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Laplace’s Equation on a Regular Grid

0

N+1

⌦ @⌦

r2� = 0 on ⌦
� = f on @⌦

xi�1,j + xi+1,j + xi,j�1 + xi,j+1 � 4xi,j = 0

Discretization
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The value of each 
point on the grid

The average of 
its neighbors
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Iterating for a solution
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while (! converged()) {
for (size_t i = 1; i < N+1; ++i)
for (size_t j = 1; j < N+1; ++j)

y(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;
swap(x,y);

}

Approximation at 
iteration k+1

Average of approximation 
at iteration k

Only need to use two 
arrays to do iteration: 

old and new

At end of each outer 
iteration: new 

becomes old (and v.v.)
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class Grid
class Grid {

public:
explicit Grid(size_t x, size_t y) :

xPoints(x+2), yPoints(y+2), arrayData(xPoints*yPoints) {}

double &operator()(size_t i, size_t j)
{ return arrayData[i*yPoints + j]; }

const double &operator()(size_t i, size_t j) const
{ return arrayData[i*yPoints + j]; }

size_t numX() const { return xPoints; }
size_t numY() const { return yPoints; }

private:
size_t xPoints, yPoints;
std::vector<double> arrayData;

};
Storage

Grid is a 2D 
array Constructor

Accessor
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Decomposition
N

P

1

N

P

1

N

P

1

N

P

1

N

P
+1

2
N

P

(P�1)
N

P
+ 1

N

N

P

1

2
N

P

N

...(P�1)
N

P

Global LocalGlobal

for (size_t i = 1; i < N+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;

Decompose into P 
partitionsOriginal 

problem

Index 
from 1

Index 
to N

Partitioned 
index space

SPMD 
index space

All are 
identical
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Decomposition
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Boundary
Boundary

“as-if”

Not part of the 
original problem

for (size_t i = 1; i < N/P+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;

To the local / SPMD 
code, the boundary 

and as-if are the same

So solving 
this problem 

Is the same as solving 
lots of the same 

problem but smaller

One crucial 
difference
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while (! converged()) {
for (size_t i = 1; i < N+1; ++i)
for (size_t j = 1; j < N+1; ++j)

y(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;
swap(x,y);

}

As-If

This changes only on 
every outer iteration 

(on the swap())

This is the entire 
program

Rows need to be 
as-if only during 

iteration

Not changed 
during an 
iteration

Always 
read x

Always 
write y
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Compute / Communicate
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To make as-if, we 
need to update 

the boundary cells

With their “as-
if” values

Before they are 
read at the next 
outer iteration

Very 
Important 

Slide!!
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Compute / Communicate
while (! converged()) {

for (size_t i = 1; i < N+1; ++i)
for (size_t j = 1; j < N+1; ++j)

y(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;
swap(x,y);
make_as_if(x); // Communicate ghost cells

}

P1

P2

P1

P2

P1

P2

P1

P2

P1

P2

P1

P2

Standard terminology 
for as-if boundary is 

“ghost cell” or “halo”

ghost

ghost

Compute Communicate
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Compute / Communicate

CommunicateCompute

CommunicateCompute

CommunicateCompute

N0

…
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NP

NK

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

Time

This is an almost 
universal pattern

Processors are 
still only loosely 

coupled

But the compute / 
communicate pattern keeps 

them synched in a bulk sense

“Bulk Synchronous 
Parallel” (BSP)
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MPI_Send( ... ); // to upper neighbor
MPI_Send( ... ); // to lower neighbor
MPI_Recv( ... ); // from lower neighbor
MPI_Recv( ... ); // from upper neighbor

Updating Ghost Cells

P1

P2

P1

P2

P1

P2

ghostghost

Works?
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Exchanging halos (updating ghost cells)
• What happens with this set of 

operations?
• Have we seen this before? 
• Behavior depends on 

implementation of Send (not its 
semantics)
– Size of message (use of eager vs 

rendezvous protocol)
– System dependent
– Most MPI implementations have 

diagnostics for this

Process P

Send(Q, ...)
<latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit>

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Process Q

Send(P, ...)
<latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit>

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

When can 
we proceed?

When send 
returns

But what if send 
doesn’t return 

until message is 
received?

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Where do messages go when you send them?

Buffer

Data

Buffer

Data

Network

Process P Process Q

Data

Data
Network

Process P Process Q

System might 
buffer the data

System might 
buffer the data

Good thing or 
bad thing?

System might not 
buffer the data

Might buffer 
some message

Not others
CSE P 524 Parallel Computation Autumn 2018 University of Washington 

by Andrew Lumsdaine
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MPI_Send

• MPI_Send is sometimes called a “blocking send”
• Semantics (from the standard): Send MPI_Send returns, it is safe to 

reuse the buffer
• So it only blocks until buffer is safe to reuse
• (Recall we can only specify local semantics)

#include <mpi.h>
void Comm::Send(const void* buf, int count, const Datatype& datatype,

int dest, int tag) const,!

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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MPI_Recv

• Blocking receive
• Semantics: Blocks until message is received.  On return from call, 

buffer will have message data 

#include <mpi.h>
void Comm::Recv(void* buf, int count, const Datatype& datatype,

int source, int tag, Status& status) const,!

void Comm::Recv(void* buf, int count, const Datatype& datatype,
int source, int tag) const,!

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Unbuffered Communication

• Buffering can be avoided
• But we need to make sure it is 

safe to touch message data
– Block until it is safe
– Return before transfer is complete 

and wait/test later
Data

Data
Network

Process P Process Q
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Process P

Send(Q, ...)
<latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit><latexit sha1_base64="D07mVBOfa0dSkR4vLRrW1IuP3L8=">AAACKnicbZDLSgMxFIYzXut4q7p0EyxCBR1mutGFi4Ibly3aC7SlZDKnbWgmMyQZoQx9Cl/DF3Crb+CuuBWfw7QdwbYeCPz5/3M4yefHnCntuhNrbX1jc2s7t2Pv7u0fHOaPjusqSiSFGo14JJs+UcCZgJpmmkMzlkBCn0PDH95N88YTSMUi8ahHMXRC0hesxyjRxurmr9o+9JlIQyY0BOOUxvHYfgARFKuX2HGcC7ttLr9xN19wHXdWeFV4mSigrCrd/Hc7iGgSgtCUE6VanhvrTkqkZpTD2G4nCmJCh6QPLSMFCUF10tm3xvjcOAHuRdIcofHM/TuRklCpUeibzpDogVrOpuZ/WSvRvZtOykScaBB0vqiXcKwjPGWEAyaBaj4yglDJzFsxHRBJqDYkF7ZkXGwDxlvGsCrqJcdzHa9aKpRvM0Q5dIrOUBF56BqV0T2qoBqi6Bm9ojf0br1YH9bE+py3rlnZzAlaKOvrB2l3pww=</latexit>

