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Example 2: Computing p

http:/ /openmp.org/ mp-documents/omp-hands-on-SC08.pdf

In[1]:= Integrate[ 4*Sqrt[1-x^2] , {x,0,1}]  ß Tested using Mathematica 
Out[1]= Pi

In[2]:= Integrate[ (4/(1+x^2)) , {x,0,1}]
Out[2]= Pi
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Sequential p = 3.1415926535897932384626433832795028841971693993751…

pi = 3.142425985001
• Resembles p, but not very accurate
• Let’s increase num_steps and parallelize
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Parallelize (1) …

• Problem: each thread 
needs access to the 
shared variable sum

• Code runs sequentially 
…
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Parallelize (2) …

sum[0] sum[1]

1. Compute 
sum[0] and sum[1]

in p ara llel

2. Compute
sum = sum[0]+sum[1]

sequentia lly
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Parallel p … Trial Run

i =  1,  id =  1
i =  0,  id =  0
i =  2,  id =  2
i =  3,  id =  3
i =  5,  id =  1
i =  4,  id =  0
i =  6,  id =  2
i =  7,  id =  3
i =  9,  id =  1
i =  8,  id =  0
pi = 3.142425985001

18
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Scale up: num_steps = 106

pi = 
3.141592653590

You verify how many
digits are correct …
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Can We Parallelize Computing sum?

Summ a tion inside p ara llel 
section
• Insignificant speedup in this 

exa mple, but …
• pi = 3.138450662641
• Wrong! And va lue changes 

between runs?!
• Wha t‘s going on?

Alw ays looking for w ays to 
be a t Amdahl’s Law …
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• Opera tion is re a lly 
pi = pi + sum[id]

• Wha t if >1 thre a ds re a ds current 
(sa me) va lue of pi, computes the 
sum, stores the result b ack to pi?

• Each processor re a ds sa me 
intermedia te va lue of pi!

• Result depends on who gets there 
when
• A “race” à result is

not deterministic

What’s Going On?

21
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§ Problem:
ú Limit access to shared resource to 1 actor at a time
ú E.g. only 1 person permitted to edit a file at a time

  otherwise changes by several people get all mixed up

§ Solution:

Synchronization

• Take turns:
• Only one person get’s the 

microphone & ta lks a t a time
• Also good practice for 

classrooms, btw …
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§ Computers use locks to control access 
to shared resources
ú Serves purpose of microphone in example
ú Also referred to as “semaphore”

§ Usually implemented with a variable
ú int lock;

  0 for unlocked
  1 for locked

Locks
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// wait for lock released
while (lock != 0) ;
// lock == 0 now (unlocked)

// set lock
lock = 1; 

// access shared resource ... 
// e.g. pi
// sequential execution! (Amdahl ...)

// release lock
lock = 0; 

Synchronization with Locks
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while (lock != 0) ;

lock = 1; 

// critical section

lock = 0; 

Lock Synchronization
Thread 1 Thread 2

while (lock != 0) ;

lock = 1; 
// critical section
lock = 0; 

26

• Thre a d 2 finds lock not set, 
before thre a d 1 sets it

• Both thre a ds be lieve they got 
and set the lock!

Try as you like , this problem has no solution, not even a t the assembly leve l.
Unless we introduce new instructions, tha t is! (next lecture)
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§ OpenMP as simple parallel extension to C
ú Threads level programming with
parallel for pragma

ú ≈ C: small so easy to learn, but not very high 
level and it’s easy to get into trouble

§ Race conditions – result of program 
depends on chance (bad)
ú Need assembly-level instructions to help with 

lock synchronization
ú …next time

And, in Conclusion, …

þ
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§ OpenMP as simple parallel extension to C
ú Threads level programming with parallel for pragma
ú ≈ C: small so easy to learn, but not very high level and it’s easy 

to get into trouble
for (i=0; i<max; i++) zero[i] = 0;

§ Breaks for loop into chunks, and allocate each to a 
separate thread
ú e.g. if max = 100 with 2 threads:

assign 0-49 to thread 0, and 50-99 to thread 1
§ Must have relatively simple “shape” for an OpenMP-

aware compiler to be able to parallelize it
ú Necessary for the run-time system to be able to determine how 

many of the loop iterations to assign to each thread
§ No premature exits from the loop allowed

ú i.e. No break, return, exit, goto statements In genera l, don’t jump 
outside of any pragma block

Review: OpenMP Building Block: for loop
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Review: Data Races and Synchronization
§ Two memory accesses form a data race if 

from different threads access same location, 
at least one is a write, and they occur one 
after another

§ If there is a data race, result of program 
varies depending on chance (which thread 
first?)

