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Abst rac t 
This paper descr ibes a means by which a scene 
can be s p l i t i n t o named subpar ts , and these 
subparts can i n t e r a c t to produce an i n t e r p r e t -
a t i on which is a d e s c r i p t i o n of the ob jec ts 
present in the scene. The procedure is in 
two par ts - a set of l abe ls is assigned to 
each element of the scene, and these sets 
are decreased in s ize by examining the a l lowable 
r e l a t i o n s h i p s between named elements. An 
a p p l i c a t i o n of the procedure to the domain of 
surfaces produced by the ranger at Edinburgh 
U n i v e r s i t y i s presented. 

1. INTRODUCTION 

This paper prov ides an a lgo r i t hm w i t h general 
app l i ca t i ons in segmentation and c l a s s i f i c a t i o n . 
In the recogn i t i on domain i t uses e x p l i c i t 
models o f bodies occu r r i ng in l a b o r a t o r y -
created scenes, the models being spec i f i ed by 
surfaces and the r e l a t i o n s between them. In 
i t s opera t ion i t d isp lays some of the features 
which have been found to be use fu l in analyz ing 
n a t u r a l l y - o c c u r r i n g scenes (Yakimovsky and 
Feldman (1973) ) . The j u s t i f i c a t i o n fo r 
p resent ing t h i s approach i s that i t makes 
b e t t e r use of the i n fo rmat ion ava i l ab le in 
the scene than e a r l i e r systems, and performs 
less search. The purpose of the system is to 
i n t e r p r e t a "scene" by a t t ach ing to each input 
scene element at l eas t one (and p re fe rab l y only 
one) name - the name of the body whose image 
the scene element is a pa r t o f . An example of 
the use of the a lgo r i t hm is presented in sec t ion 
2 .3 . 

Each body model is const ructed from surface 
p r i m i t i v e s , which may appear in many d i f f e r e n t 
models. Re la t ions ho ld ing between the 
p r i m i t i v e s in each model serve to d i f f e r e n t i a t e 
bod ies , and play a la rge par t in the recogn i t i on , 
which invo lves three tasks . (1) Scene elements 
are pa i red w i t h model p r i m i t i v e s , us ing a 
matching f u n c t i o n . (2) A set of body names is 
assigned to each p a i r , us ing a mapping from 
p r i m i t i v e s to name se ts , and e s t a b l i s h i n g an 
i n i t i a l conf idence f o r each assignment. 
(3) Re la t ions ho ld ing between surfaces in the 
scene are used to f i l t e r the sets of names to 
t r y to f i n d a unique name f o r each p a i r , o r , i f 
t h i s is not p o s s i b l e , the set of names w i t h 
h ighest g loba l conf idence. 

The a lgo r i t hm presented here has a f a i r l y broadly-
based h i s t o r y . The use of r e l a t i o n a l s t r u c t u r e 
was demonstrated by Barrow and Popplestone 
(1971), and prov ided w i t h a formal bas is by 
Barrow, Ambler, and B u r s t a l l (1972). 
Consistency in such networks of r e l a t i o n s is 

discussed by Mackworth (1977). The 
f i l t e r i n g method of Waltz (1972) is a 
precursor , and a spec ia l case of the present 
a l go r i t hm. Waltz provided a " s u f f i c i e n t " 
enumeration of legal r e l a t i o n s h i p s f o r a subset 
o f l i n e drawings under l oca l r e s t r i c t i o n s 
re l a ted to t h e i r j u n c t i o n s , and a procedure f o r 
i n t e r p r e t i n g such drawings. He dea l t on ly w i t h 
d e t e r m i n i s t i c conf idences - an i n t e r p r e t a t i o n 
was e i t h e r poss ib le or imposs ib le , and a l l 
poss ib le i n t e r p r e t a t i o n s were equa l l y l i k e l y . 

The use of confidences in ass ign ing i n t e r p r e t a 
t ions to scenes has become more preva lent 
r e c e n t l y . Yakimovsky and Feldman (1973) use 
Bayesian s t a t i s t i c s to analyze rea l scenes, 
wh i le Hinton (1976) makes use of confidences 
in h is r e l a x a t i o n method of f i n d i n g the best 
instance of a puppet in a scene con ta in ing a 
number of over lapp ing t ransparent rec tang les . 
Relaxat ion l a b e l l i n g methods w i t h var ious 
confidence r e l a t i o n s h i p s between labe ls and 
items have been t rea ted fo rma l l y by Rosenfeld, 
Hummel, and Zucker (1975). 

