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ABSTRACT 

A physically-based  simulation model f o r  a sonar  
navigat ion sys t em i s  d e s c r i b e d ,   i n  which t h e  
r e f l ec t ing   e l emen t s   cons i s t   o f   wa l l s ,   co rne r s  
and  edges  arranged i n  a f loor   p lan .  When t h e  
t ransducer  is o p e r a t i n g   i n   t h e   p u l s e l e c h o  mode, 
e a c h   e l e m e n t   t h a t   f a l l s   i n   t h e   t r a n s d u c e r  
f i e ld -o f -v i ew  con t r ibu te s   t o   t he   r e f l ec t ed   s igna l  
through its impulse  response. The f l o o r   p l a n  i s  
represented as a two-dimensional   gr id   of   vis ibels ,  
t h a t   i n d i c a t e  which  e lements   are   vis ible  from a 
p a r t i c u l a r   l o c a t i o n .  A v i s i b e l  i s  represented by 
a word i n  computer memory, each   b i t   o f  which i s  
as s igned   t o  a par t icu lar   e lement   (corner ,  wall o r  
edge) i n   t h e   f l o o r   p l a n .  The advantage   o f   th i s  
conceptually  simple  approach is t h a t  i t  a l lows   the  
t r ansduce r   t o  move th rough   t he   f l oo r   p l an   e f f i -  
c i e n t l y .   T h i s   e f f i c i e n c y   r e s u l t s   b e c a u s e   t h e  
v i s i b e l   v a l u e s   a r e  se t  p r i o r   t o   s i g n a l   g e n e r a t i o n ,  
thus  a l lowing a va r i e ty   o f   t r ansduce r   t ypes  o r  
t r a n s d u c e r   l o c a t i o n s   t o  be  examined  quickly. 
Examples of   s imulated  sonar  maps us ing   t he  
t ime-of-f l ight   ranging  system  are  shown f o r  two 
f loo r   p l ans ,  one  simple  and  the  second more 
complicated. The s imula t ions  are v e r i f i e d  by 
comparing them wi th   ac tua l   sonar  maps obtained 
with  the  Polaroid  sensor .  

INTRODUCTION 

Acoustic  sensors  provide  an  inexpensive means f o r  
determining  the  proximity of  o b j e c t s  and a r e  
commonly used  for  implementing  sonar  systems 
for   mobile   robot   navigat ion t1.2.31. One  common 
implementation i s  the  system, 
which  has  been  inexpensively  packaged by t h e  
Polaroid  Corporation [41. An important  consider- 
a t ion   involv ing   cur ren t   sonar   sys tems i s  t h a t   t h e  
observed  waveforms are complex  and r e q u i r e  some 
assumptions  to be i n t e r p r e t e d .  One se t   o f   such  
assumptions may be  a s   fo l lows :  1) i f  a TOF reading  
i s  produced,  then  an  object  must l i e   a l o n g   t h e  
t ransducer   l ine-of-s ight   a t   that   range,   and 2) if 
an   ob jec t  is  present   a long  the  t ransducer   l ine-of-  
s igh t .   t hen  a TOF reading w i l l  be  produced. We 
i l l u s t r a t e   i n   t h i s   p a p e r   t h a t   t h e   v a l i d i t y   o f  
these  assumptions i s  r e a s o n a b l e   i n  some cases   bu t ,  
more o f t en ,   t hey   a r e   i nappropr i a t e .  The conse- 
quences i n   t h e   l a t t e r   c a s e   i n c l u d e   t h e   p r e s e n c e   o f  
a r t i f a c t s   i n   s o n a r  maps and the  absence of a c t u a l  
o b s t a c l e s   i n   r o b o t   n a v i g a t i o n   a p p l i c a t i o n s .  
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To provide a better understanding  of  sonar 
ranging, we implemented a s imula t ion  model 
t h a t  i s  based  on  the  physical   principles  of  sound 
propagation.  Such a model has   three  important  
a p p l i c a t i o n s .  First, t h e  model s h o u l d   a s s i s t   i n  
the   in te rpre ta t ion   o f   observed  TOF readings,  
l e a d i n g   t o  improved  sonar maps. Second, by 
i l l u s t r a t i n g   t h e   v a r i o u s   f a c t o r s   t h a t   c o n t r i b u t e  
to   the   observed   sonar   s igna l ,   ins ights   can  be 
obtained  toward  achieving a more accu ra t e   so lu t ion  
t o   t h e   i n v e r s e  problem,  than  that   offered by t h e  
TOF implementation. The t h i r d   a p p l i c a t i o n  is t h a t  
t h i s  model may prove  useful fo r  developing 
navigat ion  concepts   without   the  need  for  much 
tedious  experimentation  with  robot  hardware.  

