s i g n ~  
u n b i a s e d n e s s  w i t h  r e s p e c t  t o  a r e s p o n s e  mode l ,  X[ 
i s  s a i d  t o  be d e s i g n  u n b i a s e d  even when n :N ,  and 
t h e r e  i s  no s a m p l i n g  d e s i g n  e x c e p t  i n  a t r i v i a l  
sense .  ) 

The d e s i g n  u n b i a s e d n e s s  o f  XE i s ,  s t r i c t l y  
s p e a k i n g ,  c o n d i t i o n a l  on t h e  number o f  
r e s p o n d e n t s  b e i n g  p o s i t i v e  (n~.>O). For  a more 
t h o r o u g h  i n t r o d u c t i o n  t o  t h e  d e s i g n - b a s e d  t h e o r y  
o f  i m p u t a t i o n  c o m p l e t e  w i t h  a p r o o f ^ o f  t h e  
c o n d i t i o n a l  d e s i g n  u n b i a s e d n e s s  o f  X E, t h e  r e a d e r  
i s  r e f e r r e d  t o  Oh and Scheuren  (1983 ) .  

I n  p r a c t i c e ,  i t  is r a r e l y  t h e  case t h a t  a l l  
u n i t s  a r e  e q u a I I y  I i k e l y  t o  r e s p o n d .  
S t a t i s t i c i a n s  a r e  aware  o f  t h i s  and a t t e m p t  t o  
p a r t i t i o n  t h e  p o p u l a t i o n  i n t o  r e s p o n s e  c I a s s e s  
c o n t a i n i n g  u n i t s  w i t h  equa I  p r o b a b i I i t i e s  o f  
n o n r e s p o n s e .  For ou r  p u r p o s e s ,  i t  i s  u s e f u l  t o  
a b s t r a c t  away f r om t h e  need to  b r e a k  up t h e  
population i n t o  r e s p o n s e  c l a s s e s  j u s t  as we 
a b s t r a c t e d  away f r om complicated s u r v e y  d e s i g n s .  

One l a s t  p o i n t  and we wi I t  be r e a d y  t o  
t a c k l j ~  u p d a t e d  h i s t o r i c a l  i m p u t a t i o n .  R e c a l l  
t h a t  X E i s  d e s i g n  u n b i a s e d  unde r  t h e  r e s p o n s e  
model no m a t t e r  how t h e  X; & r e  spec i  f e d .  In  a 
s i m i l a r  v e i n ,  o b s e r v e  t h a t  Xe i s  mo#_e__~ u n b i a s e d  
unde r  ( 2 )  even i f  t h e  u n i t s  have d i f f e r e n t  
l i k e l i h o o d s  o f  r e s p o n s e  ( o r  d i f f e r e n t  
p r o b a b i l i t i e s  of s e l e c t i o n  for t h a t  m a t t e r ) .  
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2. THE UPDATED HISTORICAL VALUE 
2.1 The Methodology 

Suppose previous X-values fo r  a 
nonrespondent i are knoNn. One reasonable method 

f o r  i m p u t i n g  X;  i s  t o  " u p d a t e  t h e  h i s t o r i c a l  
value" of unit i,:.~X "~ : z_Z_  %. 

w h e r e  ~ "  i s  t h e  i m p u t e d  v a l u e  o f  ~, and II . 

X k ~s the ~ ~  v a l u e  of k, which is 
e r i v e d  f r o m  k's ( a n d - p e r h a p s  some o t h e r  

u n i t s ' )  p r e v i o u s l y  r e p o r t e d  v a l u e s  ( t h e  
mechan ism f o r  d e t e r m i n i n g  Xk. w i l l  be 
l e f t  vague  f o r  t h e  momen t ) .  

E q u a t i o n  ( 3 )  says  t h a t  a p r o x y  f o r  X ;  i ~  f o u n d  
by m u l t i p l y i n g  %the h i s t o r i c a l  v a l u e  o f  i ,  X ; ,  by 
an e s t i m a t e  f o r  t h e  r a t i o  o f  i ' s  c u r r e n t  v a l u e  t o  
i % t s . . h i s t o r i c a l  v a l u e .  We w i l l  c a l l  t h i s  r a t i o ,  
X ; / X ; ,  t h e  ~ r a t e  of i The e s t i m a t e  of 
t h i s  r a t e  i n  ( 3 ) ,  t-h--e~so c a i l e d  
"ratio-of-identicals," is s i m p l y  t h e  ( w e i g h t e d )  
a v e r a g e  o f  t h e  g r o w t h  r a t e s  o f  t h e  r e s p o n d e n t s .  
U s i n g  t h i s  proxy, t h e  e s t i m a t o r  of X i s  

(~ )  
ht~,% 

2 . 2  A P a r a m e t r i c  Mode l  
The i m p u t a t i o n  s t r a t e g y  e x p r e s s e d  by 

e q u a t i o n s  ( 3 )  and (~ )  can be j u s t i f i e d  u s i n g  t h e  
f o l l o w i n g  t ~ o  e q u a t i o n  " r a n d o m  e f f e c t s "  m o d e l :  

x; :~'R;Cl+~z;) (5) 
, x;:  ~ ( (~E~;~ ,  (6) 

where  6¢~ and 6z; have means o f  z e r o  and a r e  
r e s p e c t i v e l y  i n d e p e n d e n t  a c r o s s  u n i t s  ( e . g . ,  
=~c~; ~ i  ,=0 f o r  k = l  o r  2, i ~ j ) .  I i s  n o t  t 
n e c e s s a r y  f o r  EZ; and Ez t o  be u n c o r r e l a t e d .  
Nor i s  i t  n e c e s s a r y  f o r  t h e  ~ L  t o  be i d e n t i c a l l y  
d i s t r i b u t e d  ~ a v e c t o r  o f ~ ;  v a l u e s .  We do 
assume, ho~ever, that they are i d e n t i c a l l y  
distribu%ted unconditi£n~3~ll~, tha~ iS?ebeforeb the 
va~ f the [ ~ ; - - ~ a  i:HG'~ t h e  X, ) come known u e s  0 ' . 

