Lecture 4

More on synchronization
[terative methods



Announcements
* No lecture on Thursday

« Makeup lecture on Friday
* Cluster accounts (Valkyrie)
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More on synchronization



Semaphores

* [ocks handle mutual exclusion

» But they aren’t an appropriate solution for long
critical sections

 Introducing Semaphores
— Counting
— Binary (mutex)

 Reference: Silberschatz et al,
Operating Systems Concepts, 7th Ed, Wiley, 2005,
Chapter 6
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What 1s a semaphore?

* An abstract data type that provides mutual
exclusion to critical sections [Dijkstra,1968]

¥ Semaphore S: 1nteger variable that supports
two operations

b wait(S): wait until S>0, then decrement
[Dijkstra’s P() or down()]

b signal(S): increment, allow another thread to
enter [Dijkstra’s V(), or up()]
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Two types of Semaphores

* Binary semaphore (or mutex semaphore)
—Qorl

* Counting semaphore
— Initialized with general integer values

— Keeps track of multiple resources, also
manages certain kinds of unsynchronized
concurrent access (e.g., reading)

— Multiple threads can pass the semaphore
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Implementation

struct Semaphore {

Int value;
Queue q;
'S
Atomic wait (S) { Atomic signal (S) {
Begin Critical Section: Begin Critical Section:
S->value = S->value D 1; S->value = S->value + 1;

if (S->value< 0) {
thread = dequeue(S->q);
thread_start(thread);

if (S->value< 0) {
enqueue(S->q, current_thread);
yield(current_thread); )
}

End Critical Section End Critical Section;

) }

10/7/08 Scott B. Baden /CSE 260/ Fall '08



Discussion follows
Voelker and Marzullo
(CSE 120)
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Using Semaphores
e Use 1s similar to our locks, but different semantics

withdraw (account, amount) {
wait(S);
balance = get_balance(account);

wait(S);
balance = get_balance(account);
balance = balance b amount;

balance = balance b amount; Threads </7 UL
put_balance(account, balance); block > wait(S);
signal(S); “N_critical
return balance: >section put _balance(account, balance);
) / signal(S);
E
4/ signal(S);
It is undefined which | E
thread runs after a signal signal(S);
Y
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Readers/Writers Problem

* An object 1s shared among several threads

* Some threads only read the object, others
only write 1t

» There are multiple readers but only
one writer

— #r = number of readers, #w = number of writers
— Safety: (#T>0)A (O<HAWVSDA ((H>0) = (#w=0))
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The Code

/[ number of readers reader {
int readcount = 0; wait(mutex); // lock readcount
/[ mutual exclusion to readcount readcount += 1; // one more reader
Semaphore mutex = 1; if (readcount == 1)
Il exclusive writer or reader wait(w_or_r); // synch w/ writers
Semaphorew or r=1; = signal(mutex); // unlock readcount
Read;
writer { / wait(mutex);  // lock readcount
wait(w_or_r); // lock out readers readcount -= 1; // one less reader
Write; \ if (readcount == 0)
signal(w_or _r); // up for grabs signal(w_or_r); // up for grabs
} signal(mutex); // unlock readcount}
all readers can fall through }
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Questions

* Once a writer exits, all readers can fall through
— Which reader gets to go first?
— Is it guaranteed that all readers will fall through?

« Ifreaders and writers are waiting, and a writer exits, who goes first?
Why do readers use mutex?
 Why not the writers?

« Are there any problems that can be solved with counting semaphores
that can’t be solved with mutex semaphores?
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Drawbacks

* Shared global variables

* No connection between the semaphore and
the data 1t controls

* No control or guarantee of proper usage

e Alternatives

— Monitors
— PL Support
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Implementing locks with
Atomic Instructions

« Hardware executes test-and-set atomically
— Record the old value
— Set the value to indicate available
— Return the old value

o After T&S returns
* What is value of flag
afterwards 1f 1t was 1nitially
Atomic bool test_and_set (bool *flag) { False? True?
Ef?OI ‘i"?r: flag: « What is the return result if flag
a0 = 1Thes was initially
return old;

} False? True?
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JUT48853, 2007

Using Test-And-Set

struct lock {
int held = 0;
}
void acquire (lock) {
while (test-and-set(&lock->held));

}

void release (lock) {
lock->held = O;

}

et B fladand s 85,200l
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End Discussion