I n   t h e   n e x t   s e c t i o n ,  we rev iew  the   p r inc ip les  o f  
TOF ranging   sys tems.   In   sec t ion  3, a s i m p l e  
p h y s i c a l   i n t e r p r e t a t i o n   f o r   t h e   r e f l e c t i o n   p r o c e s s  
from  smooth s u r f a c e s  is p resen ted   and   app l i ed   t o  
the   r e f l ec t ions   f rom walls, corners   and  edges.   In  
s e c t i o n  4, we desc r ibe   an   e f f i c i en t   p rocedure   t o  
r ep resen t   t hese   e l emen t s   i n  a f loor   p lan .  
Simulated  sonar maps a r e  compared t o   a c t u a l   d a t a  
i n   s e c t i o n  5. 

CURRENT ULTRASOUND R A N G I N G  SYSTEMS 

Most ul t rasound  ranging  systems  current ly  employ a 
s i n g l e   a c o u s t i c   t r a n s d u c e r   t h a t   a c t s  as both a 
t r a n s m i t t e r  and r e c e i v e r  [SI. After   the  t ransmit-  
t ed   pu lse   encounters   an   ob jec t ,   an   echo  i s  
de tec ted  by t h e  same t r a n s d u c e r   a c t i n g   a s  a 
r e c e i v e r .  An example o f  a typ ica l   echo  is 
shown i n  Fig.  1. A conventional  time-of-fliKht 
(TOF) system produces a range  value  corresponding 
to  the  t ime  the  echo  amplitude  exceeds a threshold  
l eve l .   Th i s  i s  shown t o   o c c u r   a t  time t=to i n  
Fig. 1. Time-control led  gain  amplif iers   are  
commonly employed t o  compensate for   the   spreading  
l o s s  due t o   d i f f r a c t i o n  and a t t e n u a t i o n   i n   a i r  
[SI. Hence, the   re f lec t ion   ampl i tude   can  be 
considered  to  be  independent  of  range. 

A range  measurement zo i s  obtained  from  the 
round-trip  time-of-flight by the   fo l lowing  
formula 

zo = c t o / 2  (1) 

where c is the  speed  of  sound i n  a i r  (343 m/s a t  
room temperature) .  A sonar  map i s  generated by 
placing a dot  a t  t h e  measured  range  along  the 
t ransducer   l ine-of-s ight .  The t ransducer  is then 
Yo ta t ed   t o  a new angle ,   another   pulse  i s  t rans-  
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' Figure 1. Observed  echo  waveform. 

mitted and  the  process i s  repeated.  When t h e  
t ransducer  is ro ta t ed   abou t  a s t a t i o n a r y   p o i n t   t o  
take TOF readings a t  constant  increments i n   a n g l e ,  
t h e  r e s u l t i n g  map i s  c a l l e d  a s e c t o r   s c a n  [51. An 
equiva len t  map i s  produced when, i n s t ead   o f  
ro t a t ing   t he   t r ansduce r ,   mu l t ip l e   t r ansduce r s  
mounted i n  a r i n g  are employed [ll. 

PHYSICALLY-BASED MODEL OF THE REFLECTION  PROCESS 

I n  t h i s  s e c t i o n ,  we present  a physically-based 
model tha t  describes t h e   r e f l e c t i o n   p r o c e s s  from 
smooth  planes t ha t  a c t  l i k e  mirrors.  Such 
specu la r   r e f l ec to r s   a l l ow  the   t r ansmi t t e r l r ece ive r  
t r ansduce r   t o  be  broken  up i n t o  a s e p a r a t e  
t ransmi t te r   and  a v i r t u a l   r e c e i v e r .  We then  
consider  the s igna l s   s ca t t e r ed   f rom t h e  three 
components,  corners.  gdges  and w_alls, t h a t  
populate  our Cm world. Walls a re   s imple   p lanes ,  
while  corners   and  edges  are   located a t  t h e  
in t e r sec t ions   o f   p l anes ,   a s  shown i n  Fig.  2. 

wall corner  edge 

Figure  2.  Elements i n  CEW world. 

Corners   a re  l i k e  w a l l s   i n  t ha t  they  produce 
r e f l e c t i o n s ,  w h i l e  edges  produce  diffracted 
s i g n a l s  t ha t  are de tec ted  a t  the  r e c e i v e r .  
These two cases a r e  treated s e p a r a t e l y .  To 
determine the i n t e r a c t i o n ,  or a c o u s t i c   s i n n a t u r e ,  
of  each  of  these  elements,  we cons ider   the  
impulse  response  approach, i n  which the s i g n a l  
produced by the t r a n s m i t t e r  is  an  impulsive  plane 
wave and t h e  response is the  s i g n a l   s c a t t e r e d  by 
t h e  element  and detected a t  the  r e c e i v e r  [61. The 
s ignals   observed by an   ac tua l   t r ansduce r  are then 
e q u a l   t o  t h e  convolut ion  of  t h i s  impulse  response 
and t h e  pulse  waveform, a n  example  of  which was 
shown i n  Fig. 1. 

