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.Abstract:
This paper describes two extensions to the semaphore operators

originally introduced by Dijkstra. These extensions can be used to
reduce: 1) the number of semaphore references; 2) the time spent in
critical sections; and 3) the number of distinct semaphores required
for proper synchronization without greatly increasing the time required
for semaphore operations. Communicating semaphores may be utilized not
only for synchronization but also for message switching, resource alloca-
tion from pools and as general queueing mechanisms.
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I n t r o d u c t i o n

T h e  i n t r o d u c t i o n  o f  s e m a p h o r e  o p e r a t i o n s  b y  Dijkstra(1)  in  1965
w a s  m o t i v a t e d  b y  t h e  n e c e s s i t y  o f  p r o v i d i n g  f o r  c o r r e c t  i n t e r a c t i o n s
among a set  of  independent asynchronous processes which share data.
For example , i f  a  p r o c e s s  i s  u p d a t i n g  i n f o r m a t i o n  i n  a  c o m m o n  t a b l e ,
t h e r e  e x i s t  m o m e n t s  w h e n  t h i s  u p d a t i n g  I s  o n l y  p a r t i a l l y  c o m p l e t e d .
I f ,  a t  t h i s  p o i n t  i n  t i m e , another  process  were  to  a t tempt  t o  u p d a t e
thi s common tab1 e, i t  m i g h t  d e s t r o y  t h e  p a r t i a l l y  u p d a t e d  i n f o r m a t i o n
o r  o t h e r w i s e  b e h a v e  i n c o r r e c t l y .

S o m e  fo rm of  coopera t ion  among the  processes  is  requ i red ,  and
D i j k s t r a  c l e a r l y  d e m o n s t r a t e d  t h e  b e n e f i t s  o f  u s i n g  s e m a p h o r e
opera t ions  to  prov ide  the  mutua l  exc lus ion  over  o ther  mechanisms
u t i l i z i n g  t e s t s  o n  s h a r e d  v a r i a b l e s .

F i g u r e  1 . i l l u s t r a t e s  t h i s  u s e  o f  s e m a p h o r e s . T h e  v a r i a b l e
a c c e s s - t a b l e  i s  c o n s i d e r e d  t o  t a k e  o n  i n t e g e r  v a l u e s  a n d  i s
initialized t o  o n e  p r i o r  t o  s t a r t i n g  p r o c e s s  1  a n d  p r o c e s s  2 . The P
o p e r a t i o n , when issued by a process, decreases i ts argument by one and
a l l o w s  t h e  p r o c e s s  t o  c o n t i n u e  e x e c u t i o n  (i.e. a c c e s s e s  t h e  t a b l e )  i f
t h e  r.esult i s  n o n - n e g a t i v e . I f  t h e  r e s u l t  i s  n e g a t i v e ,  t h e  p r o c e s s
i s s u i n g  t h e  P  i s  s u s p e n d e d  u n t i l  t h e  v a l u e  o f  i t s  a r g u m e n t  i s
increased  towards  zero . T h e  V  o p e r a t i o n  a l w a y s  i n c r e a s e s  t h e  v a l u e  o f
i ts  a rgument  by  one  and  can  never  suspend the  process  issu ing  T t. I f
i ts  a rgument  was  or ig ina l ly  negat ive  when the  V  was  issued,  one
s u s p e n d e d  process  wa i t ing  on  th is  semaphore  is  enab led  for  execut ion .
E a c h  o f  t h e s e  o p e r a t i o n s  i s  c o n s i d e r e d  i n d i v i s i b l e ;  t h e r e  i s  a  f o r m  o f
mutual  exclusion within the semaphore mechanism which ensures that  one
s e m a p h o r e  o p e r a t i o n  i s  c o m p l e t e d  p r i o r  t o  i n i t i a t i n g  a  s e c o n d * .

* W e  o b s e r v e  t h a t  t h i s  i s  a  s t r o n g e r  s t a t e m e n t  t h a n
t h a t  w h i c h  i s  a c t u a l l y  r e q u i r e d  f o r  p r o p e r  b e h a v i o r .
We need only insure that  no two semaphore operat ions

e on  the  same semaphore  var iab le  be  in  progress .
There ar ise cases where a number of  semaphore operat ions
s h o u l d  b e  i n  p r o g r e s s ,  e . g . m u l t i p r o c e s s i n g  s i t u a t i o n s ,

.or ( a s  w e  s h a l l  s e e  l a t e r )  i f  o n e  s e m a p h o r e  o p e r a t i o n
- t a k e s  l o n g e r  t h a n  s o m e  ( r e a l - t i m e )  c o n s t r a i n t  p e r m i t s .

What mechanisms are required to implement semaphore operat ions?
T h e  V o p e r a t i o n  r e q u i r e s  l i t t l e  w o r k  i f  i t s  a r g u m e n t  i s  n o n - n e g a t i v e .
But, i f  i t  i s  n e g a t i v e , w e  m u s t  p r o v i d e  f o r  t h e  dequeueing o f  o n e
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e lement  f rom a  l is t  o f  suspended processes  (and  enable  the  running  o f
t h a t  p r o c e s s ) . A lso ,  some mechanism mus t  be provided to return the
now empty queue element to a pool* .