M o r e o v e r ,  Ne assume t h a t  t h e  E~; a r e  i d e n t i c a l l y  
d i s t r i b u t e d  and t h a t  t h e  c o v a r i a n c e  o f  6z~ and 
E:Li i s  cons%tent o v e r  t h e  u n i t s .  

What e q u a t i o n s  ( 5 )  and ( 6 )  say  i n  w o r d s  i s  
t h a t  t h e  d i f f e r e n c e s  among t h e  X; have two random 
sources. S o u r c e  one is t h e  d i f f e r e n c e s  among t h e  
h i s t o r i c a l  v a l u e s .  The dev ia%t ion  o f  ~ :  f r o m  t h e  
common mean i s  t h e  random v a r i a b l e  ~4(z; t .  S o u r c e  
two i 5  t h e  d i f f e r e n c e s  a m o n g . t h e  u n i t  g r o w t h  
r a t e s .  The , d e v i a t i o n  o f  X~/X'~ f r o m  t h e  common 
mean is /~'~;. 

The imputation strategy in (3) captures the 
first source of deviation con%rained in the 
unknown X;, but not the second. ~It does this by 
e m p l o y i n g  thj& historical value, X [ ,  i n  
d e t e r m i n i n g  Xu. On t h e  o t h e r  hand ,  t h e  s t r a t e g y  
o f  i m p u t i n g  u s i n g  t h e  r e s p o n d e n t  mean f a i l s  t o  
c a p t u r e  e i t h e r  s o u r c e  o f  d e v i a t i o n .  I n t u i t i v e l y ,  
u n l e s s  t h e r e  i s  s t r o n g  d e p e n d e n c y  be tween  t h e  two 
random c o m p o n e n t s ,  t h e  u p d a t e d  h i s t o r i c a l  
i m p u t a t i o n  m e t h o d o l o g y  s h o u l d  p r o v e  t o  be 
s u p e r i  o r .  

2.3 A Theorem 
I t  i s  h e l p f u l  t o  r e c a s t  t h e  s t r u c t u r a l  

e q u a t i o n s  ( 5 )  and ( 6 )  i n t o  a r e d u c e d  f o r m :  

I t  is a simple exerc ise (see the appendix, which 
is  a v a i l a b l e  from the aui~or upon request) to 
redef ine /3 and ~2[ so tha t  

X; : /3..~ ( :L* E~' *iE,:~ ( 8 )  
u h e r e  t h e  mean o f  ~z; i s  z e r o .  W h i l e  3 and ~z~ 
do n o t  have t h e  simple i n t u i t i v e  i n % t e r p r e t a t i o n s  
o f  t h e i r  o r i g i n a l  c o u n t e r p a r t s ,  t h e  s u b s e q u e n t  
m a t h e m a t i c s  i s  s t r e a m l i n e d  w i t h  t h e i r  use .  

I n  t h e  A p p e n d i x ,  t h e  f o l l o w i n g  lemma i s  
p r o v e n .  

Lemma 1. I f  e q u a t i o n  ( 8 )  h o l d s  w i t h  
E(£~;):O, fo r  k : l , 2 ,  a l l  i ;  ( 9 . I )  
E(g; g j ) - E ( g ;  ) E(g j )  
for g~.=g(£~,,ZZk), ikj (9.2) 

E( £~;~)= 6~ z, for k 1,2; ( 9 . 3 )  
ECE~;~z; ) : /3 , r lc r~;  ( 9 . ~ )  
i / n~ ,  a --'0, ( 9 . 5 )  

t h e n  ^ 
E m ( X £ - x ) : O ,  ~ ~ , , % ~  _ ~w_' ~\  (1O) 
E. t i f F - X ) * ]  : I ) . ~  r~ ( .~ + z p ¢ , ~ , . c a ) t n e ' T ,  ) ( 1 1 )  
E~(X:-X)--" " /~N ~,m - ~  " (12) 

and EM [(~[u_X)~ ] _'-~ , ~ /~ ~¢a } " - ' - ' ) ] ( 1 3 )  

( N . B .  As was t h e  case  w i t h  6~;' , t h e  81; need o n l y  
have i d e n t i c a l  v a r i a n c e s  u n c o n d i t ~ o n a l l y . )  

Equa%tion ( 1 3 )  t e l l s  us t h a t  Xu i s  n o t  mode l  
u n b i a s e d  u n l e s s  E~; and (~i a r e  u n c o r r e l a t e d .  
Nevertheless, from (ii) and (13), one^can see 
t h a t  t h e  mode l  mea? s q u a r e d  e r r o r  o f  X u i sCno 
more t h a n  t h e  mode mean s q u a r e d  e r r o r  o f  x~ as 
l o n g  as ~ ;  and ~ ;  a r e  n o t  so i n v e r s e l y  c o r r e l a t e d  
t h a t  P < - ~ l / ( 2 ~ : ) .  Le t  us s t a t e  t h i s  more 
p r e c i s e l y  as a t h e o r e m :  