Barrow and Tenenbaum (1976a, 1976b) have 
independently developed a system s i m i l a r to 
t h i s one, but designed f o r ana lyz ing na tu ra l 
scenes. Items in the scenes are assigned a 
set of names, each w i t h an a p r i o r i conf idence. 
Rela t ions are then app l ied between items in the 
scene to cons t ra in the name se t s , and to 
promote the confidence of the most l i k e l y 
g loba l i n t e r p r e t a t i o n . 

2. A REAL SYSTEM 

A system is being implemented to recognize 
known bodies appearing in scenes. So lu t ions 
to the problems of o c c l u s i o n , shadowing, and 
m u l t i p l e occurrences of a s ing le body type 
which work w i t h i n the greater framework of 
the a lgo r i t hm are presented. 

Models of the bodies are created in a l ea rn ing 
phase, and serve as a database f o r r e c o g n i t i o n . 
The input is surface in fo rmat ion obtained by 
means of the Edinburgh Ranging System 
(Popplestone et al (1975), Popplestone and 
Ambler (1977) ) . Because the system uses a 
t r i a n g u l a t i o n techn ique, po in ts in the scene 
which are not in the " l i n e o f s i g h t " o f e i t h e r 
of the bases of the t r i a n g l e are not v i s i b l e . 

The system uses p r i m i t i v e items which are 
fragments of planes or cy l i nde rs ( e . g . a 5 
inch square) , and the r e l a t i o n s between them 
to descr ibe o b j e c t s . 
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2.1 MODELS 

An ob jec t to be modelled is placed on a t u rn tab le 
and scanned. I t is then ro ta ted to show 
p rev ious l y hidden surfaces and scanned aga in . 
The views are merged, and a s ing le 3-D set of 
surfaces is ob ta ined , which encompasses the 
o b j e c t . For each sur face , c e r t a i n parameters 

are ca lcu la ted ( e . g . curva ture and e x t e n t ) , and 
used to form a d e s c r i p t i o n of the surface to be 
stored in the database. At the same time 
r e l a t i o n s h i p s ho ld ing between the surfaces are 
worked o u t , and added to the model. 

The model ler outputs three t h i n g s : 

1. A set of p r i m i t i v e s , or abst racted 
sur faces. These conta in a d e s c r i p t i o n 
of the k ind of surface they represent , 
and the names of the models they are-
associated w i t h . 

2. A set of r e l a t i o n s . These are l ega l 
correspondences, spec i f y i ng al lowed 
r e l a t i o n s h i p s between the p r i m i t i v e s 
( e . g . ad jacency) . A r e l a t i o n cons is ts 
of a name, which should be tha t of an 
executable f u n c t i o n , a l i s t o f arguments, 
which are p r i m i t i v e sur faces , and an 
expected va lue l i nked to the models f o r 
which i t ho lds . 

3. A body model, cons i s t i ng of a name, which 
is use r - supp l i ed , the p r i m i t i v e s which 
make up the model, and, f o r each of 
these, the r e l a t i o n s which invo lve i t 
and which have been worked o u t . 

An i tem to be added to the database does not 
necessar i l y go in as a new e n t r y . If i t s 
c h a r a c t e r i s t i c s match an element a l ready in 
the database, the res iden t element is merely 
updated to r e f l e c t any new i n f o r m a t i o n . For 
i ns tance , a p r i m i t i v e may have the same form 
f o r many d i f f e r e n t models, in which case the 
only new in fo rmat ion w i l l be the name of i t s 
associated body. 

2 .2 . RECOGNITION 

In the f o l l o w i n g , the " se t of suppor t " is a 
g lobal l i s t of models which have had p r i m i t i v e s 
assigned to them. 