* The  semaphore  opera t ion  I tsei’f need  not  per form
t h i s  t a s k . A  s u p e r v i s o r y  f u n c t i o n  m i g h t  d o  i t ,  b u t
in any case the work must b e  d o n e .

Whenever  the  semaphore  variable becomes negative,  the P operat ion
requi res  the  add i t ion  onto  a  queue  o f  an  e lement  which  has  access  to
t h e  i n f o r m a t i o n  r e q u i r e d  t o  r e s t a r t  t h e  s u s p e n d e d  p r o c e s s . F igure  2
d e m o n s t r a t e s  two  s i tua t ions  which  may  ar ise  f rom P  and  v o p e r a t i o n s .

Producer-Consumer Relationshio

Semaphores  may  be used to synchronize otherwise completely
a s y n c h r o n o u s  p r o c e s s e s  a t  c e r t a i n  p o i n t s  d u r i n g  t h e i r  e x e c u t i o n .  I n
p a r t i c u l a r , a  l a r g e  v a r i e t y  o f  p r o c e s s - p a i r s  w i t h i n  a  s u p e r v i s o r y
system may be viewed as having a producer-consumer relat ionship. The
producer  is  genera t ing  in format ion  a t  some ra te ;  the  consumer
p r o c e s s e s  t h i s  i n f o r m a t i o n  a t  a  r a t e  w h i c h  m a y  b e  f a s t e r  o r  s l o w e r
than  the  producer , but  the  consumer  is  const ra ined  not  to  ge t  “ahead”
o‘f  the producer. The  producer  may  a lso  be  const ra ined  never  to  ge t
more than some number of messages ahead of the consumer*.

* Di jkstra(1)  c r e d i t s  C . S . S h o l t e n  w i t h  d i s c o v e r i n g
th is  use  o f  semaphores  for  bounded buf fer ing .

F i g u r e  3 . i l l u s t r a t e s  t h i s  p r o d u c e r - c o n s u m e r  r e l a t i o n s h i p . *

* The terms “producer” and “consumer“ apply only to
the  re la t ionsh ip  between two processes  and  wi th  resoect
to s o m e  o b j e c t  b e i n g  t r a n s f e r r e d .  O n e  p r o c e s s  i n

iFigure 3  is  producing  f i l led  b u f f e r s  a n d  i s  c o n s u m i n g
e m p t y  o n e s . The  o ther  process  is  produc ing  empty

b u f f e r s  a n d  i s  c o n s u m i n g  f i l l e d  o n e s . This symmetr ical
r e l a t i o n s h i p  i s  n o t  t h e  c a s e  i n  g e n e r a l  a s  l a t e r
examples wi 11 demonstrate. A  s i n g l e  p r o c e s s  i s  o f t e n
a  consumer  w i th  respect  to  a  second process ,  and  a
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. . - p r o d u c e r  w i t h  r e s p e c t  t o  a  t h i r d . -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

. *- We  cont ras t  the  use  o f  semaphores  in  producer -consumer  re la t ions;
i . e . , where  a  process  per forms P  and  V  opera t ions  on  d i f fe rent
semaphores, f rom mutua l  exc lus ion , where the same semaphore  is  used .

There are many other examples of  the producer-consumer
re la t ionship  wi th in  a  mul t iprogramming system. T a b l e  I  l i s t s  a
v a r i e t y  o f  t y p i c a l  c a s e s .

Many-to-one and One - -t o  many Relationshioq

In  a  one- to -one  producer -consumer  re la t ionsh ip ,  semaphores  as
p r e v i o u s l y  d e s c r i b e d ,  g e n e r a l l y  a r e  s u f f i c i e n t  f o r  p r o v i d i n g  p r o p e r
synchroniza t ion  wi thout  requ i r ing  mutua l  exc lus ion  semaphores .
Consider  the  s i tua t ion  shown in  F igure  4  where  a  n u m b e r  o f
producer -consumer  pa i rs  a re  tak ing  buf fe rs  f rom a  common pool . Pal rs
of  processes  (Pl,Cl),  . . ., (Pn,Cn)  are  in  a  one- to -one  producer -consumer
r e l a t i o n s h i p  w i t h  r e s p e c t  t o  i n f o r m a t i o n  i n  t h e  l i n e  b u f f e r  l i s t s .
The processes (Cl , .  .  . Cn) a n d  t h e  p o o l  B  a r e  i n  a  m a n y - t o - o n e
p r o d u c e r - c o n s u m e r  r e l a t i o n s h i p  w i t h  r e s p e c t  t o  b u f f e r s  w h i c h  a r e  n o
l o n g e r  i n  u s e . T h e  p o o l  B  a n d  t h e  p r o c e s s e s  (Pl, . . ., Pn) are in a

I o n e - t o - m a n y  p r o d u c e r - c o n s u m e r  r e l a t i o n s h i p  w i t h  r e s p e c t  t o  b u f f e r s
a v a i l a b l e  f o r  u s e .

