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Semaphore Definition

• Dutch computer scientist

• Early 60’ies – solving concurrency problems in the THE Operating System

S : semaphore var s : integer := 1

P(S) 〈 s > 0→ s := s − 1 〉

V(S) 〈 s := s + 1 〉

• Discovery: Can solve any synchronization problem (using auxiliary variables)

• 1965: Wrote an article about this and became (world) famous!



Critical Region with Semaphores

• var mutex : semaphore := 1;

process P[i : 1..n]

loop
P(mutex);

critical sectioni ;

V(mutex);

noncritical sectioni ;

end loop



Producer/Consumer — single slot buffer

•

buf

full

empty

P(empty)

buf := data;

V(full)

P(full)

result := data;

V(empty)

var buf : T ;

full : semaphore := 0;

empty : semaphore := 1;

process Producer

var data : T ;

loop
data := produce();

P(empty);

buf := data;

V(full);

end loop

process Consumer

var result : T ;

loop

P(full);

result := buf ;

V(empty);

consume(result);

end loop

Producer/Consumer — bounded buffer

•

buf

full

empty

P(empty)

buf := data;

V(full)

P(full)

result := data;

V(empty)

var buf [N] : T ; in, out : integer := 0

full : semaphore := 0;

empty : semaphore := N;

mutexP ,mutexC : semaphore := 1;

process Producer [i : 1..n]

var data : T ;

loop
data := produce();

P(empty);

P(mutexP)

buf [in] := data;

in := (in + 1) mod N;

V(mutexP)

V(full);

end loop

process Consumer [j : 1..m]

var result : T ;

loop

P(full);

P(mutexC )

result := buf [out];

out := (out + 1) mod N;

V(mutexC )

V(empty);

consume(result);

end loop
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Reader/Writer Synchronization

read write

Readeri Writerj

P(rw) P(rw)

V(rw) V(rw)

var rw ,mutexR : semaphore := 1;

nr : integer := 0;

nr++

nr−−

nr = 1→ nr > 1→

nr = 0→ nr > 0→

Reader/Writer Synchronization — ad hoc

• var rw : semaphore := 1;

nr : integer := 0;

mutexR : semaphore := 1;

process Reader [i : 1..m]

loop
...

P(mutexR);

nr++;

if nr = 1 then P(rw);

V(mutexR);

read

P(mutexR);

nr−−;

if nr = 0 then V(rw);

V(mutexR);

...

end loop

process Writer [i : 1..n]

loop
...

P(rw);

write

V(rw);
...

end loop



Semaphore Properties — Safety

• Semaphore S represented by s : integer := s0 (s0 ≥ 0)

• P(S): 〈 s > 0→ s := s − 1; #P(S) := #P(S) + 1 〉
V(S): 〈 s := s + 1; #V(S) := #V(S) + 1 〉

Semaphore invariant

• Introduce #P(S) and #V(S) — initially 0

• Invariant

s = s0 + #V(S)−#P(S) ∧
s ≥ 0

• Implies

#P(S) ≤ s0 + #V(S)

Lock-Step Synchronization
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Lock-Step Proof

• var SA,SB : semaphore := 0;

a, b : integer := 0;

process PA

repeat
V(SB);

P(SA);

opAa++;

forever

process PB

repeat
V(SA);

P(SB);

opBb++;

forever

• Show: |a− b| ≤ 1

• By local arguments: a ≤ #P(SA) ≤ #V(SB) ≤ a + 1

b ≤ #P(SB) ≤ #V(SA) ≤ b + 1

• Using: #P(SA) ≤ #V(SA): a ≤ b + 1

and: #P(SB) ≤ #V(SB): b ≤ a + 1

Semaphore Properties — Liveness

• Semaphore S represented by s : integer := s0 (s0 ≥ 0)

• P(S): 〈 s > 0→ s := s − 1 〉
V(S): 〈 s := s + 1 〉

• By fair process execution:

at V(S) ; after V(S)

• Weakly fair semaphore

(at P(S) ∧ 2s > 0) ; after P(S)

• Techniques: Busy-wait, semi busy-wait, wake-all

• Strongly fair semaphore

(at P(S) ∧ 23s > 0) ; after P(S)

• Techniques: FIFO, round-robin, aging



Passing-the-baton Technique (pre)

T

S

〈T 〉 〈B → S 〉

delay

P(e) P(e)

V(e) V(e)

P(d)

V(d)

V(e)

P(e)

var e : semaphore := 1;

d : semaphore := 0;

nd : integer := 0;

B →

¬B →

else →

B ∧ nd > 0→

nd++

nd−−

Passing-the-baton Technique

T

S

〈T 〉 〈B → S 〉

delay

P(e) P(e)

V(e) V(e)

P(d)

V(d)

V(e)

var e : semaphore := 1;

d : semaphore := 0;

nd : integer := 0;

B →

¬B →

else →

B ∧ nd > 0→

nd++

nd−−

SIGNAL



Reader/Writer with Coarse-grained Atomic Actions

read write

Readeri Writerj

〈 nw = 0→ nr := nr + 1 〉 〈 nr = 0 ∧ nw = 0→ nw := nw + 1 〉

〈 nr := nr − 1 〉 〈 nw := nw − 1 〉

var nr , nw : integer := 0;

• R/W invariant: nw ≤ 1 ∧ (nr = 0 ∨ nw = 0)

• Can then be implemented using passing-the-baton [Andrews 4.4.3]



Shortest-job-next

Pi

Job(time)

Request(time, i)

Release()

var e : semaphore := 1;

free : boolean := true;

b[i : 1..n] : semaphore := 0;

free

F

T

P(e)

P(e)

V(e)

V(e)

V(e) P(b2)

P(b1)

P(b3)

V(bj)

Shortest-job-next



Java Semaphores

• Generalized Dijkstra semaphores

• Lots of peek-and-poke operations

Operations

• A Java Semaphore consists of:

I A permission count s (s ≥ 0)
I A queue of waiting threads
I Queue may be (strongly) fair (FIFO)

• Operations

s.acquire() 〈 s > 0→ s := s − 1 〉
s.release() 〈 s := s + 1 〉
s.acquire(n) 〈 s ≥ n→ s := s − n 〉
s.release(n) 〈 s := s + n 〉



Pthreads Semaphores I

Pthreads Semaphores II