Theorem I .  I f  e q u a t i o n s  ( 6 ) ,  ( 8 ) ,  and ( 9 )  a l l  
h o l d ~  an, d nl~<~, t h e n  ~ - ~ [ / ( 2 ~ r 7 - ) "  
M S E ( . . : ) ~  MSE(..~) . h e n  toZ 

The t h e o r e m  t e l l s  us t h a t  u n d e r  t h e  mode l  
and a s s u m p t i o n s  ( 9 . 1 ) - ( 9 . S ) ,  t h e  u p d a t e d  
h i s t o r i c a l  i m p u t a t i o n  m e t h o d o l o g y  N i l l  be more 
e f f i c i e n t  t h a n  t h e  r e s p o n d e n t  mean m e t h o d o l o g y  
e x c e p t  in  some a p p l i c a t i o n s  (but t  n o t  a l l )  whe re  
t h e  u n i t  g r o w t h  r a t e s  a r e  i n v e r s e l y  c o r r e l a t e d  
w i t h  t h e  h i s t o r i c a l  v a l u e s .  In S e c t i o n  3, a 
r e a s o n  f o r  such i n v e r s e  c o r r e l a t i o n  . i l l  be 
offerred as w e l l  as a p r a c t i c a l  r emedy .  

A useful a l % t e r n a t i v e  t o  (13) is 
I 

% =~ ,-- p~ (lq) 

Also of future use to us is the fact %that in the 
degenerate case where all the unit historical^ 
values are equa~ (say to unity), cr~[2=0, and Xv 
collapses into E" 

2.~ Design Consistency 
The model expressed by equations (5) and (6) 

is very simplistic. Building an impu%tation 
strategy solely on this parametric model may 
p r o d u c e  an u n w a n t e d  s y s t e m a t i c  b i a s  i n  c e r t a i n  
a p p l  i c a t  i o n s .  

A f o r m  o f  p r o t e c t i o n  agains%t p a r a m e t r i c  
mode l  m i s s p e c i f i c a t i o n  i s  ~ c£nsjsfencq~V 
(Isaki and Fuller, 1982), Given the quas{-random 
response model discussed in Subsection I_4, 
des i  gn c o n s i  s%tency r e q u i  r e s  t h a t  ( X v - X )  /X  
c o n v e r g e s  t o  z e r o  in  d e s i g n  p r o b a b i l i t y  as t h e  
samp le  s i z e ,  n, g rows  a r b i t r a r i l y  l a r g e .  No te  
t h a t  "desi gn p r o b a b i  I i ty" i s d e f i  ned wi t h  r e p e c t  
t o  b o t h  t h e  s a m p l i n g  d e s i g n  and t h e  r e s p o n s e  
m o d e l .  

For any asymp%tot ic  p r o p e r t y  t o  be 
d e m o n s t r a t e d ,  c e r t a i n  ~ o u n d a r y  a s s u m p t i o n s  a r e  
needed. To sho~ that ~u is design consistent, 
t h e s e  a s s u m p t i o n s  a r e  s u f f i c i e n t  as n t e n d s  
t o w a r d  i n f i n i t y :  

p l i m :  nR ln=A>O,  

l i m  fX;/N=B<~, 
1 im ~X ; /N:C<430, 

l im~Z ( X ; - B ) ; / N = D < O O ,  and 

l i m Z  (X; -C)~-/N=E< OO. 

These assumptions assure tha t  
F : (  ~-~X;/n R - ~ X ~ I N )  c o n v e r g e s  i n des i  gn 
p r o b a b i l i % t y  t o  z e r o  ( i t s  d e s i g n  exec ta%t ion  i s  
z e r o ,  w h i l e  i t  d e s i g n  v a r i a n c e z .  ( i / n R  .- I / N ) D ,  i s  
o f  o r d e r  n - i ) .  S i m i l a r l y ,  ( ~ . X ~ / n ) /  ( ~ l / n  K) 
c o n v e r g e s  i n d e s i g n  p r o b a b i  I i t y  t o  one.  Thus 

~oti ng f r o m  t h e  l e s t  l i n e  o f  ( 4 )  %that 
Xl( /.~ it is clear 

(Xv-X)/X converges i n  oesign probabili%ty "co zero. 
The estimator X~ may no%t be the most 

efficient under the parame%tric model in equations 
(5) and (6). Huang (1985) investig3tes an 
el%terna%tive estimator, ~, tha%t~iro.putes..for a 
mi ssi ng X ; ~li th %the formula X ,~ :X' ~(X~/Xj )/n 

i i . . 

re%thor than wi%th equation (3). Thls estlma%tor ~ is 
model efficient if the fz;ein (5) are identically 
dis%tributed given the X i (E.~). Using real data 
and simulating nonresponse,,b~/ a simple random 
process, Hua ng found that Xu~appeared to be more 

