
K ü h n e ! , Arne 
R a u , H a r tmu t 
T h e  T ec h n i c a l  U n i ve r s i t y o f  Ber l i n 
I n s t i t u t e  o f  au tomo t i ve e n g i n e e r i n g  

T H E  F I DE L I T Y  O F  D U M M I E S  I N  P E D E S T R IAN C OLL I S I O N S  

I n troduc t i o n  

T h e  s i mu l a t i o n  o f  veh i c l e  a c c i d e n t s  s e r v e s  e s s e n t i a l · / the 
f o l l o w i n g  p u r po s e s :  

- S tu d y  of t h e  prog r e s s  o f  e ve n t s  d u r i n g  t h e  i m p : : �  p h a s e 
( s l o w  mo t i o n ) 

- O p t i m i z a t i o n  o f  t h e  impa c t  e v e n t  f o r r e d u c t i on � f  t h e  sev e r i t y  
o f  t h e  con s e q u e n c e s  o f  t h e  a c c i d e n t  

- D e t e r m i n a t i o n  o f  t h e  l aws i n v o l ved f o r pur po s e s  o f  r econ s t ruc
tion o f  a c t u a l  acc i den t s , p a r t i c u l a r y  f o r i n - d e p t h  r e s e a rch , 
and a l so f o r  prac t i c a l  f o r e n s i c  purpo s e s .  

A l t h o u g h  t h e  v e h i c l e  and t h e  a c c i den t s u r r o u n d i n g s  c a n  be r e a l i
s t i c a l l y  r e pr e s e n t ed , t h e  h um a n  v i c t i m  of the acc i d e n t mu s t  be 
s i mu l a te d . T h i s  i s  u s u a l l y  p e r f o rmed by me a n s  of a n t h r o pome t r i 
c a l  d u mm i e s .  T h e  v a l i d i t y o f  t h e  c o n c l u s i o n s  r e a c h e d  a n d  t h e  
a p p l i c a b i l i t y o f  t h e  s i mu l a t i o n  d e p e n d  a b o v e  a l l  on t h e  s i mul a
t i o n  s u i t a b i l i ty of t h e  d u mmy . In t h i s  s t u d y , ped e s t r i an a c c i 
d e n t s  a r e  u s e d  t o  i n ve s t i g a t e  j u s t  s i mu l a t i o n  s u i t a b i l i ty . 

Me t h od a n d  o bje c t iv e  

I t  i s  o n l y  v e r y  r are l y  po s s i b l e  t o  d e t e r m i n e  t h e  pr i n c i p l e s  i n 
vo l ve d  f rom t h e  s t udy o f  an a c t u a l  a c c i d e n t .  F i r s t , o n e  i s  unab l e  
to s t u d y  t h e  i m p a c t  ph a s e , w h i c h  very r a p i d l y  t r an s p i r e s  and 
w h i c h  excee d s  t h e  human c a p a b i l i t y o f  per c e p t i o n . S e c o n d l y , the 
i n p u t  var i a b l e s  s u c h  as i n i t i a l  v e l oc i t y and impact po s i t i o n i n g  
c a n  a s  a r u l e  o n l y  b e  approx i m a t e l y  rec o n s t r u c ted f rom a re t r o
s pe c t i ve s t a n d po i n t .  T h e  b a s i s  o f  t h i s  s t u d y  t h e r e f ore was t h e  
i n t e n t i o n  o f  r e p r e s e n t i n g  t h e  h uman ped e s t r i a n b y  d u m m i e s  wh i c h  
c h a r a c t e r i z e  e x t r e m e s  i n  t h e i r  proper t i e s  wh i c h i n f  l ue n c e  t h e  
k i n e m a t i c s  i n vo l ved . T h e se e x t r emes mu s t  i n  a l l  cer t a i n t y  be 
c h a r a c t er i s t i c s  w h i c h  a h u m a n  c a n n o t  e x h i b i t .  See f I G . 1 .  T h e s e  
c h ar ac t er i s t i c s  a re i n  par t i c u l ar t h e  f o l l o w i n g : 

- Mov a b i l i ty 

- Y i e l d i n g n e s s .  
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F I G . 1 :  Charac t e r i s t i c s  o f  u s e d  dumm i e s  a n d  man 