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Process Q

Send(P, ...)
<latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit><latexit sha1_base64="OfAPECVNVbYvkdgc5b4aGIFHZLA=">AAACKnicbZDLSgMxFIYz9VbHW9Wlm2ARKugw040uXBTcuKxoL9CWksmctqGZzJBkhDL0KXwNX8CtvoG74lZ8DtN2BNt6IPDn/8/hJJ8fc6a0606s3Nr6xuZWftve2d3bPygcHtVVlEgKNRrxSDZ9ooAzATXNNIdmLIGEPoeGP7yd5o0nkIpF4lGPYuiEpC9Yj1GijdUtXLZ96DORhkxoCMYpjeOx/QAiKFUvsOM453bbXH7jbqHoOu6s8KrwMlFEWVW7he92ENEkBKEpJ0q1PDfWnZRIzSiHsd1OFMSEDkkfWkYKEoLqpLNvjfGZcQLci6Q5QuOZ+3ciJaFSo9A3nSHRA7WcTc3/slaie9edlIk40SDofFEv4VhHeMoIB0wC1XxkBKGSmbdiOiCSUG1ILmzJuNgGjLeMYVXUy47nOt59uVi5yRDl0Qk6RSXkoStUQXeoimqIomf0it7Qu/VifVgT63PemrOymWO0UNbXD2fMpws=</latexit>

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Some other solutions
Process P Process Q

Sendrecv(Q, ...)
<latexit sha1_base64="QpFTd+bnhptDphbJZkUpslxT8nU="></latexit><latexit sha1_base64="QpFTd+bnhptDphbJZkUpslxT8nU="></latexit><latexit sha1_base64="QpFTd+bnhptDphbJZkUpslxT8nU="></latexit><latexit sha1_base64="QpFTd+bnhptDphbJZkUpslxT8nU="></latexit>Sendrecv(P, ...)

<latexit sha1_base64="pTfFFqmCefH5kBYkvCV1wliXLhQ="></latexit><latexit sha1_base64="pTfFFqmCefH5kBYkvCV1wliXLhQ="></latexit><latexit sha1_base64="pTfFFqmCefH5kBYkvCV1wliXLhQ="></latexit><latexit sha1_base64="pTfFFqmCefH5kBYkvCV1wliXLhQ="></latexit>

Process P

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Process Q

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Bsend(P, ...)
<latexit sha1_base64="BkdyAS68uA+vpGER3xXfdLShXp8=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLoxmUF2wptKZnMbRuayQxJRihD38LX8AXc6hu4Utzqc5i2I9jWC4GTc+7lJl+QcKa0571bhZXVtfWN4qa9tb2zu+fsHzRUnEoKdRrzWN4HRAFnAuqaaQ73iQQSBRyawfB6kjcfQCoWizs9SqATkb5gPUaJNlbXcdsB9JnIIiY0hOOMJsnYvlIgwnLtDLuue2q3zeU37zolz/WmhZeFn4sSyqvWdb7bYUzTCISmnCjV8r1EdzIiNaMcxnY7VZAQOiR9aBkpSASqk03/NcYnxglxL5bmCI2n7t+JjERKjaLAdEZED9RiNjH/y1qp7l10MiaSVIOgs0W9lGMd4wkkHDIJVPOREYRKZt6K6YBIQrVBObcl52IbMP4ihmXRqLi+5/q3lVL1MkdUREfoGJWRj85RFd2gGqojih7RM3pBr9aT9WZ9WJ+z1oKVzxyiubK+fgA7C6d3</latexit><latexit sha1_base64="BkdyAS68uA+vpGER3xXfdLShXp8=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLoxmUF2wptKZnMbRuayQxJRihD38LX8AXc6hu4Utzqc5i2I9jWC4GTc+7lJl+QcKa0571bhZXVtfWN4qa9tb2zu+fsHzRUnEoKdRrzWN4HRAFnAuqaaQ73iQQSBRyawfB6kjcfQCoWizs9SqATkb5gPUaJNlbXcdsB9JnIIiY0hOOMJsnYvlIgwnLtDLuue2q3zeU37zolz/WmhZeFn4sSyqvWdb7bYUzTCISmnCjV8r1EdzIiNaMcxnY7VZAQOiR9aBkpSASqk03/NcYnxglxL5bmCI2n7t+JjERKjaLAdEZED9RiNjH/y1qp7l10MiaSVIOgs0W9lGMd4wkkHDIJVPOREYRKZt6K6YBIQrVBObcl52IbMP4ihmXRqLi+5/q3lVL1MkdUREfoGJWRj85RFd2gGqojih7RM3pBr9aT9WZ9WJ+z1oKVzxyiubK+fgA7C6d3</latexit><latexit sha1_base64="BkdyAS68uA+vpGER3xXfdLShXp8=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLoxmUF2wptKZnMbRuayQxJRihD38LX8AXc6hu4Utzqc5i2I9jWC4GTc+7lJl+QcKa0571bhZXVtfWN4qa9tb2zu+fsHzRUnEoKdRrzWN4HRAFnAuqaaQ73iQQSBRyawfB6kjcfQCoWizs9SqATkb5gPUaJNlbXcdsB9JnIIiY0hOOMJsnYvlIgwnLtDLuue2q3zeU37zolz/WmhZeFn4sSyqvWdb7bYUzTCISmnCjV8r1EdzIiNaMcxnY7VZAQOiR9aBkpSASqk03/NcYnxglxL5bmCI2n7t+JjERKjaLAdEZED9RiNjH/y1qp7l10MiaSVIOgs0W9lGMd4wkkHDIJVPOREYRKZt6K6YBIQrVBObcl52IbMP4ihmXRqLi+5/q3lVL1MkdUREfoGJWRj85RFd2gGqojih7RM3pBr9aT9WZ9WJ+z1oKVzxyiubK+fgA7C6d3</latexit><latexit sha1_base64="BkdyAS68uA+vpGER3xXfdLShXp8=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLoxmUF2wptKZnMbRuayQxJRihD38LX8AXc6hu4Utzqc5i2I9jWC4GTc+7lJl+QcKa0571bhZXVtfWN4qa9tb2zu+fsHzRUnEoKdRrzWN4HRAFnAuqaaQ73iQQSBRyawfB6kjcfQCoWizs9SqATkb5gPUaJNlbXcdsB9JnIIiY0hOOMJsnYvlIgwnLtDLuue2q3zeU37zolz/WmhZeFn4sSyqvWdb7bYUzTCISmnCjV8r1EdzIiNaMcxnY7VZAQOiR9aBkpSASqk03/NcYnxglxL5bmCI2n7t+JjERKjaLAdEZED9RiNjH/y1qp7l10MiaSVIOgs0W9lGMd4wkkHDIJVPOREYRKZt6K6YBIQrVBObcl52IbMP4ihmXRqLi+5/q3lVL1MkdUREfoGJWRj85RFd2gGqojih7RM3pBr9aT9WZ9WJ+z1oKVzxyiubK+fgA7C6d3</latexit>