~ i a s e d  t h a n  ~[v- T h i s  i s  a d i r e c t  c o n s e q u e n c e  o f  
~X'u, b u t  n o t  Xu~,  b e i n g  d e s i g n  c o n s i s t e n t  u n d e r  
t h e  s i m p l e  random r e s p o n s e  mode l  she s imula%ted 
( t h e  same one we have been a s s u m i n g ) .  D e s i g n  
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c o n s i s t e n c y  i t s e l f  depends on t h e  v a l i d i t y  o f  t h e  
r e s p o n s e  mode l .  I r o n i c a l l y ,  t h e  p a r a m e t r i c  model 
p rov  i des some p r o t e c t  i on aga i n s t  t h e  poss i  bi  I i t y  
o f  r e s p o n s e  model f a i l u r e .  I f  b o t h  t h e  
p a r a m e t r i c  and t h e  r e s p o n s e  model a r e  
m i s s p e c i f i e d ,  howeve r ,  t h e  i m p u t a t i o n  s t r a t e g y  
w i l l  be f l a w e d •  ( I t  i s  t h u s  p r u d e n t  t o  t r y  t o  
s t r a t i f y  t h e  p o p u l a t i o n  in  such a way t h a t  b o t h  
mode ls  h o l d  o r  n e a r l y  h o l d  in  e v e r y  c e i l . )  

3. EXPONENTIAL SMOOTHING 
5. I The Need 

Up until now, we have discussed t h e  concepts 
of an historical value and a repeated survey only 
i n  vague t e r m s .  Le t  us t i g h t e n  them up a b i t .  
Suppose s u r v e y s  a r e  c o n d u c t e d  a t  e q u i d i s t a n t  t i m e  
p e r i o d s  d e n o t e d  O, 1 . . . . .  T. Le~  X;~ be t h e  
X - v a I u e  o f  u n i t  i a t  t i m e  t ,  and X; t=X;1~-L 
( assuming  X ;~ . I  i s  known) .  In o t h e r  w o r d s ,  t h e  
h i s t o r i c a l  v a l u e  f o r  a u n i t  a t  a p a r t i c u l a r  t i m e  
i s  s i m p l y  i t s  v a l u e  in  t h e  p r e v i o u s  p e r i o d .  

T h i s  i s  a common f o r m u l a t i o n  o f  t h e  
h i s t o r i c a l  v a l u e  in  p r a c t i c e .  I t  has two 
d rawback~  The f i r s t  i s  t h a t  IX~.~ m i g h t  n o t  be 
known, t~is s i t u a t i o n  i s  eas i  a d i e d  by 
" m o v i n g  f o r w a r d "  t h e  l a s t  r e p o r t e d  X ' ~ - v a l u e ,  say 
X ' ~ ,  by t h e  " l i n k e d - a v e r a g e  w g r o w t h  r a t e  o f  
r e s p o n d e n t s  s i n c e  t h e n ;  i.e., . . . . .  

where  R ~ i s  t h e  s e t  j~f u n i t s  r e s p o n d i n g  in  
p e r i o d  u. Note t h a t  X;~; ,  s < t ,  when X ;£ -  1 i s  
unknown i s  d e f i n e d  r e c u r s i v e l y .  

The o t h e r  d rawback  o f  u s i n g  l a s t  p e r i o d ' s  
r e s p o n s e  f o r  t h i s  p e r i o d ' s  h i s t o r i c a l  v a l u e  i s  
t h a t  a g i v e n  u n i t ' s  r e s p o n s e  in  a p a r t i c u l a r  
p e r i o d  may be a t e m p o r a r y  a b b e r a t i o n .  As a 
r e s u l t ,  a h i g h e r  t han  e x p e c t e d  X;~- I  v a l u e  w i l l  
o f t e n  be f o l l o w e d  by a l o w e r  t h a n ^ e x p e c t e d  X~ t 
value. Mathemat ica l ly ,  i f  X',t.~> ~SblX',i.~ , then 
X',t<~X'~t-1 w i l l  of ten obtain where /3S is the 
model g r o w t h  r a t e  f r om s-1  to  s. 

The p s h o t  o f  t h i s  i s  a _ t e n d e n c y  f o r  t h e  
g r o w t h  ra~e  o f  a u n i t ,  w i t h  ~ ; t  d e f i n e d  as X',i-1 
(X~t.~ known), t o  be i n v e r s e l y  c o r r e l a t e d  w i t h  
i t  i s t o r i c a l  v a l u e .  T h i s  i s  p r e c i s e l y  t h  
s i t u a t i o n  warned a g a i n s t  in  S u b s e c t i o n  2 . 3 !  

3 .2  The Model  
The remedy f o r  t h e  p o s s i b i l t y  o f  a one 

p e r i o d  a b b e r a t i o n  in  a u n i t ' s  v a l u e  i s  t o  
e x p o n e n t i a l l y  smooth t h e  h i s t o r i c a I  v a l u e ,  T h i s  
p r o c e d u r e  has been d e v e l o p e d  in  t h e  t i m e  s e r i e s  
literature (for example, see Fuller, 1976)• In 
t h e  c o n t e x t  o f  i m p u t a t i o n  i t  t a k e s  on a somewhat 
special form as we shall see. 

Consider this model: 

~here t = l  . . . .  T ; 
O<X.<I; and 

E ('~i$?~j~)=O f o r  i~kj or s~u. 
I r A > o ,  t'he model bu i l ds  in a p r o b a b i l i t y  

tha t  one period increases (or decreases) in X;$ 
w i l l  be reversed in the subsequent per iod.  I t  
does t h i s  by h y p o t h e s i z i n g  t h a t  t h e  d i s t u r b a n c e s  
obey a f i r s t  o r d e r  a u t o r e g r e s s i v e  p r o c e s s .  