The a lgo r i t hm can be d i v ided i n t o three stages. 
Step 1 is concerned w i t h scanning the scene and 

g e t t i n g i t i n t o a form compatible w i t h the 
i n t e r n a l r e p r e s e n t a t i o n . The second stage 
assigns p r i m i t i v e s to models in steps 2 to 5 
using r e l a t i v e l y loose c r i t e r i a . I f there i s 
any doubt, a p r i m i t i v e w i l l be added to a 
candidate model ra the r than being l e f t o u t . 
F i n a l l y , step 6 has the r e s p o n s i b i l i t y of 
weeding out less favourab le assignments. 
I t i s b e t t e r f i t t e d t o do t h i s because i t 
has more complete knowledge of the s i t u a t i o n 
than e a r l i e r s teps . 

5 . 

The scene is scanned to form surface 
d e s c r i p t i o n s . These are matched 
against p r i m i t i v e s in the database, 
a note being made of which surfaces are 
occluded or shadowed. A s ing le surface 
may match, and be associated w i t h , 
several p r i m i t i v e s , in which case the 
p r i m i t i v e s are ca l l ed l i n k e d . Occluded 
and shadowed surfaces match a l l compatible 
surfaces l a rge r than themselves. 

The sur face in fo rmat ion is associated w i t h 
each matching p r i m i t i v e since i t w i l l be 
needed f o r work ing out the r e l a t i o n s . 

Assign those p r i m i t i v e / s u r f a c e p a i r s whose 
p r i m i t i v e s appear in on ly one body model 
to tha t model. I f two assignments to 
the same body model are i ncons i s t en t ( i . e . 
do not s a t i s f y the r e l a t i o n a l c o n s t r a i n t s ) 
the program assumes that there are two 
d i s t i n c t bodies w i t h the same model in 
the scene, and two copies of that model are 
set up. These i n i t i a l assignments have 
zero conf idence, and g ive r i s e to the 
o r i g i n a l set o f suppor t . 

While there are s t i l l unassigned p r i m i t i v e / 
surface p a i r s , repeat steps 4 and 5. 

One of the p r i m i t i v e / s u r f a c e p a i r s which 
have yet to be assigned to a model is 
chosen. Since t h i s choice can be 
important to the e f f i c i e n c y (but not the 
e f fec t i veness ) o f the a l g o r i t h m , i t must 
be c a r e f u l l y made. The p a i r is chosen 
which has among i t s candidates the model 
on the set of support which c u r r e n t l y 
enjoys the h ighest conf idence, should such 
a p a i r e x i s t . Otherwise, the p a i r whose 
p r i m i t i v e best matched w i t h i t s surface 
in step 1 is chosen. 

Test the r e l a t i o n a l c o n s t r a i n t s . The new 
p r i m i t i v e has a l i s t of candidate models 
in which i t may appear, and, f o r each of 
these, a l i s t o f r e l a t i o n s i t should 
s a t i s f y i f i t does belong to tha t model. 
The new p r i m i t i v e can apply a l l those 
r e l a t i o n s whose o ther arguments are 
a l ready i n s t a n t i a t e d . The ac tua l value 
is the r e s u l t o f app ly ing the f u n c t i o n to 
the surfaces associated w i t h the p r i m i t i v e s . 
This is compared w i t h the expected outcome, 
w i t h wh ich , f o r a success, i t must match to 
w i t h i n a f i x e d t o l e rance . Each success 
enhances the conf idence tha t the arguments 
belong to the models f o r which the r e l a t i o n 
is a c o n s t r a i n t , whereas f a i l u r e reduces 
conf idence on ly in the s u i t a b i l i t y o f the 
new p r i m i t i v e to these models. A r e l a t i o n 
may be appropr ia te to more than one model, 
so t ha t r e s u l t s propagate w i t hou t work 
being repeated. 
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On success, the p r i m i t i v e is assigned to 
a l l models i nd i ca ted by the r e l a t i o n . I f 
necessary, a body model is ac t i va ted and 
a l l a r e l a t i o n ' s arguments are assigned 
to i t . 

I f no r e l a t i o n a l t es t s succeed, assignment 
o f a p r i m i t i v e to a l l models f o r which i t 
is a component, w i t h zero conf idence, 
serves as a place marker so tha t a 
p r i m i t i v e is not l o s t . As in step 2, 
copies of some models may be needed. 