Scott B. Baden /CSE 260/ Fall '08

17



Posix Interface

#include <semaphore.h>

sem_t sem;
sem_Init(&sem,0,Count)
sem_wait(&sem);
sem_post(&sem);

sem_t mutex;
sem_init(&mutex,0,1)
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[terative mesh methods



Mesh based methods

0000000

* Many physical problems a L e a a
are s%,n?ul}e;ted 011:1) a 0060006060090
uniform mesh in 1, 2 or 3 ®© 00000 00FO0
dimensions | - |
 Field variables defined 0000000
on a discrete set of points 0000000

* A mapping from ordered S |
p'girs to Ib)lhysliplzll 0000000

r 1

ferfli)evr‘alltufg ang pressure 00060000600

* One application: O 0 000 00 O

differential equations
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Differential equations

« A differential equation is a set of equations involving derivatives of a
function (or functions), and specifies a solution to be determined under
certain constraints

» Constraints often specify boundary conditions or initial values that
the solution must satisfy

* When the functions have multiple variables we have a Partial

Differential Equation (PDE)
d*u/ 0x?+ 9?u/dy* = 0 within a square box, x,yE[0,1]
u(x,y) = sin(x)*sin(y) on dQ, perimeter of the box

« When the functions have a single variable we have an
Ordinary Differential Equation (ODE)

-u''(x) = 1(x), x€[0,1], u(0) = a, u(1)=>b
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Solving an ODE with a
discrete approximation

* Solve the ODE
-u”(x) = f(x), x4 0,1]
* Define u; = u(l x h) at points

x=ixh, h=1/(N-1) h
* Approximate the derivatives > o o
U = (u(x+h) D2u(x) + u(h)/hz
U, U Uy,

* Obtain the system of equations
(u._,-2u+u,,)h? =f i€ 1.n-2
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[terative solution

* Rewrite the system of equations
(-u; +2u -u, )/h? =f i€ 1.n-1

[t can be shown that the following

Gauss-Seidel algorithm will arrive at the solution ...

e ....assuming an initial guess for the u.

Repeat until the result is satisfactory
forir=1:N-1
Ui = (U, T +h2 £)/2
end for
end Repeat
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Convergence

* Convergence 1s slow

» We reach the desired precision in O(N?) iterations

. Convergence
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Estimating the error

 How do we know when the answer 1s “good
enough?”

* The computed solution has reached a reasonable
approximation to the exact solution

» We validate the computed solution in the field,
1.e. wet lab experimentation

 But we often don’t know the exact solution, and
must estimate the error
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Using the residual to estimate the error

Recall the equations
(-u_+2u -u,)/h? =f 1€ 1.n-1 [AU=f]

Define the residual t:: [r = Au-f]
r.=(-u_+2u-u,)/h* -f, 1€ 1.n-1

Thus, our computed solution 1s correct when
r,=0

We can obtain a good estimate of the error by
finding the maximum r; Vi

Another possibility 1s to take the root mean
square (L2 norm) W2
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Parallel implementation

* We partition the data into intervals,
assigning each to a unique thread

* Each interval depends on two endpoint
values that get updated by another thread

ARNAR
N\

PO Pl P2 P3
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Dependences

* Our attempt to parallelize the algorithm
fails: there are loop carried dependences

* The value of u[i] computed 1n 1teration |
depends on u[i] computed in iteration i-1

fori=1:N-1
ufi] = (u[i-1]+uli+1] +h*h*f[i])/2
end for
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Parallel implementation

» Renaming the LHS of the assignment
climinates the dependences

* Two arrays u and unew

e This 1s Jacob1’s method

fori=1:N-1

unewli] = (u[i-1]+ufi+1] +h*h*f[i])/2
end for
Swap u and unew
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Tradeofts

 We can now parallelize the algorithm, since we have
eliminated the loop carried dependencies

« But we have reduced the convergence rate by about a
factor of two

* Doubles the amount of work needed to solve the problem
* This kind of tradeoff 1s common

* Which algorithm should be used in the “fastest serial”
implementation?
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Convergence check

Each thread computes the error for its assigned part of the
problem

We need a global error so that we compute a result that is
consistent with the single processor implementation

We form a global sum of the local contributions
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Stencil operations in higher dimensions

« We call the numerical operator that sweeps over the solution array a
stencil operator

 In 1D we have functions of one variable

e In n dimensions we have n variables

 In2D:
0%u/ 0x2 + 9%u/dy? =Au = f(x,y) within a square box, x,yE[0,1]
u(x,y) = sin(x)*sin(y) on 9€2, perimeter of the box