To make m a t t e r s  s i m p l e r ,  l e t  XiO:~A'~O. T h i s  
assumes t h a t  t h e  i n i t i a l  v a l u e ,  X~D, i s  n o t  
i t s e l f  a o n e , p e r i o d  a b b e r a t i o n .  Observe  t h a t  
E~(X ; t  ) =x~,i 5..~. ~sx~,~. 

The f ina ]~  a s s u m p t i o n  o f  t h i s  t i m e  s e r i e s  
model i s  t h a t  t h e  v a r i a n c e  o f  X ; t i s  p r o p o r t i o n a l  
t o  t h e  s q u a r e  o f  i t s  mean. T h i s  makes 

where Vat( / - ' ,%)= ~;% ~',~-%'~,i(E',t'~c~t'3;,(15) • (N.B• In this section, and 
this section only, we have the luxury of alIowing 
the Var(E'~5) to vary across the units for a 
particular s.) 

We can r e l a b e l  X ~ / ~ , t  as Y~t to  g e t  t h e  
s i m p l e  model: 

"l ' ,t: 1,t-~ "~ ~,~" ~E,~.: .  ( i6)  
Equation (16) can be r e w r i t t e n  in s e r i ~ l l l y  

i n d e p e n d e n t  ( o v e r  t i m e )  and h o m o s k e d a s t i c  ( d i t t o ~  
fo rm as ~ ; ~ .  ~\.~ t.:~.~ ( I . ~ 3 ~ I , ~ . Z  ~(,l.~xi.i.~.~ 

, , ~ ~,'~'~"t',~ "~ ~ ~ .  
In t e rms  of t h e  X\t~, t h i s  i s  

The b r a c k e t e d  expression i n  (17 )  i s  t h e  
e x p o n e n t i a l ~  smoothed h i s t o r i c a l  v a l u e  o f  u n i t  

i ,  where  A i s  t h e  s m o o t h i n g  p a r a m e t e r .  When k 
i s  z e r o ,  no smooJ;hing t a k e s  p l a c e .  A s  k 
i n c r e a s e s ,  t h i s  X ; t  becomes l ~ s s  a f u n c t i o n  of 
X~t- 1 and more a function o f  un i  i ' s  p r e v i o u s  
X - v a l u e s .  

By us i  ng a smoothed hi  s t o r i  c a l  v a l u e  i n t h e  
i m p u t a t i o n  f o r m u l a  in  e q u a t i o n  ( q )  we remove a t  
l e a s t  par` t  o f  t h e  t e n d e n c y  f o r  t h e  g r o w t h  r a t ~  
a n ~ h e - - R T s t  l y  r o r i c a l  e l a t e d  v a l u e  t o  be i n v e r s e  
( p e r h a p s  o n l y  p a r t ,  because  t h e  ~; t  may y e t  be 
n e g a t i v e l y  c o r r e l a t e d  w i t h  t h e  X ; o ) .  T h i s  

~ educes some, i f  n o t  a l l ,  o f  t h e  model b i a s  o f  
u ( see  e q u a t i o n  ( 1 2 ) ) .  In  a d d i t i o n ,  i t  s t a n d s  

to  reason  t h a t  s i n c e ,  t h e  model v a r i a n c e  o f  X ; t  ir~ 
(17 )  c o n d i t i o n a l  on X ; t  i s  l e s s  t han  t h a t  o f  X~t 
in  ( 15 )  c o n d i t i o n a l  on X',t-:L, t h e  model mean 
squared error of Xv is less when the smoothed 
historical value is used in place of last 
period's value. The exact link between the 
conditional variance of X;(; and the model mean 
squared error of X u will be established in 
Secti on 4. 

3 .3  Estimation 
The smoothed h i s t o r i c a l  value in recurs ive  

form i s -~ 
~ ; ~  --" (~-) , ' ) "X ' t -~.* ) , ,  13~-~, %',t-Z 

In the context of a stationary stochastic 
process f o r  which exponentially smoothing was 
developed, all the /~, sit-l, are unity, If that 
were the case here, one could aggregate the X~ 
over the units i n  some manner, and then estima{eA 
from a time series using an ARIMA(O,I,I)  package. 
(ARIMA stands for Auto-Regressive Integrated 
Mov ing  Average. An A R I M A ( O , I , 1 )  model i s  s i m p l y  
an integrated moving average of order one. 
E q u a t i o n  (16 )  i s  an e x a m p l e . )  I n  most s u r v e y  
a p p l i c a t i o n s ,  howeve r ,  t h e  X - v a l u e s  a r e  s e a s o n a l  
o r  t r e n d i n g .  As a r e s u l t ,  t h e  AS can n o t  be 
reasonably treated as if they were all one. 

Fortunately, one does not have to assume 
anything about the /~. They can be 
circumnavigated by seperating the units into two 
g r o u p s ,  G and G Z ; l e t t i n g  X~=~;~G.,X'~,~, and 
X~. =Z;(6~X~t ;  and r u n n i n g  Y%=)~%~/X%~ t l~ rough  an 
ARIMA(O, I ,  I )  package. I t  i s a ted l  ous but 
s t r a i g h t  forward e x e r c i s e  to show tha t  Y~. 
approximately obeys an ARIMA(0,1,1) model w i th  
p a r a m e t e r  when each X':± obeys  ( 1 5 ) .  