Bsend(Q, ...)
<latexit sha1_base64="A7uTIx4W6VE40Ynaneie39pKlFc=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTduGzBXqAtJZM5bUMzmSHJCGXoW/gavoBbfQNXilt9DtN2BNt6IPDn/8/hJJ8fc6a0675bubX1jc2t/La9s7u3f1A4PGqoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3Q7zZsPIBWLxL0ex9ANyUCwPqNEG6tXcDo+DJhIQyY0BJOUxvHEvlEgglLtAjuOc253zOU37xWKruPOCq8KLxNFlFW1V/juBBFNQhCacqJU23Nj3U2J1IxymNidREFM6IgMoG2kICGobjr71wSfGSfA/UiaIzSeuX8nUhIqNQ590xkSPVTL2dT8L2snun/VTZmIEw2Czhf1E451hKeQcMAkUM3HRhAqmXkrpkMiCdUG5cKWjIttwHjLGFZFo+x4ruPVysXKdYYoj07QKSohD12iCrpDVVRHFD2iZ/SCXq0n6836sD7nrTkrmzlGC2V9/QA8tqd4</latexit><latexit sha1_base64="A7uTIx4W6VE40Ynaneie39pKlFc=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTduGzBXqAtJZM5bUMzmSHJCGXoW/gavoBbfQNXilt9DtN2BNt6IPDn/8/hJJ8fc6a0675bubX1jc2t/La9s7u3f1A4PGqoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3Q7zZsPIBWLxL0ex9ANyUCwPqNEG6tXcDo+DJhIQyY0BJOUxvHEvlEgglLtAjuOc253zOU37xWKruPOCq8KLxNFlFW1V/juBBFNQhCacqJU23Nj3U2J1IxymNidREFM6IgMoG2kICGobjr71wSfGSfA/UiaIzSeuX8nUhIqNQ590xkSPVTL2dT8L2snun/VTZmIEw2Czhf1E451hKeQcMAkUM3HRhAqmXkrpkMiCdUG5cKWjIttwHjLGFZFo+x4ruPVysXKdYYoj07QKSohD12iCrpDVVRHFD2iZ/SCXq0n6836sD7nrTkrmzlGC2V9/QA8tqd4</latexit><latexit sha1_base64="A7uTIx4W6VE40Ynaneie39pKlFc=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTduGzBXqAtJZM5bUMzmSHJCGXoW/gavoBbfQNXilt9DtN2BNt6IPDn/8/hJJ8fc6a0675bubX1jc2t/La9s7u3f1A4PGqoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3Q7zZsPIBWLxL0ex9ANyUCwPqNEG6tXcDo+DJhIQyY0BJOUxvHEvlEgglLtAjuOc253zOU37xWKruPOCq8KLxNFlFW1V/juBBFNQhCacqJU23Nj3U2J1IxymNidREFM6IgMoG2kICGobjr71wSfGSfA/UiaIzSeuX8nUhIqNQ590xkSPVTL2dT8L2snun/VTZmIEw2Czhf1E451hKeQcMAkUM3HRhAqmXkrpkMiCdUG5cKWjIttwHjLGFZFo+x4ruPVysXKdYYoj07QKSohD12iCrpDVVRHFD2iZ/SCXq0n6836sD7nrTkrmzlGC2V9/QA8tqd4</latexit><latexit sha1_base64="A7uTIx4W6VE40Ynaneie39pKlFc=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTduGzBXqAtJZM5bUMzmSHJCGXoW/gavoBbfQNXilt9DtN2BNt6IPDn/8/hJJ8fc6a0675bubX1jc2t/La9s7u3f1A4PGqoKJEU6jTikWz5RAFnAuqaaQ6tWAIJfQ5Nf3Q7zZsPIBWLxL0ex9ANyUCwPqNEG6tXcDo+DJhIQyY0BJOUxvHEvlEgglLtAjuOc253zOU37xWKruPOCq8KLxNFlFW1V/juBBFNQhCacqJU23Nj3U2J1IxymNidREFM6IgMoG2kICGobjr71wSfGSfA/UiaIzSeuX8nUhIqNQ590xkSPVTL2dT8L2snun/VTZmIEw2Czhf1E451hKeQcMAkUM3HRhAqmXkrpkMiCdUG5cKWjIttwHjLGFZFo+x4ruPVysXKdYYoj07QKSohD12iCrpDVVRHFD2iZ/SCXq0n6836sD7nrTkrmzlGC2V9/QA8tqd4</latexit>

Properly order 
sends and recvs

Difficult and 
breaks spmd

Simultaneously 
send and recv

Explicitly 
buffer
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Non-Blocking Operations

• Non-blocking operations 
(send and receive) return 
immediately

• Return “request handles” 
that can be tested or 
waited on

• Where progress is made 
(and where communication 
happens) is 
implementation specific
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Non-blocking (immediate) operations

Process P

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Process Q

Recv(Q, ...)
<latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit><latexit sha1_base64="3552Z960DrF38izPYFwqugsbOfw=">AAACKnicbZDLSsNAFIYn9VbjrerSzWARKmhI3OjCRcGNy1bsBdpSJpPTduhkEmYmQgl9Cl/DF3Crb+CuuBWfw2kbwbYeGPj5/3M4Zz4/5kxp151YubX1jc2t/La9s7u3f1A4PKqrKJEUajTikWz6RAFnAmqaaQ7NWAIJfQ4Nf3g3zRtPIBWLxKMexdAJSV+wHqNEG6tbuGz70GciDZnQEIxTGsdj+wHoU6l6gR3HObfbIILfuFsouo47K7wqvEwUUVaVbuG7HUQ0CUFoyolSLc+NdSclUjPKYWy3EwUxoUPSh5aRgoSgOunsW2N8ZpwA9yJpntB45v6dSEmo1Cj0TWdI9EAtZ1Pzv6yV6N5NJ2UiTjQIOl/USzjWEZ4ywgGTQDUfGUGoZOZWTAdEEqoNyYUtGRfbgPGWMayK+pXjuY5XvSqWbzNEeXSCTlEJeegaldE9qqAaougZvaI39G69WB/WxPqct+asbOYYLZT19QNzd6cS</latexit>

Isend(Q, ...)
<latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit>

Isend(P, ...)
<latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit>

Returns 
immediately

What were 
semantics of Send?

How do we know 
when it is safe? 

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Isend returns a 
request handle

That we wait on 
until buffer is safe

Note normal 
receive
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Non-blocking (immediate) operations

Process P Process Q

Isend(Q, ...)
<latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit>

Isend(P, ...)
<latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit>

Irecv(P, ...)
<latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Irecv(Q, ...)
<latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit>

There is also a non-
blocking receive

What were 
semantics of Recv?