§ Avoid data races by synchronizing writing 
and reading to get deterministic behavior

§ Synchronization done by user-level routines 
that rely on hardware synchronization 
instructions
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§ Solution: 
ú Atomic read/write 
ú Read & write in single instruction

  No other access permitted between read and write
ú Note:

  Must use shared memory (multiprocessing)

§ Common implementations:
ú Atomic swap of register ↔ memory
ú Pair of instructions for “linked” read and write

  write fails if memory location has been “tampered” with 
after linked read

§ RISC-V has variations of both, but for simplicity 
we will focus on the former

Hardware Synchronization
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RISC-V Atomic Memory Operations (AMOs)
§ AMOs atomically perform an operation on an 

operand in memory and set the destination register 
to the original memory value

§ R-Type Instruction Format: Add, And, Or, Swap, 
Xor, Max, Max Unsigned, Min, Min Unsigned

Loa d from a ddress in rs1 to “t”
rd = ”t”, i.e ., the va lue in memory
Store a t a ddress in rs1 the c a lcula tion 
“t” <opera tion> rs2
a q(acquire) and rl(re le ase) to insure in order 
execution

amoadd.w rd,rs2,(rs1):
t = M[x[rs1]]; 
x[rd] = t; 
M[x[rs1]] = t + x[rs2]
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RISCV Critical Section
§ Assume that the lock is in memory location stored in register a0
§ The lock is “set” if it is 1; it is “free” if it is 0 (it’s initial value)

li           t0, 1        # Get 1 to set lock

Try:  amoswap.w.aq t1, t0, (a0) # t1 gets old lock value

# while we set it to 1

bnez t1, Try      # if it was already 1, another

# thread has the lock,

# so we need to try again

… critical section goes here …

amoswap.w.rl x0, x0, (a0) # store 0 in lock to release
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Lock Synchronization

Broken Synchronization

while (lock != 0) ;

lock = 1; 

// critical section

lock = 0; 

Fix (lock is at location (a0))

li        t0, 1
Try: amoswap.w.aq t1, t0, (a0)

bnez t1, Try
Locked:

# critical section

Unlock:
amoswap.w.rl x0, x0, (a0)
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OpenMP Locks
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§ Typically are used in libraries of higher level parallel 
programming constructs

§ E.g. OpenMP offers #pragmas for common cases:
ú critical
ú atomic
ú barrier
ú ordered

§ OpenMP offers many more features
ú E.g., private variables, reductions
ú See online documentation
ú Or tutorial at  

  http://openmp.org/mp-documents/omp-hands-on-SC08.pdf 

Synchronization in OpenMP
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OpenMP Critical Section
Mutu a l exclusion
• Only one thre a d a t a time c an 

enter a critical region. 
(Thre a ds w a it the ir turn)
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Deadlock
§ Deadlock: a system state in which no progress is possible
§ Dining Philosopher’s Problem:

ú Think until the left fork is available; when it is, pick it up
ú Think until the right fork is available; when it is, pick it up

ú When both forks are held, eat for a fixed amount of time
ú Then, put the right fork down
ú Then, put the left fork down
ú Repeat from the beginning

§ Solution?
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§ Elapsed wall clock time:
double omp_get_wtime(void); 
ú Returns elapsed wall clock time in seconds
ú Time is measured per thread, no guarantee 

can be made that two distinct threads 
measure the same time

ú Time is measured from “some time in the 
past”, so subtract results of two calls to 
omp_get_wtime to get elapsed time

OpenMP Timing

þ
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§ SMP: (Shared Memory) Symmetric Multiprocessor
ú Two or more identical CPUs/Cores
ú Single shared coherent memory

(Chip) Multicore Multiprocessor
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Multiprocessor Key Questions

§ Q1 – How do they share data?

§ Q2 – How do they coordinate?

§ Q3 – How many processors can be 
supported?
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Shared Memory Multiprocessor (SMP)

§ Q1 – Single address space shared by all 
processors/cores

§ Q2 – Processors coordinate/communicate 
through shared variables in memory (via 
loads and stores)
ú Use of shared data must be coordinated via 

synchronization primitives (locks) that allow access 
to data to only one processor at a time

§ All multicore computers today are SMP
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Multiprocessor Caches
§ Memory is a performance bottleneck even with one processor
§ Use caches to reduce bandwidth demands on main memory
§ Each core has a local private cache holding data it has accessed 

recently
§ Only cache misses have to access the shared common memory

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory I/O
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Shared Memory and Caches

§ What if? 
ú Processors 1 and 2 read Memory[1000] (value 20)

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory I/O

1000

20

1000 

1000 1000

20

0 1 2
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Shared Memory and Caches
§ Now:

ú Processor 0 writes Memory[1000] with 40

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory I/O

0 1 2

1000 20 1000 20

1000

1000 40

1000 40

Problem?