Hos t  o f t e n  in  p r a c t i c e ,  one w i l l  n o t  have 
t h e  l u x u r y  o f  a l o n g  enough t i m e  s e r i e s  to  
e s t i m a t e  ~ f rom t h e  da ta  w i t h  an ARIMA package .  
I n s t e a d  an " e s t i m a t e d "  k v a l u e ,  c a l l  i t  Y ,  must 
be determined from external sources or i n d i r e c t l y  
using the tes t  developed in the f o l l o w i n g  
sect ion.  Armed wi th  a~y est imate of ~, one s t i l l  
needs to est imate the YS~, O<s<t- l ,  before an 
appropr ia te  X ; i  can be determined. 

The /~S can be estimated ( r e c u r s i v e l y )  by 

(~- i 
The exponen t i a l l y  smoothed h i s t o r i c a l  value, X C , 
f o r  s> l ,  is determined byc~ -. 

~,.,,~) '~,: (, -" '~-G) X...-~." + e.!~--= ",~ ,- L ^ (18 )  
where X,~-!  is X:s - ;  i f  X L'~ is known and /S~: X;,., 
otherwise.  For s:l, X~ - ^ ' v .  This requ i res - "  
that X" 0 must be known for aII j. 

~. COMPARING ALTERNATIVE HISTORICAL VALUES 

4.1 The Test 
We now return to the model (and notation for 

t h e  ~ ) based on e q u a t i o n s  ( 6 ) ,  ( 8 ) ,  and ( 9 ) ,  

~ here  t h e  mechanism f o r  J~he d e t e r m i n a t i o n  o f  t h e  
' i s  u n ~ g p e c i f i e d .  Le t  X be t h e , v e c t o r  

( ~  . . . . . .  X~) . I n  t h i s  s ~ c t i o n ,  X; need n o t  be an 
e x p o n e n t i a l l y  smoothed v e r s i o n  o f  t h e  X - v a l u e  in  
t h e  p r e v i o u s  p e r i o d .  I t  may be any f u n c t i o n  o f  
p r e y  i ous X - v a l u e s .  

Theorem 2. Suppose t h a t  t h e  model in  ( 6 ) ,  ( 8 )  
a n d s ( 9 )  h o l d s  g i v e n  e i t h e r  o f  a p a i r  
o f  X v e c t o r s ,  ~ L  and ~ ( t h e s e  
v e c t o r s  a r e  t h e  resu l :~s  o f  
a l t e r n a t i v e  methods o f  c a l c u l a t i n g  
t h e  ~ ; ) .  Le t  G;( '~k)=X~ - / ) ~ ; .  I f  t h e  
r e l a t i v e  v a r i a n c e ~ o f  of G.,(~ L) is 

less than that of G (X=), th~n the 
mod~_l mean squared error of X u based 
on X~ will be wi~[.l be less than that 
of-X~ based on X ~. 
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Proving this theorem is a simple matter. 
Observe that the relative variance of G;(~) is 
simply ~:k :L (see (5) and (8)). From (8), ~e see 
that the relative variance of X~ is ~:+2p~'~.+ 
~r2~. Since this ~elative variance is invaria~t 
to the choice of X, the model mean squared error 
of ~9 expressed (T~) can be seen to be a linear 
function of ~'?- the relative variance of G~(~[)..~ 
QED. -- % 

Given a vectors< " X  ieO' ,  c a r  be)A estimate~ b y ( ~  

Under  t h e  a s s u m p t i o n s  in  ( 9 ) ,  M(X) i s  
(approximately) unbiased. ~ 

Equation (19) provides a po~.,erful indirect 
test f o r  c h o o s i n g  between alternative 
calculations of the ~. Mhile not restricted to 
historical values of the form in equation (18), 
this test can nonetheless be used to evaluate 
different values o f  smog%hi ng p a r a m e t e r ,  as wi Ii 
be seen shortly. 

An i n t e r e s t i n g  c o r o l l a r y  t o  Theorem 2 
f o l l o w s .  

C o r o l l a r y  2 .1  Suppose t h e  model in  ( 6 ) , ~ ( 8 )  and 
(9 )  h o l d s  g i v e n  a v e c t o r  X. I f # o  
i n ( 9 . 4 )  i s non-~ ,e ro ,  t h e ~  t h e r e  
e x i s t s  a v e c t o r  X ~  such t h a t  J;he 
model h o l d s ,  and-Xv  based on X~ 
has l~ss model mean squared e'6ror 
t han  x v based on ~ .  

The proof o_f~this corollary involves 
calculating the ~so that ~E$; ~: ~-~ : 
~ ( I+~/~" 1 ) . Thi s can alD~ays be done i n 
principle. In practice, values for~, /:, ~':i 
and ~r~ are needed before the X~ " can be computed. 
@~a-(N°te_:~(that~::~=-£:;'~*l_p~).-- - - ~ ;  ~p:r:/~%, so t h a t  

4 .2  An Example 
The Energy  I n f o r m a t i o n  A d m i n i s t r a t i o n  ( E I A )  

c o l l e c t s  m o n t h l y  S t a t e - l e v e l  s a l e s  vo lumes  and 
r e v e n u e s  f o r  a v a r i e t y  o f  p e t r o l e u m  p r o d u c t s  and 
uses in i t s  EIA-782 survey (see any issue of The 
Petroleum =Marketing ~_Q_n_~h/.~) • In this 
subsection, our attention is focused on the 
imputation of March 1985 volumes for survey 
nonrespondents in the nine gasoline product/use 
categories. The products are leaded, unleaded, 
and premium gasoline sold through company owned 
o u t l e t s ,  to  o t h e r  end u s e r s ,  or for resale. This 
t h r e e  by t h r e e  m a t r i x  c o n s t i t u t e s  t h e  n i n e  
p r o d u c t / u s e s ,  w h i c h  M i l l  be c a l l e d  s i m p l y  
p r o d u c t s  from no~ on. 