Irecv also returns a 
request handle

That can be waited on 
and will return when 

data are ready

We can wait on all 
requests together 

(send and recv)
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Isend(Q, ...)
<latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit>

Isend(P, ...)
<latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit>

Irecv(P, ...)
<latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Irecv(Q, ...)
<latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit>
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After

Process P Process Q

Isend(Q, ...)
<latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit>

Isend(P, ...)
<latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit>

Irecv(P, ...)
<latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Irecv(Q, ...)
<latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit>
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After

Process P Process Q

Isend(Q, ...)
<latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit><latexit sha1_base64="nm7inZGrYpQqSVfFFktoWbX0SJw=">AAACK3icbZDLSgMxFIYz9VbHW9Wlm2ARKsgw040uXBTc6K4Fe4G2lEzmtA3NZIYkI5Shb+Fr+AJu9Q1cKW71OUzbEWzrgcCf/z+Hk3x+zJnSrvtu5dbWNza38tv2zu7e/kHh8KihokRSqNOIR7LlEwWcCahrpjm0Ygkk9Dk0/dHNNG8+gFQsEvd6HEM3JAPB+owSbaxewen4MGAiDZnQEExSGscT+06BCEq1C+w4zrndMZffvFcouo47K7wqvEwUUVbVXuG7E0Q0CUFoyolSbc+NdTclUjPKYWJ3EgUxoSMygLaRgoSguunsXxN8ZpwA9yNpjtB45v6dSEmo1Dj0TWdI9FAtZ1Pzv6yd6P5VN2UiTjQIOl/UTzjWEZ5CwgGTQDUfG0GoZOatmA6JJFQblAtbMi62AeMtY1gVjbLjuY5XKxcr1xmiPDpBp6iEPHSJKugWVVEdUfSIntELerWerDfrw/qct+asbOYYLZT19QNIjad/</latexit>

Isend(P, ...)
<latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit><latexit sha1_base64="GCPt1UK1UnvMazqJjrhZo5kErxk=">AAACK3icbZDNSgMxFIUz9a+Of6Mu3QSLUEGGmW504aLgRncVbCu0pWQyt21oJjMkGaEMfQtfwxdwq2/gSnGrz2HajmBbLwROzrmXm3xBwpnSnvduFVZW19Y3ipv21vbO7p6zf9BQcSop1GnMY3kfEAWcCahrpjncJxJIFHBoBsOrSd58AKlYLO70KIFORPqC9Rgl2lhdx20H0Gcii5jQEI4zmiRj+0aBCMu1M+y67qndNpffvOuUPNebFl4Wfi5KKK9a1/luhzFNIxCacqJUy/cS3cmI1IxyGNvtVEFC6JD0oWWkIBGoTjb91xifGCfEvViaIzSeun8nMhIpNYoC0xkRPVCL2cT8L2ulunfRyZhIUg2Czhb1Uo51jCeQcMgkUM1HRhAqmXkrpgMiCdUG5dyWnIttwPiLGJZFo+L6nuvfVkrVyxxRER2hY1RGPjpHVXSNaqiOKHpEz+gFvVpP1pv1YX3OWgtWPnOI5sr6+gFG4qd+</latexit>

Irecv(P, ...)
<latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit><latexit sha1_base64="k3yvc+xSp4yOwAN4rdlwe60t7N0=">AAACK3icbZDLSsNAFIYn9VbjrerSzWARKkhIutGFi4Ib3VWwF2hLmUxO26GTSZiZFEroW/gavoBbfQNXilt9DqdtBNt6YODn/8/hnPn8mDOlXffdyq2tb2xu5bftnd29/YPC4VFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+MObad4YgVQsEg96HEMnJH3BeowSbaxuwWn70GciDZnQEExSGscT+04CHZWqF9hxnHO7DSL4zbuFouu4s8KrwstEEWVV7Ra+20FEkxCEppwo1fLcWHdSIjWjHCZ2O1EQEzokfWgZKUgIqpPO/jXBZ8YJcC+S5gmNZ+7fiZSESo1D33SGRA/UcjY1/8taie5ddVIm4kSDoPNFvYRjHeEpJBwwQ0DzsRGESmZuxXRAJKHaoFzYknGxDRhvGcOqqJcdz3W8+3Kxcp0hyqMTdIpKyEOXqIJuURXVEEWP6Bm9oFfryXqzPqzPeWvOymaO0UJZXz9Q4qeE</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Waitall
<latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit><latexit sha1_base64="RnmGu7aUrV6Hga5S++zv3EitDfo=">AAACJXicbZDLSsNAFIYn9VbjLerSTbAIXZWkG124KLhxWcFeoC1lMjlth04mYeZEKKGv4Gv4Am71DdyJ4Mqdz+G0jWBbDwz8/P85nDNfkAiu0fM+rcLG5tb2TnHX3ts/ODxyjk+aOk4VgwaLRazaAdUguIQGchTQThTQKBDQCsY3s7z1AErzWN7jJIFeRIeSDzijaKy+U+4GMOQyi7hECKcZS5Kp3aIcqRB2F2T4m/Sdklfx5uWuCz8XJZJXve98d8OYpRFIZIJq3fG9BHsZVciZgKndTTUklI3pEDpGShqB7mXzH03dC+OE7iBW5kl05+7fiYxGWk+iwHRGFEd6NZuZ/2WdFAdXvYzLJEWQbLFokAoXY3eGxw25AoZiYgRliptbXTaiijI0EJe25FxsA8ZfxbAumtWK71X8u2qpdp0jKpIzck7KxCeXpEZuSZ00CCOP5Jm8kFfryXqz3q2PRWvBymdOyVJZXz8kaqam</latexit>

Irecv(Q, ...)
<latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit><latexit sha1_base64="67xj9kKVCqjnqAIFwnr3ANQX6NY=">AAACK3icbZDNSsNAFIUn9a/Gv6pLN4NFqCAh6UYXLgpudNeCbYW2lMnkth06mYSZSaGEvoWv4Qu41TdwpbjV53DaRrCtFwYO59zLvfP5MWdKu+67lVtb39jcym/bO7t7+weFw6OGihJJoU4jHskHnyjgTEBdM83hIZZAQp9D0x/eTPPmCKRikbjX4xg6IekL1mOUaGN1C07bhz4TaciEhmCS0jie2HcS6KhUu8CO45zbbRDBb94tFF3HnRVeFV4miiirarfw3Q4imoQgNOVEqZbnxrqTEqkZ5TCx24mCmNAh6UPLSEFCUJ109q8JPjNOgHuRNE9oPHP/TqQkVGoc+qYzJHqglrOp+V/WSnTvqpMyEScaBJ0v6iUc6whPIeGAGQKaj40gVDJzK6YDIgnVBuXCloyLbcB4yxhWRaPseK7j1crFynWGKI9O0CkqIQ9dogq6RVVURxQ9omf0gl6tJ+vN+rA+5605K5s5Rgtlff0AUo2nhQ==</latexit>

Put the non-
blocking recv first

Send later

Posts recv No unexpected 
messages
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Bindings for non-blocking receive

Request Comm::Isend(const void* buf, int count, const
Datatype& datatype, int dest, int tag) const,!

<latexit sha1_base64="WhhiEUY3dpKbBphXYj1L82KrLbE="></latexit><latexit sha1_base64="WhhiEUY3dpKbBphXYj1L82KrLbE="></latexit><latexit sha1_base64="WhhiEUY3dpKbBphXYj1L82KrLbE="></latexit><latexit sha1_base64="WhhiEUY3dpKbBphXYj1L82KrLbE="></latexit>

Request Comm::Irecv(void* buf, int count, const
Datatype& datatype, int source, int tag) const,!