Impulse  responses   of   corners   and walls. The 
r e f l ec t ed   s igna l s   de t ec t ed   f rom walls and  corners 
are s p e c u l a r   i n   t h a t  t h e  angle   o f  t h e  r e f l e c t e d  
wave with r e s p e c t   t o   t h e  normal i s  e q u a l   t o  the 
ang le   o f   i nc iden t  wave.  Under t h i s  condi t ion ,   the  
t r a n s m i t t e r l r e c e i v e r  TIR can be broken  up i n t o  a 
t r ansmi t t i ng   t r ansduce r  T and a v i r t u a l   r e c e i v e r  
R ' ,  as  shown i n   F i g .  3 .  The o r i e n t a t i o n   o f  

\ 
corner 

\ 

/ 
/ 

/ 
f f  / 

/ 
Figure 3 .  Mirror  model  of wall and  corner. 

t h e  v i r t u a l   r e c e i v e r   w i t h   r e s p e c t   t o   t h e   t r a n s m i t -  
ter can be determined by t r ac ing   r ays   f rom t h e  
edges of  the  t ransducer  [61. For the plane, we 
def ine  t h e  d e v i a t i o n  from  normal  incidence as t h e  
inc l ina t ion   ann le ,   deno ted  by 8. For the   corner ,  
9 is the angle  of t h e  l i n e  from the   cen te r   o f  t h e  
t r ansduce r   t o  t h e  po in t   de f in ing  t h e  corner   wi th  
r e spec t   t o   t he   t r ansduce r   l i ne -o f - s igh t .  For the  
co rne r ,   t he   i nc l ina t ion   ang le   o f  t h e  v i r t u a l  
r e c e i v e r  has t h e  same magnitude  but t h e  oppos i te  
s i g n   o f  t ha t  f o r  the plane. 

In   the  impulse  response  formulat ion,   the   t rans-  
mi t ted  s i g n a l  i s  an   impuls ive   p lane  wave. I n  
t h e  de t ec t ion   p rocess ,  t h i s  plane wave sweeps 
a c r o s s  t h e  r ece ive r   ape r tu re .  A t  normal i n c i -  
dence, o r  8=0, t h i s  occurs   ins tan taneous ly .   For  
off-normal  incidence, or 8#0, t h e  time f o r  the 
plane wave t o   t r a v e r s e  t h e  a p e r t u r e  i s  f i n i t e  and 
i n c r e a s e s  w i t h  the magnitude  of 8. For a c i r c u l a r  
aper ture ,   the   impulse  response,   denoted by 
h ( t , z , a , 8 ) ,   h a s  a c losed   ana ly t ic   form [61 equal  
t o  

h ( t , z . a , 9 )  = 2 c cos8 (1 - ( ~ t - 2 2 ) ~ ) ~ ' ~  , ( 2 )  
n a sin181 

for  -n/2<eQ~n/2. 9#0. and 
for  22-asin8 < t <2z+asinG 

C C 

= S( t -2z Ic ) .   f o r  8=0, 
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where a i s  the   r ad ius   o f   t he   ape r tu re  and 6 ( t )  is 
the   D i rac   de l t a   func t ion .  The cos8 term arises 
because  the  transducer is s e n s i t i v e   o n l y   t o   t h e  
normally-incident  pressure component. 

From ( 2 ) ,  we note   that   the   form  of   the  response 
does  not  depend  on  the  sign  of  the  inclination 
angle  8. Since   the  model f o r   t h e   c o r n e r   d i f f e r s  
f rom  that   of   the  wall i n  only   the   s ign   of  8, t h e  
two cannot   be   d i f fe ren t ia ted   f rom  the   re f lec ted  
s igna l .   Th i s  is t r u e  when the   t r ansduce r   ape r tu re  
is symmetr ic   about   the  axis   of   rotat ion,  as i s  the  
c a s e   f o r   t h e   c i r c u l a r   a p e r t u r e ,  The consequence 
o f   t h i s   s t a t emen t  i s  i l l u s t r a t e d   i n   t h e   s o n a r  maps 
generated below. A method t o   d i f f e r e n t i a t e   w a l l s  
from  corners by using two t ransducers  is descr ibed 
i n   r e f e r e n c e  [71. 