The  coord inat ion  requ i red  by  the  producer -consumer  s i tua t ion
d e p i c t e d  i n  F i g u r e  4 . r e q u i r e s  a t  l e a s t  f o u r  t y p e s  o f  s e m a p h o r e s .
O n e  s e m a p h o r e  v a r i a b l e ,  f i l l e d ( i ) ,  s e r v e s  t o  i n d i c a t e  t h e  n u m b e r  o f
f i l l e d  b u f f e r s  i n  t h e  s h a r e d  l i n e  b u f f e r  l i s t  a n d  a  P  o p e r a t i o n  o n  i t
causes  the  ac t iv i ty  o f  the  consumer  to  be  suspended whenever  there  a re
no l ine  buf fers  to  be  p r o c e s s e d . A n o t h e r ,  f r e e , i ndi cates  the number
o f  f r e e  b u f f e r s  i n  t h e  p o o l  a n d  c a u s e s  t h e  o p e r a t i o n  o f  a  p r o d u c e r  t o
b e  s u s p e n d e d  w h e n e v e r  i t  r e q u i r e s  a  b u f f e r  b u t  t h e r e  i s  n o n e  i n  t h e
p o o l . The  f ina l  two  semaphores ,  access-ooo l  a n d  access-list(i  1, s e r v e
t o  e f f e c t  t h e  c o n s t r a i n t  t h a t  o n l y  o n e  p r o d u c e r  o r  c o n s u m e r  p r o c e s s  a t
a  t i m e  m a y  m a n i p u l a t e  t h e  l i n k a g e s  i n  t h e  l i s t s  o f  f r e e  a n d  f i l l e d
b u f f e r s . The  semaphores  f ree  and  access-ooo l  a re  pecu l ia r  to  the  poo l
o f  buf fe rs  and  are  used  by  a l l  o f  the  producer  and  consumer  processes .
T h e  s e m a p h o r e s  filled(il and access-list(i)  h o w e v e r , a r e  u n i q u e  t o
producer -consumer  pa l  r I, a n d  a r e  e s t a b l i s h e d  a n d  i n i t i a l i z e d  a t  t h e
t i m e  t h a t  t h e  p a i r  i s  e s t a b l i s h e d . A  f i f t h  s e m a p h o r e ,  emotv(i)  w h i c h
i s  a l s o  u n i q u e  t o  p r o d u c e r - c o n s u m e r  p a i r  i , may be used to con&o1 h o w
far the producer may get  ahead of  the consumer and hence,  the maximum

-. n u m b e r  o f  b u f f e r s  t h a t  t h e  p a i r  m a y  b e  u t i l i z i n g  a t  a n y  g i v e n  t i m e .
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F i g u r e  5 . i n d i c a t e s  a  f l o w  d i a g r a m  o f  t h e  o p e r a t i o n  o f  o n e  p r o d u c e r
and consumer  pa i r  when the  coord inat ion  is  e f fec ted  by  the  use  o f I
these  f ive  semaphores . O b s e r v e  t h a t  2+3,N s e m a p h o r e s  a r e  r e q u i r e d  f o r - --
N producer-consumer pa i rs.

There  a re  severa l  p rob lems wi th  the  use  o f  semaphores  in
-- .

e f f e c t i n g  t h e  r e q u i r e d  coordinationfor  t h i s  s i t u a t i o n . F i r s t ,  t h e  P
a n d  V  o p e r a t i o n s  a r e  i n d i v i s i b l e  a n d  h e n c e  p r e s e n t  a  p o t e n t i a l
b o t t l e n e c k  i n  t h e  o p e r a t i o n  o f  t h e  s y s t e m . Second, if we assume a
f i r s t - c o m e - f i r s t - s e r v e  d i s c i p l i n e  o f  t h e  a s s o c i a t e d  q u e u e  w e  w i l l  n o t
al  low the producers’ r e q u e s t s  f o r  b u f f e r s  t o  b e  r e c o g n i z e d  i n  a n y
o r d e r  o t h e r  t h a n  t h a t  i n h e r e n t  i n  t h e  t i m e - s e q u e n c e  i n  w h i c h  t h e
producers  issued P  opera t ions  (a l though a  more  complex  p r o g r a m ,  w i t h
severa l  more  semaphores  and  hence  even  more  bot t leneck  potent ia l ,
could  be  used) . I n  p a r t i c u l a r , t h e  p r i o r i t y  o f  a  p r o d u c e r ’ s  r i g h t  a-
n e e d  t o  o b t a i n  a  b u f f e r  f r o m  t h e  p o o l  c a n n o t  b e  e x p r e s s e d  d i r e c t l y .
T h i r d ,  t h e r e  i s  n o  p r o v i s i o n  f o r  t h e  p r o d u c e r  d i r e c t l y  t o  a f f e c t  t h e
order - in  which  the  consumer  processes  the  m e s s a g e s  and hence  i t  cannot
cause a m e s s a g e  to  be  processed  before  o ther  messages  tha t  the
consumer has not yet  processed. Four th , t r a n s l a t i o n  o f  t h i s  f l o w
d i a g r a m  i n t o  code”would r e s u l t  i n  a  p r o g r a m ,  t h e  i n t e n t  o f  w h i c h  i s
not  immedia te ly  obv ious  f rom a  perusa l  o f  the  code ,  except  by  s o m e o n e
t h o r o u g h l y  f a m i l i a r  w i t h  t h e  o p e r a t i o n  o f  s e m a p h o r e s  o r  b y  t h e  a i d  o f
other documentat ion.