<latexit sha1_base64="YxsUFlSF50EsMizOQ4umzihyYcE="></latexit><latexit sha1_base64="YxsUFlSF50EsMizOQ4umzihyYcE="></latexit><latexit sha1_base64="YxsUFlSF50EsMizOQ4umzihyYcE="></latexit><latexit sha1_base64="YxsUFlSF50EsMizOQ4umzihyYcE="></latexit>
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Communication completion: Wait
void Request::Wait(Status& status)
void Request::Wait()

<latexit sha1_base64="b9jb6lEbq0uDyReWZ9B7UZag2VE="></latexit><latexit sha1_base64="b9jb6lEbq0uDyReWZ9B7UZag2VE="></latexit><latexit sha1_base64="b9jb6lEbq0uDyReWZ9B7UZag2VE="></latexit><latexit sha1_base64="b9jb6lEbq0uDyReWZ9B7UZag2VE="></latexit>

static void Request::Waitall(int count, Request
array_of_requests[], Status array_of_statuses[]),!

static void Request::Waitall(int count, Request
array_of_requests[]),!

<latexit sha1_base64="Z22GOtOKfciliyBoTZHppz+pCM0="></latexit><latexit sha1_base64="Z22GOtOKfciliyBoTZHppz+pCM0="></latexit><latexit sha1_base64="Z22GOtOKfciliyBoTZHppz+pCM0="></latexit><latexit sha1_base64="Z22GOtOKfciliyBoTZHppz+pCM0="></latexit>

static int Request::Waitany(int count, Request
array_of_requests[], Status& status),!

static int Request::Waitany(int count, Request
array_of_requests[]),!

<latexit sha1_base64="mBfeseSDWzhgX+5H0om1PO2JN4I="></latexit><latexit sha1_base64="mBfeseSDWzhgX+5H0om1PO2JN4I="></latexit><latexit sha1_base64="mBfeseSDWzhgX+5H0om1PO2JN4I="></latexit><latexit sha1_base64="mBfeseSDWzhgX+5H0om1PO2JN4I="></latexit>
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Communication completion: Test
bool Request::Test(Status& status)
bool Request::Test()

<latexit sha1_base64="TZxPMmVHw/LOj8gvFuA+rjEi0Hg="></latexit><latexit sha1_base64="TZxPMmVHw/LOj8gvFuA+rjEi0Hg="></latexit><latexit sha1_base64="TZxPMmVHw/LOj8gvFuA+rjEi0Hg="></latexit><latexit sha1_base64="TZxPMmVHw/LOj8gvFuA+rjEi0Hg="></latexit>

static bool Request::Testall(int count, Request
array_of_requests[], Status array_of_statuses[]),!

static bool Request::Testall(int count, Request
array_of_requests[]),!

<latexit sha1_base64="YAp9FI/6SkBsN6mVQJeGnOpEqic="></latexit><latexit sha1_base64="YAp9FI/6SkBsN6mVQJeGnOpEqic="></latexit><latexit sha1_base64="YAp9FI/6SkBsN6mVQJeGnOpEqic="></latexit><latexit sha1_base64="YAp9FI/6SkBsN6mVQJeGnOpEqic="></latexit>

static bool Request::Testany(int count, Request
array_of_requests[], int& index, Status& status),!

static bool Request::Testany(int count, Request
array_of_requests[], int& index),!

<latexit sha1_base64="TmRVUOEyMn4/zI+Y3QIm1Ec9QNo="></latexit><latexit sha1_base64="TmRVUOEyMn4/zI+Y3QIm1Ec9QNo="></latexit><latexit sha1_base64="TmRVUOEyMn4/zI+Y3QIm1Ec9QNo="></latexit><latexit sha1_base64="TmRVUOEyMn4/zI+Y3QIm1Ec9QNo="></latexit>
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Collectives
• Collective operations are called by all processes in a communicator.
• MPI_BCAST distributes data from one process (the root) to all others in a 

communicator
• MPI_REDUCE combines data from all processes in communicator and returns it to 

one process
• In many numerical algorithms, SEND/RECEIVE can be replaced by 
BCAST/REDUCE, improving both simplicity and efficiency
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Bcast

Broadcast

A A

A

A

A

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

void MPI::Comm::Bcast(void* buffer, int count, const MPI::Datatype& datatype,
int root) const = 0,!

<latexit sha1_base64="9MHjj/Ecejk7x81XyxZNuEsdTrQ="></latexit><latexit sha1_base64="9MHjj/Ecejk7x81XyxZNuEsdTrQ="></latexit><latexit sha1_base64="9MHjj/Ecejk7x81XyxZNuEsdTrQ="></latexit><latexit sha1_base64="9MHjj/Ecejk7x81XyxZNuEsdTrQ="></latexit>
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Reduce

Reduce

A+B+C+D A

B

C

D

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

void MPI::Intracomm::Reduce(const void* sendbuf, void* recvbuf, int count,

const MPI::Datatype& datatype, const MPI::Op& op, int root) const,!

<latexit sha1_base64="3tpyjP/5H1pj+bkVXIZtRFmLSFs="></latexit><latexit sha1_base64="3tpyjP/5H1pj+bkVXIZtRFmLSFs="></latexit><latexit sha1_base64="3tpyjP/5H1pj+bkVXIZtRFmLSFs="></latexit><latexit sha1_base64="3tpyjP/5H1pj+bkVXIZtRFmLSFs="></latexit>
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Allreduce

Allreduce

A+B+C+D A

B

C

D

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

A+B+C+D

A+B+C+D

A+B+C+D

void MPI::Comm::Allreduce(const void* sendbuf, void* recvbuf, int count, const

MPI::Datatype& datatype, const MPI::Op& op) const=0,!

<latexit sha1_base64="xxOd/dFEykhwhhDUM2ixIVOn4OM="></latexit><latexit sha1_base64="xxOd/dFEykhwhhDUM2ixIVOn4OM="></latexit><latexit sha1_base64="xxOd/dFEykhwhhDUM2ixIVOn4OM="></latexit><latexit sha1_base64="xxOd/dFEykhwhhDUM2ixIVOn4OM="></latexit>
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Scatter/Gather

Scatter

A A

B

C

D

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

B C D

Gather

void MPI::Comm::Scatter(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
void* recvbuf, int recvcount, const MPI::Datatype& recvtype, int root) const,!

<latexit sha1_base64="r1CA0UvG3yrcWUKtexY+vGzs8dQ="></latexit><latexit sha1_base64="r1CA0UvG3yrcWUKtexY+vGzs8dQ="></latexit><latexit sha1_base64="r1CA0UvG3yrcWUKtexY+vGzs8dQ="></latexit><latexit sha1_base64="r1CA0UvG3yrcWUKtexY+vGzs8dQ="></latexit>
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Scatter/Gather

Scatter

A A

B

C

D

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

B C D

Gather

void MPI::Comm::Gather(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
void* recvbuf, int recvcount, const MPI::Datatype& recvtype, int root, const = 0,!