By r e c i p r o c i t y ,   t h e   t r a n s m i t t e r ,  when e x c i t e d  by 
an  impulse,   a lso  has   the same impulse  response  as 
t h e   r e c e i v e r .  Hence, the  impulse  response  of 
t h e   t r a n s m i t t e r / r e c e i v e r   p a i r ,   h T I R ( t , z . a , 8 ) ,  i s  
equal   to   the  convolut ion  of   the two impulse 
responses   g iven   in   (21 ,  o r  

from  an  edge i s  more complicated  that   those  from 
the  wal l   and  corner .  When a plane wave is 
i n c i d e n t  on t h e   l i n e   d e f i n i n g   t h e   e d g e ,   t h e   s i g n a l  
t h a t  i s  de tec ted  by the   r ece ive r  i s  from t h e  
d i f f r a c t e d   s i g n a l .   T h i s   s i g n a l  i s  a c y l i n d r i c a l  
wave t h a t   a p p e a r s   t o   o r i g i n a t e   a t   t h e   e d g e  
l o c a t i o n ,  as shown i n   F i g .  5 .  

cylindrical wave 

(2z+asin8) IC Figure 5 .  Model of  the  edge. 

(2z-asin8)   /c  We u s e   t h e   r e s u l t s  from  acoustics [81 t h a t  
1 h(p,z.a,B)  h(t-p,z.a,B) dB. ( 3 )  

d e s c r i b e   t h e   d i f f r a c t e d   s i g n a l  from a knife   edge 
to  approximate  the  impulse  response  of  the  edge, 

The family  of   these T / R  impulse  responses  with 8 denoted by h g ( t , z , a , 8 , h ) .  The r e s u l t  is given by 
a s  a parameter i s  shown i n  Fig. 4 .  

hT/R(t,Z.a,8) 
h g ( t , z , a , e , k )  = ( 4 )  

amplilude 

t 
2n(z ln)1 /2  

0 
IO - 

t 
0 PS 
Figure 4 .  T/R impulse  responses  (a=20 mm). 

The importance  of  the  above  result  i s  t h a t   t h e  
impulse  response is g i v e n   i n  a c losed   ana ly t i c  
form t h a t   c a n  be e v a l u a t e d   e f f i c i e n t l y .  The 
s tandard method f o r   d o i n g   t h i s  employs t h e  
Huygen’s pr inciple   argument   of   breaking  the 
t r a n s m i t t e r  and r e c e i v e r   a p e r t u r e s  
i n t o  small elements  and  computing  the  interacti  
between a l l  poss ib l e   pa i r s .  

.on 

ImDulse resDonse of an  edae.  The s i g n a l   s c a t t e r e d  

ongle I 
e 

- time 1 
where  h=c/fR, i s  the  wavelength  of   the  acoust ic  
wave and f R  i s  the  resonant   f requency  of   the 
t ransducer  [ 6 l .  The magnitude  factor 2 n ( ~ / h ) - ~ / ~  
ind ica tes   the   ampl i tude   o f   the   s igna l   sca t te red  
f r o m   t h e   e d g e   r e l a t i v e   t o   t h a t   o f   t h e   r e f l e c t i o n  
from a corner  or wall. Otherwise,  the  form of 
this   impulse  response i s  i d e n t i c a l   t o   t h a t   f o r   t h e  
wall   and  corner.  

Generatina a TOF d o t .  Equipped  with  the  impulse 
responses  described  above, we can  form a f loor  
plan  comprised  of  these  elements  and  si tuate a 
t ransducer  a t  any l o c a t i o n   w i t h i n   t h e   i n t e r i o r  
space.  The total   response  observed by t h e  
t ransducer  i s  then   equa l   t o   t he  sum of   the 
responses  of a l l  the   e lements   tha t  are wi th in   the  
f ie ld-of -v iew  of   the   t ransducer ,   equa l   to  +_goo 

75 wi th   r e spec t   t o   t he   l i ne -o f - s igh t .  The procedure 
to   genera te  a TOF range  dot i n  a sonar  map i s  
i l l u s t r a t e d   i n   F i g .  6 .  I n   F i g .  6 ,  the   t ransmi t -  
t e r / r e c e i v e r  i s  shown with i ts  l ine-of-s ight  
i n d i c a t e d  as a dashed   l ine .  The f ive   e lements  
t ha t   p roduce   de t ec t ab le   r e f l ec t ions   a r e  numbered. 
A l l  corners   and   edges   ly ing   wi th in  +_90° of   the 
l ine-of-s ight  will produce   de t ec t ab le   r e f l ec t ions ,  
while  walls i n   t h i s   s p a c e  must  have a s e c t i o n   t h a t  
is normal ly   inc ident   to   the   t ransducer .  Each  of 
t hese   r e f l ec t ing   e l emen t s   gene ra t e s  its own 
impulse  response, whose time p o s i t i o n  i s  deter-  
mined by i ts  range  from  the  transducer  and its 
amplitude i s  determined by its angle  of 