R e p o r t i n g  units in each o f  t h e  50 S t a t e s  and 
t h e  D i s t r i c t  o f  Co lumb ia  have been d i v i d e d  by EIA 
i n t o  I0  cells for imputation p u r p o s e s .  Many of 
the product/State/ceIIs (caiIed from now on 
ceIIs) are empty. Some have onIy a few members 
and must be coiIapsed into other ceiIs when aII 
the ~aembers faiI to respond in a given month. 

~hiie coiIapsing poses an interesting 
question in its own right, it is beyond the scope 
of this endevor. The empiricai anaIysis 
discussed here was restricted to units with 
positive responses in each of the four months 
between December 198(* and March 1985 and to cells 
c o n t a i  ni  ng a t  l e a s t  t ~o  such uni i s .  

Each o f  t h e  r e m a i n i n g  c e l l s  ~as t r e a t e d  as a 
p o p u l a t i o n .  Seven methods o f  c a l c u l a t i n g  March 
1985 h i s t o r i c a l  v a l u e s  were i n v e s t i g a t e d -  The 
f i r s t  method s e t  a l l  t h e  h i s t o r i c a l  v a l u e s  equa l  
t o  u n i t y  ( t h i s  r e s u l t s  in  i m p u t i n g  w i t h  t h e  
r e s p o n d e n t  mean in  each c e l l ) .  The second method 
used r e p o r t e d  F e b r u a r y  vo lumes as t h e  h ~ s t o r i c a l  
v a l u e s .  The r e m a i n i n g  f i v e  methods e x p o n e t i a l l y  
smoothed t h e  F e b r u a r y  vo lumes  w i t h  s m o o t h i n g  
parameters of .I, .2, .3, .4, and .5 
respectively. Hi stori cal values were truncated 
a t  the December 198~* term. If t is March 198~*, 

n ~" ^ ^ ^ "% 

for ~ k - . l  . . . . . .  5. 
The t e s t  s t a t i s t i c  in  e q u a t i o n  ( 19 )  has been 

computed f o r  each o f  t h e  seven methods o f  

detemi  ni  ng hi s t o r i  c a l  v a l u e s .  For  a c e l l  k ,  we 
call these test statistics ME~, ML~, MSI~, 
MS2~, MS, k, M54%¢, and MSSM respectlvely. 

Let X~ k be the estimated total volume for 
cell k in" March based on usin• the^first 
imputation strategy, and let XLK, X$~k , etc. be 
defined cRnformally. If the model^mean squared 
error of XLK is less than that of XEk, we expect 
MEK-ML K to 5e positive. As a result, when 
MEE-ML~ , i s posi ti ve we say that XL~ i s more 
likely the better estimator. 

In Table 1 the number of cells in which ME~ 
-MLv, i s posi ti ve and nonposi ti ve i s di splayed for 
each of the nine products. The difference 
between the two is signficant when it is greater 
the twice the square root of their sum (the null 
hypothesis is the binomial distribution with 
p=.5; significance is at the .05 level). 

For all the products, MEK-M[ k is positive 
si gni fi cantly more often than not. From thi s we 
can conclude that for the problem at hand, 
updated historical imputation using last month's 
response as the historical value is likely to be 
b e t t e r  t han  i m p u t a t i o n  w i t h  t h e  r e s p o n d e n t  mean 
in  a s i g n i f i c a n t  m a j o r i t y  o f  c e l l s .  

A l so  d i s p l a y e d  in  T a b l e  i i s  t h e  number o f  
t i m e s  MSI~,-ML~,is p o s i t i v e  and n o n p o s i t i v e .  The 
d i f f e r e n c e s  he re  a r e  a l s o  s i g n i f i c a n t  f o r  a l l  

n i n e  p r o d u c t s .  Thus some ammount o f  h i s t o r i c a l  
s m o o t h i n g  a p p e a r s  t o  y i e l d  b e t t e r  e s t i m a t e s  f o r  
every product in a significant majority of cells. 

The last column of Table 1 reports which 
smoothing parameter appears most likely according 
to this simple count test. The parameter .3 is 
deemed best if MS2K-MS~ is postivetmore often 
than nonpostive, but MS3v,-MSN'~ is no . 

Nhat is the gain from exponential smoothing? 
In  e q u a t i o n  (14 )  we see t h a t  t h e  a d d i t i o n a l  model 
mean squa red  ~ r r o r  due to  n o n r e s p o n s e  i s  a 
m u l t i p l e  o f  (;:L~.reFOr~ c e i l  k,  ( 1 - (MSmk /ML~) )  x 
100% i s  a measu f t h e  g a i n  f r om  ~ x p o n e n t i a l l y  
smooth i  ng F e b r u a r y '  s r e p o r t e d  v a l u e  ~i t h a  
p a r a m e t e r  o f  .m. I t  i s  l i t e r a l l y  t h e  p e r c e n t  
r e d u c t i o n  in  t h e  n o n r e s p o n s e  component  o f  model 
mean squa red  e r r o r  d e r i v e d  f rom t h i s  s m o o t h i n g .  