Dumm i e s  were developed and cons truc ted w h i c h  are h arder and more 
r i g i d  t h an human s ,  and o t h e r s  were bu i l t  w h i c h  are more y i e l d i n g  
and more movab l e  than human bein g s .  I f  the d i s tribution r anges 
of t h e  r e s u l t s  occurr ing i n  the exper i men t s  are e x p l a inable by 
t h o s e  heretof ore de termi n e d  i n  dummy te s t s ,  or if they go a s  f ar 
a s  even to c o i n c i d e ,  then one may a s sume t h a t  a h uman being in
v o l ved i n  a n  accident wi l l  behave according to the s ame pr i n c i p
l e s . Fur thermore , proof i s  o f f ered t h a t  t h e  prev ious r e su l t s  
w i t h  dumm i e s  are correct a n d  app l icab l e . 

The f o l l owing compar a t ive d a t a  were used i n  acciden t d e s c r i p
t i on : 

- F i n a l  po s i tion 

- Den t s  i n  the vehicle ( po s i t i o n  and form ) 

- T ime and d i s tance h i s t o r i e s  

- Course of motion . 
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F I G .  2 :  Wooden bearn 

F I G . 4 :  Wooden j o i n ted dummy 

'IG . 3 :  S and bag 

�rG . 5 :  S and-f i l l e d  j o i n ted 
dummy 
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P I G .  6 :  Impact wooden j o i n ted 
dummy/ sq u are sh aped 
veh i c l e  at 4 5  k m / h  

F I G . � :  Impact s a n d  bag / s q u are 
shaped v e h i c l e  a t  
4 5  k m / h  

� I G .  7 :  Impact sand-f i l led 
j o i n ted dummy / squ �re 
sh aped veh i c l e  at 
45 km/h 

F I G . 9 :  Impact wooden beam/ 
s quare s h a ped v e h i c l e  at 
4 5  km/h 
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T h e  f o l l o w i n g  f ou r  d u mm i e s  were con s t r u c t e d  f o r  ver i f i c a t i o n  of 
t h e  t e s t  dummy c h a r a c t er i s t i c s : 

- H a r d  and unmov a b l e  ( wo o d e n  beam , P I G . 2 )  
- S o f t and u n mo v a b l e  ( s a n d  bag , P I G .  3 )  
- H a r d  and j o i n t e d  ( wo o d e n  j o i n t ed d u mmy , F I G . 4 )  
- S o f t and j o i n t e d  ( s a n d - f i l l e d  j o i n t ed d ummy , F I G .  5 ) .  

T h e  dumm i e s  d o  n o t  d i f f er i n  w e i g h t ,  d i s tr i bu t i o n  o f  m a s s ,  and 
mome n t  o f  i n e r t i a .  

T h e  dumm i e s  were s tr u c k  by �wo types o f  v e h i c l e s : a Ford 1 2  M 
a n d  a Vo l k s w a g e n  B ee t l e .  T h e  c o l l i s i o n  v e l oc i t i e s  were appr o x . 
2 5  k m/ h  and a p p r o x . 4 5  k m / h .  T h e  ve h i c l e s  were f u l l y b r a k e d  a t  
t h e  mome n t  o f  i m pac t .  

T h e  e x p e r i me n t s  w e r e  r e c o r d e d  w i t h  two h i g h - s peed c a me r a s . Loa
d i n g  va l u e s  were n o t  me a s u r e d  f o r t h e  d u mm i e s : t h i s  was not t h e  
o b j e c t i ve o f  t he e x p e r i me n t s  ( c o n s i d e r a b l e  m e a s u r i n g  p r o b l erns 
wou l d  h a ve a r i s e n  at any r a t e  f o r  the s a n d  d ummi e s ) .  