-4 

1918 



amplitude 

1 i 
, I t i r n e  ,,p ~ A total impulse  response 

......................................................... ................................ ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I .... -60 dB threshold level 

Figure 6 .  Process   to   genera te  TOF dot .  

i n c l i n a t i o n  8. For an  edge, t h e  range   a l so  
affects the amplitude  of t h e  r e f l e c t i o n ,  as 
g iven  by ( 4 ) .  The total   impulse  response i s  
simply t h e  sum of these indiv idua l   responses   and  
i s  shown i n   F i g .  6. The waveform observed a t   t h e  
ou tpu t   o f   t he   r ece ive r  i s  obtained by convolving 
the   to ta l   impulse   response  w i t h  the  pulse  wave- 
form, The r e s u l t  is shown i n  F ig .  6 .  A TOF 
range  value is  determined  from the time t h a t  the  
de tec ted   s igna l   exceeds  the threshold  value,  which 
i n  the f i g u r e  is set a t  -60 dB r e l a t i v e   t o  the  
amplitude  of a wall r e f l e c t i o n   a t  normal i n c i -  
dence. The TOF dot  is placed a t  the   appropr ia te  
range  a long  the  t ransducer   l ine-of-s ight  as shown 
i n   F i g .  6 .  I n  t h e  case shown i n  t h e  f i g u r e ,   t h e  
s i g n a l   r e f l e c t e d  from t h e  corner ,  marked 5 ,  
exceeds the threshold.  By placing t h e  dot  along 
the  l ine-of-s ight ,  i t  i s  s i t u a t e d   o u t s i d e  t h e  
space  of  t h e  f loor   p lan .  T h i s  i l l u s t r a t e s  t h e  
problems  mentioned  earlier:  1) there i s  no 
phys ica l   ob jec t  a t  the do t   l oca t ion ,  and 2 )  t h e  
wall marked 2,  t h a t  l ies  along  the  path,  is not 
detected. 

It may be d e s i r a b l e   t o  move the   t ransducer  
around t h e  i n t e r i o r   s p a c e ,  as w i t h  a vehicu lar  
robot ,  o r  t o  examine the f loo r   p l an   f rom  d i f f e ren t  
i n t e r i o r   p o i n t s .  To do t h i s  e f f i c i e n t l y ,  we code 
t h e   f l o o r   p l a n   i n  terms of  t h e  elements t ha t  are 
v i s i b l e  from  any i n t e r i o r   p o i n t ,  as d e s c r i b e d   i n  
the   nex t   s ec t ion .  

CODING THE FLOOR PLAN WITH VISIBELS 

We propose t o  code t h e  f l o o r   p l a n   t o   i n d i c a t e  
which r e f l ec t ing   e l emen t s   (wa l l s ,   co rne r s  and 
e d g e s )   a r e   v i s i b l e  from  any i n t e r i o r   p o s i t i o n .   I n  
our  coding  procedure, t h e  f loo r   p l an  i s  repre- 
s e n t e d   a s  a two dimensional   gr id ,   each member o f  
which i s  represented  by a p o s i t i v e   i n t e g e r ,   c a l l e d  
a v i s i b e l .  Each b i t   o f  t h e  integer   corresponds t o  
a p a r t i c u l a r   e l e m e n t   i n  the f loor   p lan ,   and  i s  
e q u a l   t o  1, i f  the element i s  v i s i b l e  by the  
transducer  from tha t  p o s i t i o n   i n  t h e  f l o o r   p l a n ,  
or i s  e q u a l   t o  0 otherwise.  The members o f  t h e  
g r i d  on the boundary  of t h e  f loo r  p lan ,   def ined  by 
t h e  wa l l s   enc los ing  t h e  i n t e r i o r   s p a c e ,   a r e  set t o  
-1. 

The qua l i ty   o f   be ing   v i s ib le   depends   on  the 
par t icu lar   e lement .  A wall i s  de tec ted   on ly  
by t h e  r e f l e c t i o n  tha t  bounces d i r e c t l y  back t o  
the transducer.  Hence, for a wall t o  be v i s i b l e ,  
t h e  t ransducer   loca t ion   wi th in  t h e  space must 
have  an  unobstructed  l ine-of-sight t ha t  is 
perpendicular   to  some s e c t i o n   o f  t h e  wal l .  For 
corners  and  edges t o  be v i s i b l e ,  t h e  t ransducer  
must  have  an  unobstructed  l ine-of-sight  to t h e  
po in t   o f   i n t e r sec t ion  between the p l anes   de f in ing  
t h e  e lement .   In  CEW world, i t  is an   edge   t ha t  
blocks t h e  v i s ib i l i t y   o f   ano the r   e l emen t .  