When a l l t es t s are completed, the models 
to which the new p r i m i t i v e was assigned 
are added to the set of support i f they 
are not already members. 

Apply f i l t e r i n g to the sets of models 
assigned in the previous s teps. An 
i n i t i a l conf idence in each assignment has 
been worked ou t , and, on the basis of t h i s , 
a way is sought to c o n s i s t e n t l y reduce the 
number of models assigned to each 
p r i m i t i v e to one. 

N a t u r a l l y , any unique assignment should be 
r e t a i n e d , as must any whose r i v a l s a l l 
have zero conf idence. 

When a l l assignments have p o s i t i v e 
conf idence, the s i t u a t i o n is not ao c l e a r . 
For the best g loba l s o l u t i o n , the 
consequences both of d e l e t i n g and 
r e t a i n i n g each assignment should be 
fo l lowed in t h e i r contexts to a s tab le 
s o l u t i o n , and that, w i t h h ighest o v e r a l l 
conf idence accepted. 

Instead of t h i s complete t ree search, the 
i n i t i a l confidence has been al lowed to act 
as a p r e d i c t o r of the f i n a l outcome in 
cases where one assignment has o v e r r i d i n g 
conf idence. Where confidences are 
near l y equal , t h i s is not j u s t i f i e d , and 
a l l assignments are considered as 
ambiguous i d e n t i f i c a t i o n s . 

C l e a r l y , d e l e t i n g a p r i m i t i v e from a 
model a f f e c t s the confidence o f a l l 
p r i m i t i v e s r e l a t e d t o i t . The i r confidence 
must be reduced by the amount by which the 
de le ted p r i m i t i v e confirmed t h e i r presence 
in the model. This is the way in which 
the f i l t e r i n g i s accomplished, conf idence 
reduct ions causing f u r t h e r de le t i ons e l s e 
where, u n t i l no f u r t h e r changes are 
p o s s i b l e . Without a backtrack mechanism 
as descr ibed above, the best s o l u t i o n is 
not guaranteed. 

Linked p r i m i t i v e s are t rea ted as m u l t i p l e 
assignments f o r the purpose of c o n f l i c t 
a n a l y s i s , and are de le ted i f a b e t t e r match 
i s found w i t h one o f t h e i r l i n k s . 

The process cyc les wh i l e i t i s s t i l l 
poss ib le to ad jud ica te between assignments, 
the re being a smal ler number of p r i m i t i v e s 
at each s tep . 

When a l l poss ib le assignments have been 
made, the models remaining are assumed to 
be those of the bodies in the scene. 

Problems w i t h o c c l u s i o n , shadowing, and m u l t i p l e 
appearances of the same body type are dea l t w i t h 
by a m ix tu re of conf idence rank ing and f i l t e r i n g . 
Once a sur face has been found to be occluded or 
shadowed, it can be matched w i t h a constra ined 
set o f p r i m i t i v e s l a r g e r than i t s e l f , w i t h a 
reduced conf idence. The l i n k i n g mechanism w i l l 
then handle the i d e n t i f i c a t i o n in the course of 
the a l g o r i t h m . L i n k i n g also provides a way of 
i n c o r p o r a t i n g ambiguous d e s c r i p t i o n s . M u l t i p l e 
instances of models c a l l f o r a s p l i t t i n g of 
p r i m i t i v e s between copies of the models when 
r e l a t i o n a l t e s t s f a i l . 

The example shows some of the processes in 
a c t i o n . 

2.3 EXAMPLE 

Let the bodies shown in F igure 1 c o n s t i t u t e the 
wor ld model and l e t the r e l a t i o n of re la t i ve-
angle be def ined between the surfaces making up 
the bod ies . Note tha t wh i l e we expect the 
r e l a t i o n to have been def ined between f o r 
example surfaces A-C, A-D, and D-C in f i g u r e 2, 
the surfaces B-D, and B-C would on ly c o i n c i d e n t l y 
be so re l a ted if there were some body in the 
database f o r which such a r e l a t i o n h e l d . 
Suppose the scene depic ted in F igure 2 has been 
scanned from a v iewpo in t in f r o n t of the scene, 
and the f o l l o w i n g l i s t o f s u r f a c e - p r i m i t i v e 
matches has been made (The u n d e r l i n i n g 
i nd i ca tes l i n k e d p r i m i t i v e s ) . 