T e s t  r e s u l t s 

T h e  k i nema t i c s  o f  t h e  p r i m a r y  i m p a c t  a r e  r e p r e s e n ted f o r  t h e 
F o r d  i n  t h e  f o l l ow i n g f i g u r e s  ( 4 5  k m / h  c o l l i s i o n ve l o c i ty ) .  The 
wooden j o i n t e d  dumrny ( F I G .  ö )  b e h a v e s  :n a we l l - k n own manner , 
s i rn i l a r to t h a t  o f  t h e  s t a n d a r d  5 0  % d ummy . T h e  durnmy f o l d s  
a r o u n d  t h e  f r o n t  e n d  o f  t h e  v e h i c l e  un t i l  t h e  head s t r i k e s . The 
r o t a t i o n , a n d  t h e r e b y  the l i f t i ng o f  i t s  c e n t er o f  m a s s ,  is how
e v e r  con s i d e r a b l y  l e s s  a c c e n tua ted , s i n c e  t h e  j o i n t s  t r a n s f e r n o  
rnomen t s .  I t  u n w i n d s  a n d  s l i d e s  down t o w a r d  t h e  f r o n t . T h e  sand
f i l l ed , j o i n t ed d u mmy ( F I G .  7 )  in i t i a l l y  b e h a v e s  s i mi l ar l y .  Be
c a u s e  o f  i t s  y i e l d i n g  s t ruc t u r e , however , l i t t l e k i ck i n g  up of 
t h e  l e g s  occur s .  U po n  s l i d i n g  down toward t h e  f r o n t ,  the t o r so 
a n d  l e g s  f orm a l mo s t  a r i g h t ang l e .  T h e  s a n d  bag ( F IG . 8 ) ,  w h i c h  
o f  c o u r s e  h a s  n o  r i g i d i t y ,  a t  f i. r s t  ben d s  i n  a t  t h e  " h i p  " ,  
wher eby t h e  u p per t h i r d  r e rna i n s  ver t i c a l . T h e n  the up per p a r t  
s t r i k e s  t h e  h o o d  o f  : h e  v e h i c l e , and � h e  l ower par t i s  pu l l ed 
a l o ng af t e rw a r d . I t  f a l l s  away : rom t h e  ve h i c l e  i n  an o b l i q ue 
po s i t i o n . 

T h e  wooden beam d u mmy ( F I G .  9 )  i s  s u b j e c t  t h r o u g h  t h e  v e h i c l e  
f r o n t e n d  to s i mu l t a n e o u s  h o r i z � n t a l  a n d  ro t a t i o n a l  acce l er a t i o n . 
A s  a r e su l t  o f  i t s  r i g i d i t y ,  t h e  i mpac t i s  con s i d e r a b l y  mor e  e l a 
s t i c  t h an f or t h e  o t h e r  d u mm i e s . T h e  " h e a d " s t r i k e s  on l y  af ter 
t h e " h i p " h a v e  s e p a r a ted a g a i n . A s h o r i n g  e f f e c t  occur s t h rough 
t h e  head i mp a c t  and l i f t s  t h e  d J mmy a s  f a r as veh i c l e  r o o f  h e i g h t . 
A t  t h e  s ame t i me , t h e  r o t a t i o n abou t t h e  l a t e r a l  a x i s  i s  a l mo s t  
c o mp l e t e l y  t e r m i n a t e d , s o  t h a t  t h e  dummy m o v e s  away f rom t h e  ve
h i c l e  w i t h  i t s l e g s  upwar d . 
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F I G . 10 : Impac t wooden beam/ 
square s h aped veh i c l e  
a t  4 5  k m / h  

F I G . 12 : Impac t sand bag/ square 
shaped veh i c l e  a t  
2 5  k m / h  

F I G .  1 1 :  I mpact wooden j oi n ted 
d ummy /curved shaped 
veh i c l e  a t  45 km/h 

f I G . 1 3 : I mpac t wooden j o i n ted 
d ummy/square shaped 
veh i c l e  a t  2 5  km/h 
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� I G .  _ „ :  1 ::ipac t: :: a n a  c a a  . -:: urvea
; n a p e c  veh 1 c l e  � �  2 5  k m / h  

P I G .  1 5 : I m p a c t  3 a n d - f i l l e d  j o i n t e d  
d u mmy / c u r ved- s h a p e d  v e 
h i c l e  a t  2 5  k m / h  