T h e  r e s t  o f  t h i s  p a p e r  d e v e l o p s  a  m e c h a n i s m  f o r  t h e  s o l u t i o n  o f
t h e s e  p r o b l e m s  w h i c h  a r e  i n h e r e n t  i n  t h e  u s e  o f  s e m a p h o r e s .  A
f o r m a l i s m  i s  d e v e l o p e d  f o r  t h e  s u c c i n c t  s p e c i f i c a t i o n  a n d  e f f i c i e n t . __
implementa t ion  o f :

. message switching and communication in general

. synchron iza t ion  o f  the  use  o f  shared  resources

. coord inat ion  o f  asynchronous processes

. resource  a l  loca t ion

w-h f ch, at  the s a m e  t i m e ,

. requ i res  fewer  re fe rences  to  semaphores
( b y  r e d u c i n g  t h e  n e e d  f o r  m u t u a l  excluslon) t h e r e b y  r e d u c i n g
t h e  p o t e n t i a l  b o t t l e n e c k s ,

. l reduces  the  number  o f  d i f fe rent  semaphores  requ i red ,  add ing
ef f  i c fency  and  c la r i ty  to  the  programming,

a l l o w s  m o r e  e q u i t a b l e  s e r v i c e  t o  b e  g u a r a n t e e d  t o  t h e
proceises

which  may  be  made  to  wa i t  as  a  resu l t  o f  a  P  opera t ion ,

(5)



. a l  lows a  process  which  issues  a  P  opera t ion  to  spec i fy  i ts
p r i o r i t y  w i t h  r e s p e c t  t o  o t h e r
processes which may be wai t 1 ng on the same semaphore,

. a l l o w s  a  p r o c e s s  w h i c h  i s s u e s  a  V  o p e r a t i o n  t o  a f f e c t  t h e ,
d e c i s i o n  a s  t o  w h i c h  waiting p r o c e s s  s h o u l d  b e  r e s t a r t e d  n e x t .. .

Communicating Semaohores

We observe  tha t  in  the  example  o f  F igure  5  ,  when  we  determine
t h e  e x i s t e n c e  o f  a  f r e e  b u f f e r  i n  t h e  p o o l  ( u s i n g  -1, w e  h a v e  n o t
r e c e i v e d  t t s  i d e n t i f i c a t i o n  ( o r  a d d r e s s ) . We use a second semaphore
( a c c e s s - p o o l )  t o  s u r r o u n d  a  c r i t i c a l  s e c t i o n  w h e r e  w e  e x t r a c t  i t s
a d d r e s s  a n d  u n l i n k  i t  f r o m  t h e  p o o l . The  semaphore  f ree  has  a l loca ted
a  b u f f e r  ( s i n c e  free i s  i m m e d i a t e l y  d e c r e a s e d ) ,  b u t  i t  h a s  n o t
p r o v i d e d  s p e c i f i c  i n f o r m a t i o n  o n  w h i c h  b u f f e r  w e  s h o u l d  .use.
C o m m u n i c a t i n g  s e m a p h o r e s  (csems) opera te  s imi la r ly  to  D i jks t ra ’s
semaphores;  however,  a Send operat ion, i n  a d d i t i o n  t o  h a v i n g  t h e
semant ics  o f  grant ing  permiss ion  to  proceed , may pass a message to the
process  issu ing  a  Rece ive  opera t ion . These  ex tended  opera t ions  a re
denoted by Receive.  and Send to dist inguish them from the usual  P and V
o p e r a t i o n s . *

----------------------------------------------------

* These  opera t ions  produce  the  same resu l t  as  convent iona l  P  a n d
V opera t ions  i f  nu l l  messages  are  passed . W i r t h  (2)
independently observed that  a message exchange system
s e n d i n g  nul l  messages  can  be  used  to  e f fec t  the  same
s y n c h r o n i z a t i o n  t h a t  P  a n d  V  p r o v i d e .
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

S y n t a c t i c a l l y ,  w e  m a y  u s e  t h e  S e n d  o p e r a t i o n  o n  t h e  l e f t  h a n d
s i d e  o f  a n  a s s i g n m e n t  s t a t e m e n t ;  i . e . ,  Sendtsem)  = m e s s a g e . The value
o f  sem w i l l  b e  i n c r e a s e d  b y  o n e ,  a n d ,  i f  s e m  i s  i n i t i a l l y
non-negat ive , the  message  (or  a  po in ter  to  i  t) wi  11 be 1 inked to the
qireue a s s o c i a t e d  w i t h  sem.lf  s e m  i s  n e g a t i v e , a process suspended on
the sem queue wi 11 be enabled to run, and the message wil l  be passed
t o  t h i s  p r o c e s s . The  Rece ive  opera t ion  appears  on  the  r ight  hand s ide
o f  a n  a s s l g n m e n t  s t a t e m e n t ;  i . e . ,  m e s s a g e  = Receive(sem). When
executed ,  sem is  decreased , and i f  1 t  b e c o m e s  n e g a t i v e ,  t h e  p r o c e s s  i s
suspended as  for  a  P  opera t ion . If sem i s  n o n - n e g a t i v e ,  a  m e s s a g e  i s
taken from the sem queue and assigned to message  as  i ts  va lue . I f  t h e
process i s suspended, w h e n  i t  i s  r e - e n a b l e d  i t  w i l l  r e c e i v e  a  m e s s a g e
f rom the  Send opera t ion  which  c a u s e d  i t  to  awaken .