1000 20

þ
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Keeping Multiple Caches Coherent
§ Architect’s job: shared memory 
è keep cache values coherent

§ Idea: When any processor has cache miss 
or writes, notify other processors via 
interconnection network
ú If only reading, many processors can have copies
ú If a processor writes, invalidate any other copies

§ Write transactions from one processor, 
other caches  “snoop” the common 
interconnect checking for tags they hold
ú Invalidate any copies of same address modified 

in other cache
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§ Each cache tracks state of each block
in cache:

1. Shared:  up-to-date data, other 
caches may have a copy

2. Modified: up-to-date data, changed 
(dirty), no other cache has a copy, OK 
to write, memory out-of-date (i.e., 
write back)

How Does HW Keep $ Coherent?
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§ Each cache tracks state of each block in cache:
3. Exclusive: up-to-date data, no other cache has a copy, 

OK to write, memory up-to-date
ú Avoids writing to memory if block replaced
ú Supplies data on read instead of going to memory

4. Owner:  up-to-date data, other caches may have a 
copy (they must be in Shared state)
ú This cache is one of several with a valid copy of the cache line, 

but has the exclusive right to make changes to it. It must 
broadcast those changes to all other caches sharing the line. 
The introduction of owned state allows dirty sharing of data, i.e., 
a modified cache block can be moved around various caches 
without updating main memory. The cache line may be 
changed to the Modified state after invalidating all shared 
copies, or changed to the Shared state by writing the 
modifications back to main memory. Owned cache lines must 
respond to a snoop request with data.

Two Optional Performance Optimizations of Cache Coherency 
via New States
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§ Memory access to cache is either
Modified (in cache)
Owned (in cache)
Exclusive (in cache)
Shared (in cache)
Invalid (not in cache)

Common Cache Coherency Protocol: MOESI

Snooping/Snoopy Protocols
e.g., the Berkeley Ownership Protocol

See https://en.wikipedia.org/wiki/MOESI_protocol
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§ Example, now with cache coherence
ú Processors 1 and 2 read Memory[1000]
ú Processor 0 writes Memory[1000] with 40

Shared Memory and Caches

Processor Processor Processor

Cache Cache Cache

Interconnection Network

Memory
I/O

0 1 2

1000 20 1000 20

Processor 0
Write
Inva lidates
Other Copies

1000

1000 40

1000 40
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Cache Coherency Tracked by Block

§ Suppose block size is 32 bytes
§ Suppose Processor 0 reading and writing variable X, 

Processor 1 reading and writing variable Y

§ Suppose in X location 4000,  Y in 4012
§ What will happen?

Processor 0 Processor 1

4000 4000 4004 4008 4012 4016 4028
Ta g 32-Byte Da ta Block

Cache 0 Cache 1

Memory
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Coherency Tracked by Cache Block
§ Block ping-pongs between two 

caches even though processors 
are accessing disjoint variables

§ Effect called false sharing 
§ How can you prevent it?
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Remember The 3Cs?
§ Compulsory (cold start or process migration, 1st 

reference):
ú First access to block, impossible to avoid; small effect for long-

running programs
ú Solution: increase block size (increases miss penalty; very large 

blocks could increase miss rate)
§ Capacity (not compulsory and…)

ú Cache cannot contain all blocks accessed by the program even 
with perfect replacement policy in fully associative cache

ú Solution: increase cache size (may increase access time)
§ Conflict (not compulsory or capacity and…):

ú Multiple memory locations map to the same cache location
ú Solution 1: increase cache size
ú Solution 2: increase associativity (may increase access time)
ú Solution 3: improve replacement policy, e.g.. LRU
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§ Misses caused by coherence traffic 
with other processor

§ Also known as communication misses 
because represents data moving 
between processors working together 
on a parallel program

§ For some parallel programs, 
coherence misses can dominate total 
misses

Fourth “C” of Cache Misses! Coherence Misses
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§ OpenMP as simple parallel extension to C
ú Threads level programming with parallel 
for pragma, private variables, 
reductions, … 

ú ≈ C: small so easy to learn, but not very high 
level and it’s easy to get into trouble

§ TLP
ú Cache coherency implements shared memory 

even with multiple copies in multiple caches
ú False sharing a concern; watch block size!

And, in Conclusion, …

þ
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Amdahl’s (Heartbreaking) Law
§ Speedup due to enhancement E:

§ Example
ú Enhancement E does not affect a portion s (where s<1) of a task. 
ú It does accelerate the remainder (1-s) by a factor P (P>1).

§ Exec time w/E =
§ Speedup w/E = 

(1-s)s

Exec Time w /o E  ´ [ s + (1-s)/P ]
1 / [ s + (1-s)/P ]
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Amdahl’s Law
§ Speedup  =                       1                    ≤ 1

§ Example: the execution time of 4/5 of the program 
can be accelerated by a factor of 16.
What is the program speed-up overall?

s   +       (1-s)
P

Non-sped-up part Sped-up part

1
0.2 + 0.8

16

1
0.2 + 0.05

1
0.25= = 4=

s(as Pà∞)
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§ The amount of speedup that can be achieved 
through parallelism is limited by the serial (s) portion 
of your program!

§ Speedup ≤ 1/s

Consequence of Amdahl’s Law

Sp
ee

du
p

Number of Processors

Amdahl’s Law

Time

Parallel
portion

Serial
portion

1 2 3 4 5

þ