P r i n c i � l e s  o b s e r v e d  

I f  t h e  impact:  i n  t h i s  
: a s e  i s  now compared w i t h  
t h a t  o f  t h e  Vo l k swagen 
B ee t l e ( F IG 10 ) ,  t h e n  a 
g r e a t e r  ro l l i n g  mo t i on L s  
o b s e r ved f o r  t h e  wooden 
b e a m , s i n c e  t h e  pr imary 
i m p a c t  o c c u r s f ar b e l o w  
t h e  c e n t er o f  m a s s  a n d  
s i n c e  l e s s  t r a n s l a t i on 
o c cu r s .  T h e  s h o r i n g  e f f e c t  
a n d  t h e r e f o r e  t h e  l i f t i n g  
a r e  g r e a t e r , a n d  t h e  ro
t a t i o n  is n o t  d i m i n i s h e d  
by t h e  " h e a d "  i m p a c t .  T h e  
wooden j o i n t e d  d ummy i n  
t h i s  c a s e  ( F I G .  1 1 )  b e h a 
v e s  h e r e  o n c e  a g a i n  v e r y  
s i m i l a r l y  t o  t h e  s t an d a r a  
d u mmy ; t h e  r o t a t i o n  a n d  
l i f t i n g , however , a r e  
ag a i n  very m u c h  l e s s  ac
cen t u a  t e d . U n d er i d e n t i 
c a l  i m p ac t c o n d i t i on s , 
t h e  c e n ter o f  ma s s  o f  t h e  
s t an d ard dummy r e a c h e s  
t h e  r o o f  l e v e l  w i t h  l e g s  
s t r a i g h t  u pw ar d .  

T h e  i n f l ue n c e  o f  t h e  ve
h i c l e  body f o r m  o n  t h e  
k i n e m a t i c s  o f  t h e  s a nd-
f i l l e d  dumm i e s  a t  l ow 
co l l i s i o n  v e l o c i t i e s  i s  
j e p i c t e d  i n  F IG S . 1 2  t o  
1 5 . I t  i s  r e a d i l y  a p p a
� e n t  t h a t  t h e  s a n d  b a g  
2 x p e r i e n c e s  a g r e a ter a n 
g u l a r mome n t um . T h e  s a n d 
f i l l ed , j o i n t e d  dummy 
wr a p s  a r o u n d  t h e  f ro n t  
e n d  o f  t h e  veh i c l e . 

T h e  r e s u l t s o f  a l l  e x o e r 1 ;:i en t s  were e n t e r e d o n  e x i s t i n g , we l l 
k n own d i �q r amms f rc m  2 x pe r i m en t s  w i t h  s t a n d ard dumm i e s . F I G . 1 6  
s h o w s  : � e  t � a j e c t: o � v  l e n a t: �  ( d i s t a n c e  be tween po i n t  o f  i m p a c t 
3 n a  � � � a i  - o s i � i o n ) � - : � e  c u m m i e s .  I t  b e c o m e s  immed i a t e l y  a p pa-
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r e n t t h a t  t h e  h a rd dumm i e s  t r a v e l  f a r t h e r  a t  t h e  s ame co l l i s i on 
v e l o c i t y  t h an d o  t h e  o t h e r s , because of t h e i r  e l a s t i c  b e h a v i o r . 
T h e  woo d e n  b e a m  t r a ve l s  t h e  f ar t h e s t ,  s i n c e  i t  o f  a l l  t h e  dum
m i e s  a l so e x p e r i e n c e s  the g r e a t e s t  l i f t  and t h er e f o r e  a corre
s p o n d i n g l y  l o n g e r  path of f l i g h t .  S e e  f I G .  1 7 .  The y i e l d i ng 
d u mm i e s  l i e  a t  the l ower l i m i t  o f  the d i s t r i b u t i on r a n g e ,  where
as the woo d e n  j o i n t e d  du mmy l i e s  e i t h e r  at the u p p e r  l i m i t  or 
o u t s i d e  t h e  l i m i t ( i .  e . , f o r  h i g h  v e l o c i t i e s ) . T h e  s h o r t e s t  
t r a j ec t o r y  l en g t h  occur s f o r t h e  s a n d - f i l l ed , j o i n t e d  d u mmy , 
w h i c h  a l so a b s o r b s  t h e  l e a s t a n g u l ar nome n t u m  a n d  w h i c h  upon 
b r a k i n g  s i m p l y  s l i d e s  down toward t h e  f r o n t .  

I f  o n e  a s s um e s  t h a t  t h e  l ac k  o f  y i e l d i n g  i n  t h e  wood e n  dumm i e s  
i s  e s s e n t i a l l y  r e s pon s i b l e  f o r  t h e  g r e a t  l en g t h  o f  t h e  n o r m a l  
r a n g e , t h en o n e  c a n  conc l u d e  t h a t  t h e  h uman b e i n g w i t h  cer t a i n t y 
l i e s  w i t h i n  t h e  d i s t r i bu t i o n  r an g e  o f  t h e  s t a n d ar d  d u mmy e x p e r i 
m e n t s .  