(6)



Fi’gure 6 . i l l u s t r a t e s  t h e  n a t u r e  o f  t h e  q u e u e s  t h a t  m a y  b e
a s s o c i a t e d  w i t h  sea. F igure  6b . i s  i d e n t i c a l  t o  t h e  c a s e  o f  F i g u r e
2b. However, F i g u r e  6% shows information queued up whenever an -_
excess  o f  messages  (or  permission)..exists.

D o e s  t h i s  e x t e n s i o n  r e q u i r e  a n y  a d d i t i o n a l  m e c h a n i s m  f o r  t h e
Receive and Send operat ions ?  I n  l a r g e  p a r t  i t  d o e s  n o t  s i n c e  t h e
queue ing  o f  messages  by  Send is  s imi la r  to  the  queueing o f  p r o c e s s e s
by  a  P  opera t ion .  i T h e  o n l y  c h a n g e  i s  r e t u r n i n g  a  v a l u e  t o  a  p r o c e s s
i s s u i n g  a  R e c e i v e  w h e n  t h a t  p r o c e s s  i s  enabled  t o  r u n . (1 t  does take
m o r e  t i m e  h o w e v e r  t o  enqueue a  message  ra ther  tha t  s imply  increas ing
t h e  v a l u e  o f  sem.)

Have we reduced the number of  semaphores and criti’cal sections
r e q u i r e d ?  F i g u r e  7. d e m o n s t r a t e s  a  csem so lu t ion  to  the  example
g i v e n  p r e v i o u s l y . W e  sti 11 have the global  semaphore free and the
p r i v a t e  s e m a p h o r e s  gmotv(il  a n d  f i l l e d ( i )  f o r  e a c h  p a i r  i ,  b u t  t h e
g l o b a l  access-Pool  a n d  l o c a l  a c c e s s - l i s t ( T )  a r e  n o t  n e e d e d . We now
requi re  N  semaphores  and  N+l csems instead of  2+3N semaphores  as  in
t h e  p r e v i o u s  s o l u t i o n . N o r  d o  w e  h a v e  a n y  c r i t i c a l  s e c t i o n s
remain ing . I n  o r d e r  t o  i n i t i a l i z e  t h e  s y s t e m ,  t h e  c r e a t o r  o f  t h e
b u f f e r  p o o l  m u s t  s e t  u p  t h e  s e m a p h o r e  f r e e  b y  i n i t i a l i z i n g  f r e e  t o
-zero, a n d  t h e n  p e r f o r m i n g  Sendcfree) = b u f f e r l ,  Sendtfree) =
bufferll,. . ., f o r  e x a m p l e . F o r  e a c h  p a i r ,  f i l l e d ( i )  i s  i n i t i a l l y  z e r o ,
a n d  emoty(  i 1 i s  se t  to  some va lue  appropr ia te  for  producer -consumer .
p a i r  i .

Csems with orfori tie%

Csems, a s  f o r m u l a t e d  s o  f a r , h a v e  a t t a c k e d  t h e  b o t t l e n e c k  p r o b l e m
b y  r e d u c i n g  the  n e e d  for  mutua l  exc lus ion  and  thereby  the  number  o f

’ r e f e r e n c e s  t o  s e m a p h o r e s . However, noth ing  has  been done to  a l low the
processes  which  issue  the  Rece ive  and  Send opera t ions  to  a f fec t  the
p r i o r i t y  w i t h  w h i c h  m e s s a g e s  a r e  t r a n s m i t t e d  o r  r e c e i v e d .

For example, many  d i f fe rent  processes  may  be  t ransmi t t ing
messages  to  a  process  which  pr in ts  them on  a  conso le  typewr i te r .  We
may choose to have high priori  ty messages appear as soon as possible,
whereas  o ther  messages  are  to  be  typed  in  the  order  they  a re  rece ived .

I n  a n o t h e r  a p p l i c a t i o n  w e  m a y  h a v e  s e v e r a l  o u t p u t  p r i n t e r s :  o n e
is  reserved  for  l i s t ings  o f  less  than  some max imum s ize ;  o therwise  we
w a n t  t h e  s h o r t e s t  l i s t i n g  t o  b e  p r i n t e d  n e x t  o n  t h e  f i r s t  a v a i l a b l e
d e v i c e . The  second ex tens ion  to  semaphores  permi ts  the  so lu t ion  o f
these  prob lems in  a  s t ra ight forward  and  t ransparent  manner .

(7)
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T o  p e r m i t  t h e  s p e c i f i c a t i o n  o f  a  p r i o r i t y  f o r  a  R e c e i v e

. .- o p e r a t i o n , the  queue  is  made  in to  a  ranked queue ,  and  the  syntax,of
t h e  R e c e i v e  o p e r a t i o n  i s  c h a n g e d  to-.allow t h e  s p e c i f i c a t i o n  o f  a
s e c o n d  p a r a m e t e r  t o  i n d i c a t e  t h e  r a n k  w i t h  w h i c h  t h e  r e t u r n  a d d r e s s
s h o u l d  b e  l i n k e d  i n  t h e  q u e u e  f o r  t h i s  s e m a p h o r e  v a r i a b l e . The
s p e c i f i c a t i o n  o f  a  p r i o r i t y  w i t h  w h i c h  a  m e s s a g e  i s  t o  b e  t r a n s m i t t e d
via S e n d  i s  prov ided  in  an  ana logous manner* . T

* I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  s e m a p h o r e s  w i t h o u t  p r i o r i t i e s
s t i l l  r e q u i r e  t h e  i m p l e m e n t e r  t o  c h o o s e  a  q u e u e i n g  d i s c i p l i n e
for messages and processes. Most  natura l  would  be  F IFO,
a l t h o u g h  L I F O  m a y  h a v e  s o m e  u t i l i t y  i n  s i t u a t i o n s  w h e r e
a  p r i o r i t y  i n t e r r u p t  n e s t i n g  m e c h a n i s m  i s  i n  f o r c e .