<latexit sha1_base64="jwghTB3p3nzTPFD9e6EVadKT6EY="></latexit><latexit sha1_base64="jwghTB3p3nzTPFD9e6EVadKT6EY="></latexit><latexit sha1_base64="jwghTB3p3nzTPFD9e6EVadKT6EY="></latexit><latexit sha1_base64="jwghTB3p3nzTPFD9e6EVadKT6EY="></latexit>
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Allgather

A A

A

A

A

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

B C D

Allgather
B

C

D

B C D

B C D

B C D

void MPI::Comm::Allgather(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
void* recvbuf, int recvcount, const MPI::Datatype& recvtype) const = 0,!

<latexit sha1_base64="eyKFxbUG55TmDkgYuYM9xf05R7k="></latexit><latexit sha1_base64="eyKFxbUG55TmDkgYuYM9xf05R7k="></latexit><latexit sha1_base64="eyKFxbUG55TmDkgYuYM9xf05R7k="></latexit><latexit sha1_base64="eyKFxbUG55TmDkgYuYM9xf05R7k="></latexit>
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Alltoall

A0 A0

A1

A2

A3

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

B0 C0 D0

Alltoall
B0

C0

D0

B1 C1 D1

B2 C2 D2

B3 C3 D3

A1

B1

C1

D1

A2

B2

C2

D2

A3

B3

C3

D3

void MPI::Comm::Alltoall(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
void* recvbuf, int recvcount, const MPI::Datatype& recvtype),!

<latexit sha1_base64="BsRmBIEiNWQafD65H86C2lX3b3w="></latexit><latexit sha1_base64="BsRmBIEiNWQafD65H86C2lX3b3w="></latexit><latexit sha1_base64="BsRmBIEiNWQafD65H86C2lX3b3w="></latexit><latexit sha1_base64="BsRmBIEiNWQafD65H86C2lX3b3w="></latexit>
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All Reduce

0

1 2 ... P-1

err@1
err@2 err@P-1

0

1 2 ... P-1

global_err global_err global_err

All data is sent 
to root

Root sends 
back out to allCost?  

Scalability?

How many 
sends?

How many 
receives?
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All Reduce

All data is sent 
to root

Root sends 
back out to all

Cost?  
Scalability?

0

1

2 ...

P-1

3 P-3P-2

0

1

2 ...

P-1

3 P-3P-2

What is the 
best ordering?

How many 
sends?

How many 
receives?
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Parallel Random Access Machine

Shared Memory

P1 P2 P3 P4 . . . PN

Some number (fixed 
or infinite) number 

of processors

Processors all execute 
same steps in synchrony 

(but can lay out)

Memory shared 
by all processes

Completely UMA 
(O(1) read/write)

At each cycle, processors 
read, write, or compute 

(one operation)

Powerful tool for 
analysis of parallel 

algorithm Assume tasks done in 
parallel are perfectly 

parallelizable

Everything interesting in 
parallel computing is 

about data dependence

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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PRAM cont.
• Several types of PRAM

– EREW - Exclusive Read Exclusive Write
– CREW - Concurrent Read Exclusive Write
– ERCW - Exclusive Read Concurrent Write
– CRCW - Concurrent Read Concurrent Write

• Stronger models can be emulated by weaker models

Shared Memory

P1 P2 P3 P4 . . . PN

Reads and writes 
need to be ordered Writes need to be ordered

Reads need to be ordered

Nothing needs to be ordered

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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Compute / Communicate

CommunicateCompute

CommunicateCompute

CommunicateCompute

N0

…

N1

NP

NK

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

Time

This is an almost 
universal pattern

Processors are 
still only loosely 

coupled

But the compute / 
communicate pattern keeps 

them synched in a bulk sense

“Bulk Synchronous 
Parallel” (BSP)
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Bulk Synchronous Parallel (BSP)

CommunicateCompute

CommunicateCompute

CommunicateCompute

N0

…

N1

NP

NK

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

CommunicateCompute

CommunicateCompute

CommunicateCompute

…

Time
Processes send and 

receive up to h messages

Series of supersteps
Compute can only use 

data present at 
beginning of superstep
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BSP cont.

Compute Communicate Sync

Superstep 

Total length of a 
superstep is L

p processes
Throughput of the 

network is g

And there are h 
messages

What is communicate 
time in terms of g and h?

What is 
compute time?

Valiant, L.G. Optimally universal parallel computers. Phil. Trans. 
R. Soc. Lond. A326 (1988) 373-376.

Leslie G. Valiant, A bridging model for parallel computation, 
Communications of the ACM, v.33 n.8, p.103-111, Aug. 1990
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Performance Model

𝑇"#$$%&'"()* = 𝑇,()*&"- + 𝑇/(&01'0)2 = 𝑇3 + 𝑟&'" 5 𝑆𝑖𝑧𝑒

𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇=*>

𝑇?(@(,,*,
=

𝑇=*>
𝑇"#$?%)* + 𝑇/(&01'0)2 + 𝑇,()*&"-

Compute Wait Transfer Compute

Compute Transfer Compute

Send

Receive

Compute Transfer Compute

Compute Transfer Compute

Send

Receive

Wait
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LogP

Compute Compute

Compute Compute

os
<latexit sha1_base64="GgaQzgPNe7XwMhGvuC+PnjhyWLE="></latexit><latexit sha1_base64="qsZub6f74K48HlIG1Zq436DYlw8="></latexit><latexit sha1_base64="qsZub6f74K48HlIG1Zq436DYlw8="></latexit><latexit sha1_base64="mEKH49xmLNB2j951Alp6QX7eD8c="></latexit>

or
<latexit sha1_base64="cbH2tBuiTUkknBMs4LDzYg0g0wM="></latexit><latexit sha1_base64="jvRwP5mTYyGzZEOiDIv6BGHtCHA="></latexit><latexit sha1_base64="jvRwP5mTYyGzZEOiDIv6BGHtCHA="></latexit><latexit sha1_base64="dA4BgN3hSYGV3WDo/mu1pi1u1r0="></latexit>

L
<latexit sha1_base64="UlrHIvCQs0vtrjNsFkJVVQa4SyI="></latexit><latexit sha1_base64="ugznmVa3b9YgAIf8fCIU0o0vaIk="></latexit><latexit sha1_base64="ugznmVa3b9YgAIf8fCIU0o0vaIk="></latexit><latexit sha1_base64="yj1J0UGc8ozJaIMFK8GeCdyz1UU="></latexit>

g
<latexit sha1_base64="Dbo4Qr60HA/PRdYCeLvxog6z1os="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="KQiyn46qI8Y1YvcU1yBkfbNKMAY="></latexit>

g
<latexit sha1_base64="Dbo4Qr60HA/PRdYCeLvxog6z1os="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="KQiyn46qI8Y1YvcU1yBkfbNKMAY="></latexit>