T h e  po s i t i o n  o f  t h e  h e ad i s  a n o t h e r  v a r i a b l e  f o r  v e l o c i t y  d e t e r 
m i n a t i o n  i n  a c c i d e n t recon s t r u c t i on , � a r t i cu l a r l y  i n  t h e  o p t i m i 
z a t i o n  of v e h i c l e  f r o n t  e n d s .  : t  i s  we l l - k nown t h a t  � h e  d e n t 
po i n t  appr o a c h e s  : h e  w i n d s � i e l d  � i t h  � � cress i n g  co l l i s i on v e l o
c i t y .  I t s po s i t i o n  i s  a l s o d e p e n d e n t  o n  ped e s t r i a r. s i z e and on 
v e h i c l e  f o r m . l t  has proved a d v a n t ag e o u s  eo t a k e  a s  r e f erence 
v a l ue not the d i s t a n c e  f r om the f orward edge of t h e  hood , b u t  
t h e  d i s t a n c e  f r om t � e  s t r e e t  s u r f ace t o  t h e  m i d d l e  o f  t h e  h e a d  
d e n t - t h e  s o - c a l l e d  co i l  d i s t an c e . The f o l l ow i n g  h a s  b e e n  demon
s t r a t e d  i n  our e x per imen t s  ( 1 ) ( 5 ) : t h e co i l  d i s t a n c e  l i e s  a t  
t h e  l ower l i m i t  o f  t h e  d i s t r i b u t i on r a n g e  f o r s q u a r e - s h a ped ve
h i c l e s . S e e  F I G .  1 8 . T h i s  a p p l i e s  a s  we l l  f o r t h i s  s e r i e s  o f  ex
per i me n t s .  I t  is o b v i o u s  f r om the f i g u r e  t h a t  the y i e l d i ng s a n d  
b a g  prod u c e s  t h e  g r e a t e s t co i l  d i s t a n c e  f o r  i mp a c t  o n t o a cur
v e d - s h a ped v e h i c l e , f o l l ow e d  by the wooden j o i n ted d ummy / cur
v e d - s h a ped v e h i c l e ,  a n d  t h e  s q u are- s h a p e d  v e h i c l e  / s a n d  bag . 
T h e  comb i n a t i o n  o f  1 i e l d i n g n e s s  a n d  �ova b i l i t y o b v i o u s l y  l e a d s  
to e h e  s ame e f f e c t .  I n  bo t h  c a s e s , t � e  l ower l e g  i s  n o t  wrapped 
u n d e r  the bumper ( f IGS . : ! ,  12 a n d  1 3 ) ,  w i t h  the r e s u l t  t h a t  
s l i d i n g upward u p  t o  h e a d  i m p a c t  i s  l e s s  i m peded t h a n  f o r  e x amp
l e  f or t h e  s an d - f i l l ed , j o i n t e d  d ummy . S e e  F I G .  14 . 

U p o n  t h e  co l l i s i o n  c f  a s a u a r e - s h aoed v e h i c l e  aa a i n s t  wooden 
beam , the beam is acce l e r a t e d  to s uc h  a n  e x t e n t

-
( a s a r e s u l t  of 

i t s  e l a s t i c  b e h a v i o r ) by : � e  f o rward edge o f  the hood t h a t  i t  
t r a v e l s  f a s t e r  t h a n  t h e  v e h i c l e .  I t  h a s  s e p a r a t ed a t  t h e  " h i p "  
b e f o r e  t h e  " h e a d "  impac t s . S i n c e  the '1e h i c l e  r e m a i n s  b e h i n d  i t ,  
t h e  " h e a d "  s t r i k e s  much c l o s e r  i n  t h e  a r e a  o f  t h e  v e h i c l e  f r o n t  
e n d . O n  t h e  b a s i s  o f  t h e  b e h av i o r  of � � e  e x t r e me c a s e  d u m m i e s  d e 
s c r i bed i n  d e t a i l ,  i t  c a n  b e  con c l ud e d  h e r e  a s  we l l  t h a t  t h e  
s t a n dard dummy r a n g e  i n c l u a e s  : h e  c a s e  o f  t h e  h u man b e i n g . 
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F I G .  2 0 : H i p  d e n t  f rom s a n d  ba� 
a t  4 5  k m / h  
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F I G .  2 2 :  H i p  d e n t  f rom wooden 
j o i n ted dummy a t  
4 5  k m / h  