Define u;; = u(x;, y;) atpoints X =ixh, y,=jxh, h=1/(N-1)
« Approximate the derivatives
Ug =~ (X 0Y;) T ulXpy;) HulXey; ) T uy; ) —4ux, y; )/ h?
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Jacobi’s Method 1n 2D

* The update formula

for (i,]) In O:N-1 x O:N-1
u@,j] = (u[i-1,j] + u[i+1,j]+ ufi,j-1]+ ufi, j+1] - h2f[i,j])/4
u=ul

LI+1

i ®
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Partitioning

Splits up the data over processors

 Different partitionings according to the

processor geometry

For P processors geometries are of the form p, x p,
where P =p, p;

* For P=4, 3 possible geometries

1x4 4x1 2 x 2
0

0 1
ol 1l2]3 1
2

2 3
3
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Data access

» Off processor values surround each _-;ai%#lﬂ P
B e
local subproblem E-SCTEm=_d
« Non-contiguous data
. . P P
 Inefficient to access values on certain 4 > °
faces/edges
8
- §—————> -
[
PR PR R - >
ONCHONONONONONONGS;
C 0000000 C
Py Ps Pe } 000000000
n C 0000 00 0 C ]
N NN N N N N NN
Ps Py Pio | P11 00000 O®OE®C
09000000 0 O
| XXX XK X X
P12 P13 P14 P15 CHONONONONONONONS]
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The code

1. procedure Sol ve (sharedArray2D<float> A) //Aisan(n+2)-by-(n+2)array

2. begin

3. int done = FALSE;

4 float diff;

5. while (!done) do /I outermost sweep loop

6. diff = 0;

7 for i < 1 to n do /I sweep over interior points of grid
8. forj ~ 1 ton do

9. AQi,jl < 0.25 * (Ali,j-1] + Ali-1,j] +

10. Ali,j+1] + AL +1,j]1);

11. diff += abs(Ali,j] ® AJi,jl);

12. end for

13. end for .

14. Al :]1=AQ:, ] I/ Set old solution = new solution

15. if (diff/(n? < TOL) done = TRUE
16. end while
17. end procedure

Interior n X n points updated in each sweep

Compute error. taking differences against old solution
Update old solution from new solution

Continue sweeping until solution has converged
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Exposing the parallelism

1. procedure Solve (SharedArray2D<float>A) Il Alisan (n + 2)-by-(n + 2) array
2. begin

3. int done = FALSE; Automatic variables local to a processor
4. while (!done) do /1 outermost sweep loop

S float diff = 0;

6. forall i < 1 to n do Il sweep over interior pointsof grid

7 forall 7§ = 1 to n do

8. A’ [i,3] T 0.25 * (A[i,j-1]1 + A[i-1,3] +

9. Ali, 3411 + A[i+1,31);

10. diff += abs(A[i,3] - A’ [i,73]);

11. end for

12. end for

13. diff = REDUCE_SUM(diff) _;;;,L ;—h 5

14. Al ]=A0:, ] B z:ﬁ T i
15. if (diff/(n?) < TOL) done = TRUE; E_SCS Emimial

16. end while

17-end procedure 4 5 6 ’
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Shared memory parallel code

Lock diff lock; // declaration of lock to enforce mutual exclusion

Barrier barl; // barrier declaration for global synchronization between sweeps
Array2D<float> A; // Shared array

float diff;

main ()

begin

read(n); read(nprocs); barl.init (nprocs):;

A = new Array2D<float>(n+2,n+2)
FORK (nprocs-1, Solve, A4);

Solve (A) ; /*main process becomes a worker too™*/

JOIN (nprocs-1); /*wait for all child processes created to terminate™/
end main

Variables declared out of the scope of any
function are global to all processes,
all others are local to the process
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OMP code

mymin =1 + ($TID * n/nprocs), mymax = mymin + n/nprocs -1;
while ('done) do
mydiff = diff = 0;  Don’t read locations updated by
$onp barrier other processes in the previous
for I'=mymin to mymax do iteration until they have been

for j=1to ndo produced (true dependence)

AQl =E,
mydiff+= E .
end for * Don’t overwrite values used by
end for other processes in the current
$onp critical iteration until they have been
{ diff += mydif } consumed (anti-dependence)
$onp barrier
if (diff / (n*n) < Tolerance) done = TRUE;
$onp barrier
end while
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