The va lues  of a l l   t h e   v i s i b e l s   c o v e r i n g  the  
i n t e r i o r   s p a c e  are computed by exhaus t ive ly  
checking t h e  v i s i b i l i t y   o f  each element a t  every 
g r i d   l o c a t i o n .  T h i s  opera t ion  i s  performed a s   a n  
i n i t i a l i z a t i o n   s t e p   i n  t h e  simulation,  immediately 
af ter  the  f l o o r   p l a n  i s  s p e c i f i e d .  The s i g n a l  
generation  phase  of the  s imula t ion  i s  then  not 
burdened by determining the path  of t h e  r e f l e c t e d  
s i g n a l s .  

A r e g i o n   i n  the f l o o r   p l a n  from  which a p a r t i c u l a r  
element is n o t   v i s i b l e  i s  c a l l e d  i ts  shadow. 
Examples of  shadow regions  are shown i n  Fig. I. 
I n   t h e  shadow region   of  a par t icu lar   e lement ,  the 
cor responding   v i s ibe l  b i t  value i s  zero.  

Shadow reg ions   fo r  a wall are  produced by edges 
t h a t  block the perpendicular   project ion.  Those f o r  
a edge  and a corner   are   produced by other   edges 
that  o b s t r u c t  t he i r  d i r ec t   l i ne -o f - s igh t  by the  
t ransducer .  The v i s i b l e   r e g i o n   f o r  a wal l  i s  
found by p r o j e c t i n g  i t  i n t o  the  in t e r io r   space   and  
reducing the width of   the   p ro jec t ion   monotonica l ly  
a s   a n   o b s t r u c t i n g  edge i s  encountered. The 
boundary  of the shadow reg ion   fo r  a corner  is 
defined by t h e  l ine   connec t ing  t h e  c o r n e r   t o   t h e  
blocking  edge.  Unlike a corner ,  which can be 
viewed  from  only  one  quadrant,  an edge can be 
viewed  from three. The shadow region  for an  edge 
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i s  most ea s i ly   gene ra t ed  by apply ing   the   corner  
shadow algori thm  to   the  three  quadrants   of   view.  
The shadow regions  are determined by assuming  the 
t r ansduce r   ape r tu re   r ad ius   t o  be  zero.   This  i s  
r e a s o n a b l e   i f   t h e  room dimensions  are   large 
compared to   t hose   o f   t he   t r ansduce r ,  which i s  
almost  always  the  case i n   p r a c t i c e .  

Having s e t   t h e   v a l u e s   o f   t h e   v i s i b e l s ,   t h e  
transducer  can be pos i t ioned  anywhere i n  t h e  
in t e r io r   space   and   t he  sum of   the  impulse 
r e sponses   f rom  a l l   t he   v i s ib l e   e l emen t s   l y ing  
wi th in   the   t ransducer   f ie ld-of -v iew  cont r ibu te   to  
t he   de t ec t ed   s igna l   can  be  determined.  In  the 
next   sec t ion ,  two examples  of  the  sonar maps 
produced  with  our  model will be presented.  

SIMULATED  SONAR  MAPS 

I n   t h i s   s e c t i o n ,  we present   sonar  maps t h a t  were 
generated  with  our  model. When we in t roduce   t he  
t r ansduce r   i n to   t he  CEW world, we o b t a i n   t h e  CEWT 
model. The parameters  of  the CEWT model a re   g iven  
i n  Table 1. 

Table 1. CEWT Model Parameters 

maximum f loor   p lan   a rea   1 .28  x 1.28 m 

g r i d   s i z e   1 2 8  x 128 

element  and  transducer 
l o c a t i o n   r e s o l u t i o n  1 cm 

sampling rate (fs) 1 MHz 

range   reso lu t ion  
(sonic   speed/2fs)  0.17 mm 

Polaroid  transducer  parameters:  

resonant  frequency 62 kHz 
bandwidth 

( f u l l   w i d t h   h a l f  max) 20 kHz 
ape r tu re   r ad ius  2 cm 

To i n d i c a t e   t h e   f l e x i b i l i t y   o f   t h e   m o d e l ,  we a l s o  
i l l u s t r a t e   t h e   e f f e c t   o f   v a r y i n g   t h e   t h r e s h o l d  
leve l .   Sonar  maps were genera ted   wi th   the  
t h r e s h o l d   l e v e l   s e t   a t  -20 dB, r e l a t i v e   t o   t h e  
amplitude  observed  from a normally  incident  wall. 
These are compared t o   s o n a r  maps having  the 
more sens i t i ve   t h re sho ld   va lue   equa l   t o  -40 dB. 
Most current  sonar  systems  operate  between  these 
two va lues .  