[ (G 2) (H 3) (K 5) (L 4) (J 1) (A 7) 

(C 6) (C 8) (B 6) (E 6) (D 6) (D 8) (F 7) ] 

Ass ign ing p r i m i t i v e s which po in t to on ly 
one body: 

Bl gets (G 2) (H 3) 

B2 gets (L 4) (K 5) 

S ince, in the scene, G-H and K-L a re , as 
expected, at 90 degrees to each o the r , 
app ly ing t es t s between the two p r i m i t i v e s 
assigned to the same body checks out 
c o n s i s t e n t l y ( i f not two copies would have 
been made). (L 4) and (K 5) w i l l p robably 
not match e x a c t l y , since (K 5) is occ luded. 

With on ly B 1 and B2 a l ready having assigned 
p r i m i t i v e s , the only poss ib le p r i m i t i v e to 
choose next is (J 1 ) , which has Bl and B6 
as cand idates . A match w i t h Bl (and no t 
w i t h B6) causes assignment of (J 1) to B l , 
and not to B6. At t h i s stage the bodies 
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on the set of support, can suggest no f u r t h e r 
a c t i o n , so, since not a l l p r i m i t i v e s have been 
accounted f o r , a new choice must be made. 
Suppose (A 7) is chosen, a c t i v a t i n g B3 and 
BA. 

There being no t es t s to be made, the p r i m i t i v e 
is assigned to both bodies w i t h zero conf idence, 
and B3 and BA are added to the set of suppor t . 

These bodies want a p r i m i t i v e of type 6 or 8, 
and suppose they decide on (C 6 ) . B3 and 
B5 are a c t i v a t e d , and a match is found w i t h 
B3, so B5 is de le ted . Note tha t we now have 
increased confidence in (A 7) as a member of 
B3. 

If the next p r i m i t i v e examined is (C 8) we again 
f i n d a match w i t h BA. Now we have increased 
conf idence tha t (A 7) belongs to B4. 

Looking f o r another p r i m i t i v e , we might f i n d 
(B 6 ) , which ac t i va tes B3 and B5, but matches 
w i t h n e i t h e r . An assignment is made to both 
w i t h zero conf idence, a second copy of B3 
(which T w i l l denote B3') being set up . 

(E 6) is cons is ten t w i t h (B 6) be longing to 
B3 ' , and is assigned to B 3 ' . (D 6) ac t i va tes 
both copies of B3, and B5, matches w i t h (C 6) 
and (A 7) in B3, so is added to B3. It is 
not added to B5, nor to B 3 ' , s ince i t f a i l s to 
match. (F 7) matches B3' and can be ass igned. 

Now (D 8) is considered, and matched w i t h BA and 
B5, g i v i n g the f i n a l l i s t o f candidates before 
the f i l t e r i n g as Bl B2 B3 B3' BA B5 

The p r i m i t i v e s assigned to more than one body 
are (D 8 ) , (B 6) and (A 7 ) . (D 8) has a much 
be t t e r match in BA than in B5, so is deleted 
from B5. As a r e s u l t , the conf idence tha t 
(B 6) belongs in B5 is reduced to zero. (B 6) 
now has zero conf idence in B5, but has found 

a match in B3. Thus (B 6) is removed from B5, 
which can be deleted since it has no more 
p r i m i t i v e s assigned to i t . (A 7 ) , however, has 
a s i g n i f i c a n t conf idence in both B3 and B4. 
I t remains associated w i t h both these bod ies , 
pending f u r t h e r f i l t e r i n g . 

I t i s d iscovered tha t there are l i n ked p r i m i t i v e s 
in B3 and BA. The confidence l e v e l s in each 
are much the same, so no th ing can be de le ted , 
and an ambiguous r e s u l t is announced. 