• Parameters (measured in processor 
cycles)
– L - upper bound on latency for a single 

message
– o - overhead to transmit or receive a 

message
– g - minimum gap between consecutive 

messages
– P - number of processors • Finite capacity constraint

– At most éL/gù messages can be in transit 
from or to any given processor at one time

– Processors that attempt to exceed this limit 
stall until the message can be sent
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LogP
• Sending single message

• Ping-pong round trip

• N messages in a row

T = 2o+ L
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T = L+ (n� 1)max(g, o) + 2o
<latexit sha1_base64="A7qbecG6WKzi796KHLDfrIbMCQo="></latexit><latexit sha1_base64="nmKgW/Oh8wJ8Rw4zRwVxQXYupqs="></latexit><latexit sha1_base64="nmKgW/Oh8wJ8Rw4zRwVxQXYupqs="></latexit><latexit sha1_base64="QHEJprDNDn9XofHOQeRa3LugcIs="></latexit>

Compute Compute

Compute Compute

os
<latexit sha1_base64="GgaQzgPNe7XwMhGvuC+PnjhyWLE="></latexit><latexit sha1_base64="qsZub6f74K48HlIG1Zq436DYlw8="></latexit><latexit sha1_base64="qsZub6f74K48HlIG1Zq436DYlw8="></latexit><latexit sha1_base64="mEKH49xmLNB2j951Alp6QX7eD8c="></latexit>

or
<latexit sha1_base64="cbH2tBuiTUkknBMs4LDzYg0g0wM="></latexit><latexit sha1_base64="jvRwP5mTYyGzZEOiDIv6BGHtCHA="></latexit><latexit sha1_base64="jvRwP5mTYyGzZEOiDIv6BGHtCHA="></latexit><latexit sha1_base64="dA4BgN3hSYGV3WDo/mu1pi1u1r0="></latexit>

g
<latexit sha1_base64="Dbo4Qr60HA/PRdYCeLvxog6z1os="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="KQiyn46qI8Y1YvcU1yBkfbNKMAY="></latexit>

g
<latexit sha1_base64="Dbo4Qr60HA/PRdYCeLvxog6z1os="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="i6utHRFLyeKI/ZQH8f2ENsnKw4Q="></latexit><latexit sha1_base64="KQiyn46qI8Y1YvcU1yBkfbNKMAY="></latexit>

L
<latexit sha1_base64="UlrHIvCQs0vtrjNsFkJVVQa4SyI="></latexit><latexit sha1_base64="ugznmVa3b9YgAIf8fCIU0o0vaIk="></latexit><latexit sha1_base64="ugznmVa3b9YgAIf8fCIU0o0vaIk="></latexit><latexit sha1_base64="yj1J0UGc8ozJaIMFK8GeCdyz1UU="></latexit>

T
<latexit sha1_base64="EDjwHf6vpk27I+13G1zEEg/AF2Y="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="12OcE8xe4HBvEefz4rIt+vKVD/8="></latexit><latexit sha1_base64="RehsP6o10+3MEbLoWmJ8Gp22v7Q="></latexit><latexit sha1_base64="RehsP6o10+3MEbLoWmJ8Gp22v7Q="></latexit><latexit sha1_base64="2TrHNimjMNj/03LG0LuWo/KRTB4="></latexit><latexit sha1_base64="2TrHNimjMNj/03LG0LuWo/KRTB4="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="5eaPQSyMaaJMllZqv4mtRssbIu4="></latexit><latexit sha1_base64="2TrHNimjMNj/03LG0LuWo/KRTB4="></latexit>

Why?
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LogP cont.
• More coarse grained than PRAM

– PRAM = LogP with (L = 0, o = 0, g = 0)
• More fine grained than BSP
• Allows more precise scheduling of communication

– Reading a remote memory location
• BSP - next superstep, L cycles
• LogP - 2L + 4o cycles

• No special synchronization hardware
• Parameters can be experimentally determined for a given 

machine/architecture
• No special treatment for long messages

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Applications: Reduce
• PRAM

– EREW/CREW
• Binary tree - O(log n)

– CRCW
• Arbitrary succeed

– Binary tree - O(log n)
• Arbitrary operation

– All procs write one memory location - O(1)

• BSP
– O(log n) supersteps
– L = time to read two memory locations and write one

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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LogP Analysis
• Linear reduce

– o for each processor to send it’s value to the root
– (P-1)o + L for the root to receive them
– o + (P-1)*max{g,o} + L

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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LogP Analysis
• Binary tree

– o for each leaf proc to send its value to it’s parent
– o + max{g,o} + L + o for each non-leaf processor to receive values from each 

of its children and send the result to its parent
– o + (log P)(o + max{g,o} + L + o)

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine

0

1

2 ...

P-1

3 P-3P-2

0

1

2 ...

P-1

3 P-3P-2



AMATH 483/583 High-Performance Scientific Computing Spring 2019 
University of Washington by Andrew Lumsdaine

Parallel Matrix-Matrix Multiply
• Use block algorithm
• Partition matrix into blocks
• Assign blocks to processors
• Orchestrate communication and computation
• Owner computes 

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

A
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L

M
N
O
P

Block Partitioning

MPI::COMM_WORLD.Scatter(&x(0), 4, MPI::DOUBLE, &x(0), 4, MPI::DOUBLE, 0);

<latexit sha1_base64="TrHWA7kZfXuMMjxj4Jd4h7Al7nY="></latexit><latexit sha1_base64="TrHWA7kZfXuMMjxj4Jd4h7Al7nY="></latexit><latexit sha1_base64="TrHWA7kZfXuMMjxj4Jd4h7Al7nY="></latexit><latexit sha1_base64="TrHWA7kZfXuMMjxj4Jd4h7Al7nY="></latexit>

Send 4 contiguous 
doubles Could also use 

MPI::Datatype

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Cyclic Partitioning

P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

A
B
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D
E
F
G
H
I
J
K
L
M
N
O
P

A
E
I
M
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C
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P

for (size_t i = 0; i < 4; ++i) {

MPI::COMM_WORLD.Scatter(&x(i*4), 1, MPI::DOUBLE, &x(i*4), 1, MPI::DOUBLE, 0);

}

<latexit sha1_base64="RERgWpiWGKSx+rVc6rO5gTJ3DoQ="></latexit><latexit sha1_base64="RERgWpiWGKSx+rVc6rO5gTJ3DoQ="></latexit><latexit sha1_base64="RERgWpiWGKSx+rVc6rO5gTJ3DoQ="></latexit><latexit sha1_base64="RERgWpiWGKSx+rVc6rO5gTJ3DoQ="></latexit>

Send 1 contiguous 
double

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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P0
<latexit sha1_base64="Cl8ouW7ug8q/yNy+6kB/EpxTHnw="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="YeW4Gl8ota7BjXPT7bLAKTeNkCM="></latexit><latexit sha1_base64="lSS/fZe4nujOHWqYm5HYLCKCIdk="></latexit>

P1
<latexit sha1_base64="7lRA1WM7zGZLG10REZ7Qm+GU0H0="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="ydgx305TLNbrb0/3B/1RyvnNg00="></latexit><latexit sha1_base64="Ne9MSE8qayvULpC+WHPBIEiVc+I="></latexit>