A f l oo r   p l an  is s p e c i f i e d  by p lac ing   corners ,  
walls and  edges a t  a set o f   l o c a t i o n s   i n   t h e   g r i d  
def in ing   the   space ,   and   the   sonar  map i s  generated 
by r o t a t i n g   t h e   t r a n s d u c e r   i n  a comple te   c i rc le  
and t a k i n g  TOF readings  every 2'. We consider  two 
f loor   p lans ,   des igna ted  CEWO and CEW1. CEWO i s  
t h e  s i m p l e  c a s e   t h a t   s e r v e s   t o   i l l u s t r a t e   t h e  
s t e p s   i n   s o n a r  map generation  and i s  compared 
t o   a n   a c t u a l   s o n a r  map. CEWl i s  more complicated 
and illustrates some of the   sub t l e   f ea tu re s   o f  
sonar  map i n t e r p r e t a t i o n .  Figure I .  Shadows f o r   w a l l  W ,  corner C and  edge E .  
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CEWO Map. The CEWO sonar  map i s  shown i n  Fig.  8. 
The dashed   l i nes   i nd ica t e   t he   t rue   f l oo r   p l an  and 
t h e   t r a n s d u c e r l r e c e i v e r   l o c a t i o n  is denoted by t h e  
dot  T / R  near   the  center   of   the   space.  To v e r i f y  
the  s imulat ion  model ,   actual   sonar  maps produced 
with  the  Polaroid  sensor   and  using  threshold 
va lues   o f  -20 dB and -39 dB are shown i n  Fig.  9. 

The fol lowing  points   f rom  the  sonar  maps are 
noteworthy: 

1) The equivalence  of  a wall and corner  i s  
evident   f rom  the   ident ica l  TOF dot   pa t te rns  
that   each  produces.  

2)  The beam width  of   the  t ransducer   can be def ined  
as the   r ange   o f   i nc l ina t ion   ang le s   ove r  which a 
r e f l ec t ing   e l emen t   gene ra t e s  a s i g n a l  above t h e  
th re sho ld   l eve l .  Note t h a t   t h e  beam width a t  
t h e  -20 dB th re sho ld   l eve l  i s  26' and   i nc reases   t o  
512' a t  t h e  -40 dB l e v e l .  Hence, t h e r e  is a 
t radeoff   between  resolut ion (beam width)  and 
s e n s i t i v i t y   ( t h r e s h o l d   l e v e l ) .  

3 )  The edge is n o t   v i s i b l e  a t  t h e  -20 dB threshold  
l eve l ,   bu t  becomes v i s i b l e  a t  the  more s e n s i t i v e  
-40 dB th re sho ld   l eve l .  

I n   a d d i t i o n   t o   t h e   p a t t e r n s   p r e d i c t e d  by t h e  
model ,   the   actual   sonar  map a l s o  shows t h e  
p re sence   o f   mu l t ip l e   r e f l ec t ion   a r t i f ac t s   t 51 ,  
labeled m n  i n  Fig.  9. The d a s h e d   l i n e   i n  
Fig.  9 shows the   pa th   o f   t he   s igna l  tha t  is 
d e f l e c t e d  by t h e  wall and r e f l e c t e d  by the   co rne r ,  
to  produce  the  topmost m.r. a r t i f a c t .  The dot 
produced by the   de t ec t ed   s igna l  is, of   course,  
p laced   a t   the   appropr ia te   range   a long   the   t rans-  
ducer   l ine-of-s ight ,   thus   indicat ing a s t r u c t u r e  
where none ac tua l ly   ex i s t s .   Add i t iona l   mu l t ip l e  
r e f l e c t i o n  ar t i facts  a l s o   e x i s t ,   b u t  are not shown 
i n   t h e   f i g u r e   b e c a u s e   t h e y  l i e  a t  ranges t h a t  
exceed  the  capaci ty   of   our   analog-to-digi ta l  
conver te r  memoay. These a r t i f a c t s   a r e   n o t  
generated by our  model,  which  considers  only 
p r i m a r y   r e f l e c t i o n s ,   s i n c e   t h e i r   i n c l u s i o n  would 
greatly  complicate  the  model.  Our model does, 
however, accu ra t e ly   p red ic t   t he   behav io r   o f   t he  
p r imary   r e f l ec to r s ,  when they   a re   de tec ted .  

The sonar  maps i n d i c a t e   t h e   d i f f i c u l t y   o f   d o i n g  
t h e   i n v e r s e  D r O b l e m ,  or determining  the  t rue 
f loor   p lan   f rom  the  TOF do t   pa t t e rn .  The i n v e r s e  
problem  has  not  yet  found a su i tab le   answer ,  
a l though  the  way t o   t h e   s o l u t i o n  may be guided by 
these   s imu la t ion   r e su l t s .  