The  manner  o f  handl ing  the  queue ing  o f  Rece ive  or  Send e lements
( w h e n  r e q u i r e d )  i s  a c c o r d i n g  t o  t h e  r e l a t i v e  r a n k  o f  t h e  e n t r i e s ,  a n d
F I F O  f o r  e n t r i e s  -of e q u a l  r a n k . T h e s e  o p e r a t i o n s  m u s t  b e  i n d i v i s i b l e
a n d  t h e  m o s t  e f f i c i e n t  i m p l e m e n t a t i o n  o f  t h e  q u e u e  w i l l  b e  a  l i n k e d
l i s t  s i n c e  w e  m a y  h a v e  t o  i n s e r t  a n  e l e m e n t  i n t o  t h e  m i d d l e  o f  t h e
l i s t * .

* I n  g e n e r a l , w e  e x p e c t  t o  f i n d  f a i r l y  s h o r t  q u e u e s
assoc ia ted  wi th  s e m a p h o r e  v a r i a b l e s . I n  t h i s  c a s e ,  w e  c a n
s i m p l y  s c a n  d o w n  t h e  l i s t  u n t i l  w e  h a v e  f o u n d  t h e  p o i n t  f o r
i n s e r t i o n  a n d  c o m p l e t e  t h e  R e c e i v e  o r  S e n d  o p e r a t i o n .  I n
t h o s e  c a s e s  w h e r e  t h e  l i s t  i s  v e r y  l o n g  ( w h i c h  c a n  b e
immedia te ly  seen  f rom the  va lue  o f  se& a  m o r e
sophis t ica ted  search  mechanism may be  des i rab le . On the
other  hand, we may interrupt any operat ion on a semaphore as
l o n g  a s  w e  c o m p l e t e  i t  p r i o r  t o  i n i t i a t i n g  a  d i f f e r e n t

e operat ion on the same semaphore. O n e  b i t  i n  t h e  h e a d  o f  t h e
s e m a p h o r e  q u e u e  w o u l d  be  suf f ic ient  to  mark  “opera t ions  in
progress” .

We have  not  descr ibed  how the  ranks  a f fec t  the  match ing  and
dispatch ing  o f  Rece ive ’s  and  Send’s  queue  e lements . One choice might
be  to  s imply  have  the  h ighest  Rece ive  ent ry  match  the  h ighest  Send

-. e n t r y . I n  t h i s  c a s e , t h e  q u e u e s  t h a t  a r i s e  w i l l  l o o k  l i k e  t h o s e  i n

(8)



F i g u r e  6 a . o r  6 b . ( w i t h  r a n k  i n f o r m a t i o n  a p p e n d e d  t o  e a c h  e l e m e n t ) .

A  m o r e  i n t e r e s t i n g  a p p r o a c h  i s  t o  m,atch o n l y  w h e n  t h e  r a n k  o f  a *
R e c e i v e  e n t r y  i s  g r e a t e r  t h a n  o r  e a u a l  & t h e  r a n k  o f  a  S e n d  e n t r y .
T h i s  a l g o r i t h m  f o r  R e c e i v e  a n d  S e n d  o p e r a t i o n s  w i t h  c o n d i t i o n a l
match ing  is  shown in  F igure  8 . i t  i s  n o w  p o s s i b l e  t h a t  b o t h  p r o c e s s
a n d  m e s s a g e  e n t r i e s  w i l l  b e  p r e s e n t i n  a  s e m a p h o r e  q u e u e ,  s i n c e  t h e
ranks  o f  the  processes  may  be  lower  than  the  ranks  o f  the  m e s s a g e s .
T h i s  r e q u i r e s  m a i n t a i n i n g  t w o  l i s t s  o r  u s i n g  s o m e  i n t e r l a c i n g
t e c h n i q u e  u s i n g  a n  a d d i t i o n a l  b i t  o n  e a c h  q u e u e  e l e m e n t .

W e  c a n  n o w  a c h i e v e  t h e  b e h a v i o r  s u g g e s t e d  e a r l i e r  f o r  m u l t i p l e
o u t p u t  w r i t e r s ,  i . e . , even  though there  are  ( long)  m e s s a g e s  a v a i l a b l e ,
a  p r i n t e r  m a y  r e m a i n  i d l e  u n t i l  s h o r t e r  m e s s a g e s  a r r i v e .