P2
<latexit sha1_base64="R3wNTt2Zn04+LSgsCuk8JDo6tYk="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="ylGCJh6y+iX/43Shq2I1a1sRjlI="></latexit><latexit sha1_base64="XqX85dpNEbFCccyAKStRJCdI9Kc="></latexit>

P3
<latexit sha1_base64="5BrClBM+Ow/pCDHaJHOPKFv1oDU="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="SoGfbhGF4414FlgIRz8moPAO+q0="></latexit><latexit sha1_base64="9m8BQBK2qr8tYhXM2Alj/E/Rvyg="></latexit>

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

A
B
I
J
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K
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N

G
H
O
P

Block Cyclic Partitioning

for (size_t i = 0; i < 2; ++i) {

MPI::COMM_WORLD.Scatter(&x(i*8), 2, MPI::DOUBLE, &x(i*8), 2, MPI::DOUBLE, 0);

}

<latexit sha1_base64="ML1qCpWVtIcleqYc5ZnlFCglOhE="></latexit><latexit sha1_base64="ML1qCpWVtIcleqYc5ZnlFCglOhE="></latexit><latexit sha1_base64="ML1qCpWVtIcleqYc5ZnlFCglOhE="></latexit><latexit sha1_base64="ML1qCpWVtIcleqYc5ZnlFCglOhE="></latexit>

Send 2 contiguous 
double

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Block Matrix-Matrix Product

C00 C01 C02 C03

C10 C11 C12 C13

C20 C21 C22 C23

C30 C31 C32 C33

A00 B00A01 A02 A03

A10 A11 A12 A13

A20 A21 A22 A23

A30 A31 A32 A33

B01 B02 B03

B10 B11 B12 B13

B20 B21 B22 B23

B30 B31 B32 B33

= ⇥

CIJ =
X

K

AIKBKJ

C21 = A20B01 +A21B11 +A22B21 +A23B31

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
by Andrew Lumsdaine
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Processor Grid

R0

R1

R2

R3

R4

R14

R15

. . .

R0 R1 R2 R3

R4 R5 R6 R7

R8 R9 R10 R11

R12 R13 R14 R15

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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P00 P01 P02 P03

P10 P11 P12 P13

P20 P21 P22 P23

P30 P31 P32 P33

Processor Grid

R0

R1

R2

R3

R4

R14

R15

. . .

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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Matrix Block Partitioning

A00 A01 A02 A03

A10 A11 A12 A13

A20 A21 A22 A23

A30 A31 A32 A33

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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A00 A01 A02 A03

A10 A11 A12 A13

A20 A21 A22 A23

A30 A31 A32 A33

B00 B01 B02 B03

B10 B11 B12 B13

B20 B21 B22 B23

B30 B31 B32 B33

Matrix Block Partitioning

CSE P 524 Parallel Computation Autumn 2018 University of Washington 
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C00 C01 C02 C03

C10 C11 C12 C13

C20 C21 C22 C23

C30 C31 C32 C33

A00 A01 A02 A03

A10 A11 A12 A13

A20 A21 A22 A23

A30 A31 A32 A33

B00 B01 B02 B03

B10 B11 B12 B13

B20 B21 B22 B23

B30 B31 B32 B33
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Implementation
• Two-D decomposition of matrices A, B, C
• Move A and B to starting positions
• Local matrix-matrix product
• Shift left
• Shift up
• Move A and B back to initial distributions
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MPI Mental Model

Communicator

Process 0
Process 1
Process 2

Process …

Process #P-1

Group

All MPI communication 
takes place in the context 
of an MPI Communicator

An MPI Communicator 
contains an MPI Group

An MPI Group translates 
from rank in the group to 

actual process

We us the index (rank) of 
a process in the group to 
identify other processes

All processes in the 
group see an identical 

communicator

Behavior is as if it were 
global and shared

Only processes in 
the group can use 
the communicator

The size of a 
communicator is the 

size of the group

Processes can query 
for size and for their 
own rank in group
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This is a useful way to 
reason about the algorithm

Also turns out to be efficient

Communicator

Process 0
Process 1
Process 2

Process …

Process #P-1

Group

MPI communicator has 
processes in an array
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Cartesian Communicator

Cartesian
Communicator

P0 P1

P5

P16

Cartcomm Intracomm.Create_cart(int ndims, int dims[], const bool periods[],
bool reorder) const,!

dims[1]

dims[0]
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Cartesian Communicator

Cartesian
Communicator

P0 P1

P5

P16

void Cartcomm::Shift(int direction, int disp, int& rank_source,
int& rank_dest) const,!

disp

dir

rank_dest

rank_source
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Cartesian Communicator

Cartesian
Communicator

P0 P1

P5

P16

dest

source

void Comm::Sendrecv_replace(void* buf, int count, const Datatype& datatype,
int dest, int sendtag, int source, int recvtag) const,!
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Implementation
1 void cannonMultiplyMV(const Matrix& A, const Matrix& B, Matrix& C) {

2 size_t mysize = MPI::COMM_WORLD.Get_size();

3

4 // Set up grid topology and a grid (Cartesian) communicator
5 int dims[2] = { (int) std::sqrt(mysize), (int) std::sqrt(mysize) };

6 bool periods[2] = { true, true };

7

8 MPI::Cartcomm gridComm = MPI::COMM_WORLD.Create_cart(2, dims, periods, true);

9 size_t myrank = gridComm.Get_rank();

10

11 int mycoords[2];

12 gridComm.Get_coords(myrank, 2, mycoords);

13

14 int northRank, eastRank, westRank, southRank;

15 gridComm.Shift(0, -1, westRank, eastRank);

16 gridComm.Shift(1, -1, southRank, northRank);

17

18 // Move A and B where they need to be to start
19 int shiftSource, shiftDest;

20 gridComm.Shift(0, -mycoords[0], shiftSource, shiftDest);

21 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),

22 MPI::DOUBLE, shiftDest, 314, shiftSource, 314);

23

24 gridComm.Shift(1, -mycoords[1], shiftSource, shiftDest);

25 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),

26 MPI::DOUBLE, shiftDest, 314, shiftSource, 315);

27

28

29 // Main loop
30 for (int k = 0; k < dims[0]; ++k) {

31 hoistedCopyBlockedTiledMultiply2x2(A, B, C); // Local block matmat
32

33 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),

34 MPI::DOUBLE, westRank, 316, eastRank, 316);

35 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*A.numCols(),

36 MPI::DOUBLE, northRank, 317, southRank, 317);

37 }

38

39 // Restore A and B to initial distribution
40 gridComm.Shift(0, +mycoords[0], shiftSource, shiftDest);

41 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),

42 MPI::DOUBLE, shiftDest, 318, shiftSource, 318);

43

44 gridComm.Shift(1, +mycoords[1], shiftSource, shiftDest);

45 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),

46 MPI::DOUBLE, shiftDest, 319, shiftSource, 319);

47

48 gridComm.Free();

49 }
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