CEWl Map. The r e s u l t s   o f   s c a n n i n g  CEWl are 
shown i n   F i g .   1 0 .  The same observat ions made 
above are a l s o   t r u e   h e r e ,   b u t   a n   a d d i t i o n a l  effect 
is a l so   ev iden t   he re .  The TOF sys tem  re turns   the  
range o f  t h e  first de tec t ed   s igna l   t ha t   exceeds  
t h e   t h r e s h o l d   l e v e l .  Hence, i t  is poss ib l e   t ha t  
much l a r g e r  reflected s i g n a l s   o c c u r r i n g  a t  l a te r  
times are n o t   d e t e c t e d .   T h i s   r e s u l t s  is a 
s h i e l d i n g   o f  some o f   t he  more remote  elements by 
those more proximal.  These are i l l u s t r a t e d  by t h e  
r e f l e c t i o n s  from  corner i n   t h e   l o w e r  l e f t  o f   t he  
CEWl f l o o r   p l a n ,  t h a t  i s  shielded  temporar i ly  by 
the  edge  lying  between i t  and t h e  t ransducer .  

Because the  amplitude  of a r e f l e c t i o n   d e c r e a s e s  as 
the   t r ansduce r  i s  r o t a t e d  away f rom  the   r e f l ec t ing  
element,   the  edge  dots  disappear  and the corner  
dots   reappear .   These  corner   dots  are i so l a t ed   and  
can be in t e rp re t ed   a s   r ep resen t ing   ano the r  
e lement .   This   i l lus t ra tes   the   confus ion  w i t h  the  
c u r r e n t   i n t e r p r e t a t i o n   o f   s o n a r  maps. 

SUMMARY AND CONCLUSIONS 

This  paper  has  described a s imula t ion  model f o r  
genera t ing   sonar  maps t h a t  i s  based on t h e  
phys ica l   p r inc ip l e s   o f  sound  propagation. The 
simulation  considered a simple  world model 
populated by r e f l ec t ing   e l emen t s   cons i s t ing   o f  
corners ,  edges or walls, and the  t ime-of-fl ight 
(TOF) system  for   range  detect ion.  An impulse 
response  formulation was employed to   de te rmine   the  
TOF reading  when mul t ip l e   r e f l ec t ing   e l emen t s  are 
in   t he   t r ansduce r   f i e ld -o f -v i ew.  To make t h i s  
d e t e r m i n a t i o n   e f f i c i e n t ,   t h e   f l o o r   p l a n  was coded 
i n  terms o f   v i s i b e l s .   t h a t   i n d i c a t e  which  elements 
are cand ida te s   fo r   p roduc ing   r e f l ec t ions .  The 
sonar  maps o f  two f l o o r   p l a n s  were g e n e r a t e d   t o  
i l lus t ra te  t h e   s u b t l e   f e a t u r e s   i n   s o n a r  map 
i n t e r p r e t a t i o n .  Comparisons  with  actual  sonar 
maps v e r i f i e d   t h e   v a l i d i t y   o f   t h e  model. The 
in t e re s t ing   po in t s   b rough t   ou t  by t h e  model 
inc lude  : 

1) From a s i n n l e  reflected s i g n a l .  i t  i s  impos- 
s i b l e  to   d i f f e ren t i a t e   co rne r s ,   edges   and   wa l l s ,  
s ince   t he   fo rms   o f   t he i r   impu l se   r e sponses  are 
i d e n t i c a l .  

2)   Using  the signals from a sec to r   s can ,  time-of- 
f l i g h t   d o t s  form a r c s   i n   t h e  map, s ince   t he   do t  i s  
placed  a long  the  t ransducer   l ine-of-s ight ,   whi le  
t h e   d i s t a n c e   f r o m   t h e   t r a n s d u c e r   t o   t h e   r e f l e c t i n g  
element is cons tan t .  The l e n g t h   o f   t h e   a r c  
co r re sponds   t o   t he   e f f ec t ive  beam width and 
i n c r e a s e s  as the   t h re sho ld   l eve l   dec reases .  
A t  t h e  most s ens i t i ve   t h re sho ld   l eve l   cons ide red  
(-40 dB re la t ive   to   the   ampl i tude   observed   f rom a 
normally  incident  wal l ) ,  t he   e l emen t s   t ha t   a r e  
c lose   t o   t he   t r ansduce r   can   sh i e ld   t hose  a t  
further  ranges  and  cause  confusion i n  t h e  i n t e r -  
p re t a t ion   o f   t he   sona r  map. 
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