F i g u r e  9. shows an example of  many-to-many synchronizat ion and
a l l o c a t i o n  u s i n g  c o n d i t i o n a l l y  m a t c h e d  c s e m s . Each program produces
o u t p u t  d e s t i n e d  f o r  a  p r i n t e r . T h e  t e x t  ( o r  t h e  n a m e  o f  t h e  d i s k  f i l e
c o n t a i n i n g  i t )  i s  p a s s e d  t o  a  p r i n t e r  v i a  a  S e n d  o p e r a t i o n  o n  a  g l o b a l
s e m a p h o r e  printer.The  pr ior i ty  shown in  th is  e x a m p l e  i s  the  ac tua l
1 i necoun t, but some other measure could be used as wel l . There are
t w o  p r i n t e r  p r o c e s s e s  c a l l e d  E x o r e s s and Normal. T h e  s h o r t e s t  t e x t  i n
t h e  p r i n t e r  q u e u e  w i l l  b e  s e l e c t e d  w h e n e v e r  a  p r i n t e r  i s  f r e e ;
however, no  output  longer  than  2000  l ines  wi  11  be  pr in ted  by  Exoress .
S h o r t  j o b s  w i l l  a l s o  a p p e a r  o n  N o r m a l  w h e n e v e r  i t  is  f ree. output
l o n g e r  t h a n  1 0 0  t h o u s a n d  l i n e s  w i l l  b e  s u s p e n d e d  u n t i l  a  n e w  p r i n t e r
p r o c e s s  i s  s t a r t e d  t o  a c c e p t  s u c h  l o n g e r  j o b s . User programs cannot
d e t e r m i n e  t h e  p r o p e r t i e s  o f  t h e  p r i n t e r  p r o c e s s e s . I f  t h e  n o r m a l
p r i n t e r  i s  o u t  o f  s e r v i c e , an  opera tor  m a y  change  the  rank  o f  the
Rece ive  opera t ion  in  the  Exoress  process  to  accept  more  work  i f
d e s i r e d . Converse1 y, a n  o p e r a t o r  m i g h t  l o w e r  i t  i f  v e r y  s h a  t  E x o r e s s
j o b s  h a v e  t o  w a i t  t o o  l o n g  f o r  a  p r i n t e r .

O t h e r  f e a t u r e s

T h e r e  a r e  s e v e r a l  o t h e r  f u n c t i o n s  r e l a t e d  t o  c s e m s  w h i c h  a r e
q u i t e  u s e f u l  i n  t h e  c o n s t r u c t i o n  o f  a  m u l t i p r o g r a m m i n g  s y s t e m .  W e
propose a HOLD operat ion which suspends further matching of  Receive
and Send queue entr ies. Th is  enab les  g loba l  cont ro l  (as  by  a  h u m a n
o p e r a t o r  1 o f  the  system behav ior . The  de ta i ls  o f  HOLD are
str$ightforward a n d  w i l l  b e  g i v e n  e l s e w h e r e . We do have to consider
what  to  do  wi th  a  process  tha t  t r ies  to  HOLD a  queue  which  is  a l ready
h e l d ,  e t c !

The operat ions which a human operator would have to perform may
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b e  e a s i l y  p e r m i t t e d  b y  a n o t h e r  e x t e n s i o n . A CONVERT would hold a
q u e u e  a n d  r e t u r n  a  c o p y  o f  t h e  q u e u e  s t r u c t u r e  i n  a  f o r m  s u i t a b l e  f o r
i n s p e c t i o n  a n d  m a n i p u l a t i o n  ( e . g . o n  a  s c o p e  a t  t h e  o p e r a t o r ’ s
c o n s o l e ) . M o d i f i c a t i o n s  o f  t h e  s t r u c t u r e ,  r a n k s ,  e t c . o f  an  unusual
nature could now be performed. The semaphore queue would then be
RECONVERTed  a n d  RELEASEd  i n  o r d e r  t o  p e r m i t  t h e  s t a n d a r d  a l g o r i t h m s  t o
proceed.

Prob lems not  ve t  d iscussed

T h e r e  a r e  a  var ie ty  o f  quest ions  which  have  not  been  d iscussed in
t h i s  p a p e r . We have not described the means of  creat ing new
semaphores  and estab l ish ing  in i t ia l  communicat ion  (shar ing  o f  common
semaphores 1 between processes, nor have we discussed where semaphore
queue elements are taken from or what to do should a process go amuck
and genera te  ex t remely  many  queue  ent r ies  (or  how to  prevent  i t  f rom
d o i n g  s o ) . T h e s e  i s s u e s  w i l l  b e  d i s c u s s e d  i n  a  s e p a r a t e  p a p e r .

The  csems as  descr ibed  do  not  prevent  the i r  misuse  by  c rea t ing
d e a d l y  e m b r a c e  s i t u a t i o n s .
o f  c o n f l i c t .