� I G .  2 1 :  H i p  d e n t  f rom s and
f i l l e d  j o i n te d  dummy 
a t  4 5  k m / h  

FIG . 2 3 :  H i p  d e n t  f r o m  wooden 
beam at 4 5  km/h 
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Depth of den t 

u s e  o f  the d e n t depth for reco n s truc t i o n  of an acc i d e n t  i s  a 
con trover s i a l  m a t ter . A d i s t r i bu t ion range can neve r t h e l e s s  be 
g iven for s ta n d ard dummi e s . See F I G .  19 . I t  i s  eviden t t h a t  the 
den t s  become d eeper for greater veloci t ie s . F I G .  1 9  app l ie s  o n l y  
t o  s q u are- s h aped veh i c l e s . 

F I G .  24 : H i p  d e n t  from 
norma l dummy a t  
4 5  k m / h  

\\\\\\l\\\\\\\\\\\\\\\'lti\_\\ 

I t  i s  k nown f rom c h i l d  dummy exper i me n t s  t h a t  some t imes no den t s  
occur even f o r  h ig h  impac t v e l o c i t i e s  ( up t o  6 0  km/ h ) .  The 
y i e l d in g n e s s  of t h e  dummy h a s ,  however , a s trong e f f e c t  on the 
depth of t h e  d e n t  ( F IG S . 2 0 ,  2 1 ,  2 2 ,  2 3  and 24 ) .  The wooden dum
m i e s  l i e  appro x im a te l y  i n  t h e  d i s tr i bu r i on range , w h i l e  the 
y i e ld i n g  s a n d - f i l l ed dumm i e s  l ie l ower . S in ce the y i e l d i n g n e s s  
o f  t h e  h uman b e i n g  l ie s  be tween t h a t  o f  t h e  wooden a n d  t h e  s and
f i l l ed dumm ie s , i t  c a n  be a s s umed that the dummies cause deeper 
d e n t s  for e qu a l  co l l i s io n  v e l o c i t i e s  t h a n  does the h uman be i n g . 

T h i s  s i g n i f  i e s  f o r  t h e  reco n s t r u c t i o n  o f  an acci de n t  t h a t  for 
e q u a l  dent dep t h s  the co l l i s io n  v e l o c i t y  i n  an actu a l  case w a s  
c o n s iderably g r e a ter than i n  t h e  s imu l a ted case . Conver se l y ,  one 
c a n n o t  a s s u me a l ow c o l l i s io n  v e l o c i t y  f rom s l i g h t  veh i c l e  de
forma t ion . 

Con c l u s io n  

T h i s  i n ve s t i g a t i o n  demo n s t r a t e s  t h a t  t h e  d i s tr i bu t io n  r a n g e s  for 
s t a n d ard and ex treme dumm i e s  c o i n c i d e  if one can exp l a i n  the va
l u e s  l y i n g  beyond on the b a s i s  o f  the ex treme dummy c h a r a c ter i s
t i c s . I n  p ar t i cu l ar ,  the comb i n a t ion o f  r i g i d i ty and i mmobi l i ty 
( wooden beam ) , w h i ch l e a s t  r e s ernb l e s  the human bei n g , l eads to 
k i nema t i c  dev i a t io n s  w h i c h  c a n  be exp l ai ned . I f  one order s the 
h uman be i n g  w i t h  h i s  charac ter i s ti c s  be tween the o th e r  dummie s , 
then he l ie s  e x ac t l y  i n  the d i s tr ib u t i on range of the s t andard 
d ummy . I n  the c a s e  o f  the d e p t h  o f  den t s , the d i s tr i b u t ion range 
o f  the dummy l i e s  above t h o s e  v a l ue s  to be expected for the human 
b e i n g . 
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I t  can f i n a l l y  be con c l u d e d  t h a t  the s tandard dummy we l l  s imu l a
t e s  the human b e in g ,  e s pec i a l l y  for purpo s e s  of acci d e n t  recon
s tr u c tion . 
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