The t e s t  s t a t i s t i c s  f o r  each method o f  
d e t e r m i n i n g  h i s t o r i c a l  v a l u e s  ~Jere a g g r e g a t e d  
a c r o s s  t h e  c e l l s  so t h a t  t h e  a v e r a g e  g a i n s  c o u l d  
be d i s p l a y e d  in  a c o n c i s e  f o r m .  For  examp le ,  t h e  
ME k were a g g r e g a t e d  to  ~ [ v , ( h K . ~ h % L ~  " 

where n is the number of respondent units in 
cell k ~after edi %i ng) It i s i nteresti ng to 
note that ML is an estimator for the ap ro p~i~t% 
u . d ~  t . ~  ~oth~r horoi~ ~ u ~ o .  t h ~  ~ =z =¢~ 
for a l l  c e l l s .  #% 

The measures  o f  a v e r a g e  g a i n  r e l a t i v e  t o  X~, 
f o r  t h e  n i n e  p r o d u c t s  a r e  d i s p l a y e d  in  T a b l e  2. 
N e g a t i v e s  r e f l e c t  a v e r a g e  l o s s e s  ( i n c r e a s e s  in  
model mean squa red  e r r o r )  r a t h e r  t han  g a i n s .  The 
l o s s e s  f rom u s i n g  r e s p o n d e n t  mean i m p u t a t i o n  a r e  
a l s o  d i s p l a y e d .  

After revieNing the two tables, one may 
conclude that for the retail categories using a 
smoothi ng parameter . (, ~ould not be imprudent. 
This parameter offers gains of roughly 20% 
relative to updated historical imputation without 
smooth i ng. 

For wholesale product, a smoothing porameter 
of .2 is better. The average gains are small, 
trivial for unleaded. A parameter of .3 works 
slightly better for premium, but the gain is 
still only 7.2%. 

For all products, the best average g a i n  
t e n d s  to  s u g g e s t  a s l i  g h t l y  hi  ghe r  smooth i  ng 
parameter t han  the count test. T h i s  may be 
because the best value for )k varies from cell to 
cell with a median slightly smaller than its 
mean. 

The results in the two tables do not appear 
to be sensitive to the month studied or to the 
size of the n¼. l~hen only cells with nl~>6 were 
analyzed (roughly halving their number), the 
results ~ere not qualitatively affected. Nor did 
an analysis based on August 1984 data yield 
significantly different results. 

341 



Table I .  Ceil Counts 

Product 

Sales Through 

Company O~ned 

O u t l e t s  

Number of c e l l s  

in which MEK-ML k is 

positive (nonposi tive) 

. . . . . . . . . . .  .,. 

~"Leaded 268 (18) 

U n l e a d e d  269 (13) 
! 

i 
! Premium 187 ( 2 0 )  

S a l e s  to \ Leaded 239 ( 3 8 )  

Other End < Unleaded 207 ( 4 3 )  

Users ,~ Premium i00 (23) 

Sales ~ Leaded 311 (31) 

for  "~'~ Unleaded 306 (27) 

Resale : Premium 233 (24) 

Number of cells 

i n  w h i c h  MLk-MSI k i 5  

p o s i t i v e  (nonpos i ,  t i v e )  

Which is the most 

likely smoothing 

parameter? 

175 

177 

125 

193 

173 

85 

(III) 

(105) 

(82) 

(84) 

(77) 

(38) 

.4 

.3 

.4 

. 

.4 

.4 

.3 

192 (150) 

19q (139) 

168 (89) 

.2 

.2 

.4 

T a b l e  2. What is t h e  Gain  f r o m  S m o o t h i n g ?  

Average Percent Reduction of Increase 

in Model MSE Due to Nonresponse 

Relative t o  X~K 

P r o d u c t  X<, X X X 5 - -  k X~ ; I k  S3k S~'< EK XEK 

S a l e s  T h r o u g h  Leaded 7 . 9  

Company Owned <" U n l e a d e d  8 . 8  

Outlets ' Premium 8.6 

Sales to Leaded 8.3 

Other End c" Unleaded 8.1 

Users ~.~ Premium 7.2 

S a l e s  ~I Leaded 2 . 3  

for  S Unleaded 0.5 

Resale Premium 3.8 
~.~ 

13 .9  1 7 . 8  19 .6  18 .6  - 2 5 1 9  

15 .5  2 0 . 0  2 2 . 3  2 2 . 2  - 1 6 8 3  

15 .6  2 0 . 9  24 .6  2 6 . 6  - 1 0 5 7  

14 .7  1 9 . 2  2 2 . 0  2 2 . 8  - 4 5 3  

1 4 . 4  1 9 . 2  2 2 . 5  2 4 . 1  - 4 3 5  

1 2 . 9  1 6 . 9  1 9 . 2  1 9 . 4  - 3 9 8  

3.8 4.4 4.0 2.4 -536 

0.I -1.3 -3.7 -7.6 -585 

6.2 7.2 6.6 4.2 -738 
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