T h e y  a r e  n o t  i n t e n d e d  t o  r e s o l v e  t h a t  fom
However, s ince  by  us ing  csems we  requ i re  fewer

s e m a p h o r e s  a n d  f e w e r  c r i t i c a l  s e c t i o n s ,
cor rec tness  and  clar i ty,

we wil l  enhance programming
thus  avo id ing  some b lunders . S i m i l a r l y ,

csems do  not  prov ide  any  funct ions  which  could  not  be  const ructed  in
pr inc ip le  f rom convent iona l  semaphores . We assume that the
c o n s t r u c t i o n  o f  t h e  R e c e i v e  a n d  S e n d  o p e r a t i o n s  i s  w e l l  o p t i m i z e d  a n d
e i ther  microcoded or  hardwi red  in to  our  computer  sys tem. By making
u s e  o f  t h e s e  o p e r a t i o n s  f o r  a  w i d e  v a r i e t y  o f  a p p l i c a t i o n s  w e  t a k e
advantage  o f  a  h igh ly  e f f ic ient  and  guaranteed  mechanism. Reproducing
these same general queue mechanisms in many places throughout a large
o p e r a t i n g  s y s t e m  i s  s u b j e c t  t o  e r r o r  a n d  d i f f e r e n c e s  i n  p r o g r a m m e r
a b i l i t y . W e  d o  n o t  b e l i e v e  t h e  s o l u t i o n  t o  t h e  c o n s t r u c t i o n  o f  l a r g e
p r o g r a m s  a n d  s y s t e m s  l i e s  i n  t h e  e x c l u s i v e  u s e  o f  a  s e t  o f  c o m p l e t e l y
n o n - r e d u n d a n t  a t o m i c  o p e r a t i o n s ;  r a t h e r , we need more powerful and

- g e n e r a l l y  a p p l i c a b l e  p r i m i t i v e s  w h i c h  a r e  w e l l  i m p l e m e n t e d  a t  t h e
h a r d w a r e  o r  f i r m w a r e  l e v e l .

Summary

1 A  c s e m  i s  a  d a t a  s t r u c t u r e  c o m p o s e d  o f  t w o  r a n k e d  l i s t s  o f
e n t r i e s  t h a t  r e p r e s e n t , r e s p e c t i v e l y ,  p r o c e s s e s  w h i c h  a r e  w a i t i n g  t o
rece ive  messages  and  are  wa i t ing  to  be  enab led ,  and  messages  tha t  a re
a v a i l a b l e  f o r  t r a n s m i s s i o n . The csems effect  buffered communicat ion
between asynchronous ly  opera t ing  processes  for  the  purposes  o f

-. s y n c h r o n i z a t i o n ,  c o o r d i n a t i o n , a n d  a l l o c a t i o n  a s  w e l l  a s  f o r  n o r m a l



message switching. T h e  a l g o r i t h m s  f o r  c o n t r o l l i n g  t h e  t r a n s m i s s i o n
a r e  n o n - i n t e r r u p t i b l e  p r i m i t i v e  i n s t r u c t i o n s , t h e  o p e r a t i o n  o f  w h i c h .
can  be  modi f ied  by  the  processes  comple t ing  the  communicat ion  by
s p e c i f y i n g  a  r a n k  w h i c h  a f f e c t s : 1) t h e  o r d e r  i n  w h i c h  t h e  r e q u e s t s
a r e  s a t i s f i e d ; a n d  2) w h e t h e r  o r  n o t  a  g i v e n  m e s s a g e  w i l l  s a t i s f y  a
g i v e n  r e q u e s t .

Csems he lp  to  reduce  the  amount  o f  t ime  processes  are  execut ing
c r i t i c a l  s e c t i o n s , reduce  the  to ta l  number  o f  semaphore  opera t ions
performed, and reduce the number of  semaphores required. These
r e d u c t i o n s  p r o d u c e  g r e a t e r  p r o g r a m  c l a r i t y . U t i l i z a t i o n  o f  c s e m s  f o r
t h e  d i v e r s e  a p p l i c a t i o n s  p r e v i o u s l y  d e s c r i b e d  m a y  a l s o .  h e l p  t o
increase  program cor rec tness  by  prov id ing  more  appropr ia te ,
w e l l - d e b u g g e d  a n d  e f f i c i e n t  p r i m i t i v e s .
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Figure 2: (a) No processes waiting

(b) Three processes suspended
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empty = N
initially filled = 0

access-list = 1

P(free)G=+P(access-pool)

1 V(access-pool)t

IP(accesrl.ist)1

I chain line buffer on-t
end of list for
consumer 1

V(access-list)
ce

PRODUCER CONSUMER

consume

V em *1”4P(access-list)
I

get next message
from the chaint

It
V(access-list)

I.
get the message from
the buffer

I 'I
P(access-pool)

. I
put line buffer
back into pool

.

. I
l

V(access-pool)

9
V(free)

Figure 5: Producer-consumer problem with a buffer pool
and limited use of-buffers
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Figure 6: (a) Queue associated with sem when more Send than Receive
operations have been p-ormed

(b) The converse situation
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Figure 7: Solution to example of Figure 5 using csems
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. *.’

EXPRESS PRINTER
. Program i,

do forever; .
text=Receive(printer,2000);
print text on printer 1; Send(pknter,linecount)

- +--A-c
end;

NOW PRINTER
do forever;
text=Receive(prWtsr,lOOOO);
print text on printer 2;

lend ;

.&

= t e x t ;

I end;

Figure 9: Many programs producing output for an express or normal printer.
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-Producer

a program

last one to use
a buffer

CPU

program

scanner

one phase of a
multiphase
algorithm

terminals

Consumer

output device

next 'process to
need ‘a buffer

program

CPU

parser

the next phase

multiaccess service
programs

resource allocator process

Information Exchanged

output text

pooled buffers

CPU cycles

program instructions

modified program text

intermediate data

text strings or input

resource name or description

Table I: Several producer-consumer relationships in a
Multiprogrammed System
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