There being no th ing else to examine, the f i n a l 
set of bodies recognised i s : 

B l , B2, B3, and (B3 or BA) 

3. DISCUSSION 

The system descr ibed is in an advanced s ta te of 
implementat ion. The model ler i s f u l l y 
o p e r a t i o n a l , w h i l e the recognizer works on 
simple scenes con ta in ing s i ng le o b j e c t s . 
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Symmetry in bodies is handled u n i f o r m l y , w i t h 
on ly one match being found w i t h a model, r a the r 
than a l l isomorphic matches. This is because 
p r i m i t i v e s can occur on ly once in any model, 
a l though instances can be r e l a t e d to severa l 
sur faces , and can take up r e l a t i o n s h i p s w i t h 
other ins tances . For example, a cube model 
would con ta in a s i n g l e square plane p r i m i t i v e , 
w i t h r e l a t i o n s l i k e PERPENDICULAR-TO ho ld ing 
between some of i t s ins tances . 

Using conf idence l e v e l s ra the r than d e t e r m i n i s t i c 
c o n s t r a i n t s makes reduc ing the s ize of the 
name sets more d i f f i c u l t . While i t is easy to 
add new names on the bas is of even the 
f l i m s i e s t evidence, a d e l e t i o n must be s t rong ly 
i nd i ca ted before the r i s k of d i sca rd ing a name 
can be taken. 
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i n fo rma t ion known about i n d i v i d u a l models. 
Re la t ions which are use fu l in desc r i b i ng one 
c lass of bodies may be unsu i tab le f o r o the rs , 
o r i n fo rma t i on not d i r e c t l y re levan t to 
r ecogn i t i on may be needed f o r l a t e r p rocess ing . 
Since the model i nd i ca tes which r e l a t i o n s to 
apply , d i f f e r e n t models can be descr ibed in 
d i f f e r e n t terms, but instances w i l l s t i l l be 
recognized in a s i ng le scene. 

Given a v i s i o n system w i t h some m o b i l i t y , i t 
might be poss ib le to disambiguate scenes by 
moving to another v iew ing ang le , and look ing 
aga in . Only the p a r t i c u l a r bodies o f i n t e r e s t 
need be examined, t h e i r absolute p o s i t i o n s being 
known. The candidate models can be r e s t r i c t e d 
to those in the ambiguous se t , c u t t i n g down the 
amount o f f i l t e r i n g needed. This a b i l i t y to 
work " t op down" from the model to i t s instances 
is obta ined by r e s t r i c t i n g the system to look 
only f o r p r i m i t i v e s needed by the p a r t i c u l a r 
model, and on ly app ly ing r e l a t i o n s suggested by 
the model. I t has a p p l i c a t i o n s in automatic 
assembly when p a r t i c u l a r pa r ts need to be 
searched f o r . 

R.J . Popplestone, C M . Brown, A.P. Ambler, 
and G.F. Crawford (1975): "Forming Models 
of P lane-and-Cyl inder Faceted Bodies from 
L i g h t S t r i p e s . " Proc 4 th I JCAI , T b l i s i . 

A. Rosenfe ld , R.A. Hummel, and S.W. Zucker 
(1975) : "Scene L a b e l l i n g by Relaxat ion 
Opera t i ons . " Technica l Report 379, Computer 
Science Cent re , U n i v e r s i t y of Maryland. 

J.M. Tenenbaum and H.G. Barrow (1976b): 
"Experiments in I n t e r p r e t a t i o n Guided 
Segmentat ion." SRI Technica l Note 123. 

D.L. Waltz (1972): "Generat ing Semantic 
Desc r ip t i ons from Drawings of Scenes w i t h 
Shadows." Ph.D. Thes is , AI Lab Report 
TR 271 , MIT. 

Y. Yakimovsky and J .A. Feldman (1973): 
"A Semantic-Based Dec is ion Theory Region 
Ana lyse r . " Proc 3rd I JCAI , Stanford 
U n i v e r s i t y . 

C l e a r l y , the method is h i gh l y dependent on the 
amount of i n fo rma t i on a v a i l a b l e . The more 
c o n t r a i n t s tha t can be a p p l i e d , the fewer 
ambigu i t ies w i l l r e s u l t . The e f f i c i e n c y i s 
a f u n c t i o n both of the number and type of 
c o n s t r a i n t s , and of the way they are represented. 
I t can be con jectured t h a t , g iven s u f f i c i e n t 
i n f o r m a t i o n , there would be no need f o r any 
search. 
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