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Administrative
• Fill out course evaluations!
• Final assignment is out, due Friday midnight June 10th

• No physical office hours at LEW 315
• Zoom office hours instead
• Link will be posted through announcement
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Top500 As of May 30th, 2022 (top500.org)
• ORNL’s Frontier First 

to Break the Exaflop 
Ceiling!
• HPE Cray EX 

architecture
• 1.102 Exaflop/s
• 8,730,112 total AMD 

EPYC 64C 2GHz 
processors
• AMD Instinct™ 250X 

accelerators
• Slingshot-

11 interconnect
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Outline
• Previously
• Laplace’s equation on a regular grid

• Non-blocking operations
• Collectives
• Performance models
• Eigenfaces
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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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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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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;

Decomposition
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Global LocalGlobal Decompose into P 
partitions

Original 
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

…

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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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?
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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
16AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



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,!

17AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



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,!

18AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



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>

27



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>

28AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



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
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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
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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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Performance Model

𝑇!"##$%&!'() = 𝑇*'()%!+ + 𝑇,'%-.&-(/ = 𝑇0 + 𝑟%&! % 𝑆𝑖𝑧𝑒

𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇!"#

𝑇$%&%''"'
=

𝑇!"#
𝑇()*$+," + 𝑇-%./01/,2 + 𝑇'%,".(3

Compute Wait Transfer Compute

Compute Transfer Compute

Send

Receive

Compute Transfer Compute

Compute Transfer Compute

Send

Receive

Wait
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Synchronous vs Asynchronous

Compute Wait Transfer Compute

Compute Transfer Compute

Send

Receive

Compute Transfer Compute

Compute Transfer Compute

Send

Receive

Wait
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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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BSP Model

Compute Communicate Sync

Superstep 
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BSP Model

Compute Communicate Sync

max
i

wi
<latexit sha1_base64="lx6hvMGtAevQmn7G7coorfyDAc8=">AAACBXicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoAcPAS8eI5gHJmGZnZ1NhszMLjOzmrDk7AfoVf/Am3j1O/wBv8PJ42ASCxqKqm66u4KEM21c99vJrayurW/kNwtb2zu7e8X9g7qOU0VojcQ8Vs0Aa8qZpDXDDKfNRFEsAk4bQf967DceqNIslndmmNCOwF3JIkawsdJ9W+CBz9Cjz/xiyS27E6Bl4s1IqXL+PACLql/8aYcxSQWVhnCsdctzE9PJsDKMcDoqtFNNE0z6uEtblkosqO5kk4tH6MQqIYpiZUsaNFH/TmRYaD0Uge0U2PT0ojcW//NaqYkuOxmTSWqoJNNFUcqRidH4fRQyRYnhQ0swUczeikgPK0yMDWlui2DS0HBUsMF4izEsk/pZ2XPL3q1N6AqmyMMRHMMpeHABFbiBKtSAgIQXeIU358l5dz6cz2lrzpnNHMIcnK9fygCajA==</latexit><latexit sha1_base64="f8YIqD3yP+ZOXgPPEZRxZuhbqp4=">AAACBXicbVDLSgNBEJw1PmJ8RT16GQyCp7Argh48BATxGME8MFmW2UknGTIzu8zMasKSsx+gV/0Db+LV7xA8+x1OHgeTWNBQVHXT3RXGnGnjul/OUmZ5ZXUtu57b2Nza3snv7lV1lCgKFRrxSNVDooEzCRXDDId6rICIkEMt7F2O/No9KM0ieWsGMfiCdCRrM0qMle6agvQDhh8CFuQLbtEdAy8Sb0oKpdOnfubq2y8H+Z9mK6KJAGkoJ1o3PDc2fkqUYZTDMNdMNMSE9kgHGpZKIkD76fjiIT6ySgu3I2VLGjxW/06kRGg9EKHtFMR09bw3Ev/zGolpn/spk3FiQNLJonbCsYnw6H3cYgqo4QNLCFXM3opplyhCjQ1pZotg0kBrmLPBePMxLJLqSdFzi96NTegCTZBFB+gQHSMPnaESukZlVEEUSfSMXtCr8+i8Oe/Ox6R1yZnO7KMZOJ+/6+GcDg==</latexit><latexit sha1_base64="f8YIqD3yP+ZOXgPPEZRxZuhbqp4=">AAACBXicbVDLSgNBEJw1PmJ8RT16GQyCp7Argh48BATxGME8MFmW2UknGTIzu8zMasKSsx+gV/0Db+LV7xA8+x1OHgeTWNBQVHXT3RXGnGnjul/OUmZ5ZXUtu57b2Nza3snv7lV1lCgKFRrxSNVDooEzCRXDDId6rICIkEMt7F2O/No9KM0ieWsGMfiCdCRrM0qMle6agvQDhh8CFuQLbtEdAy8Sb0oKpdOnfubq2y8H+Z9mK6KJAGkoJ1o3PDc2fkqUYZTDMNdMNMSE9kgHGpZKIkD76fjiIT6ySgu3I2VLGjxW/06kRGg9EKHtFMR09bw3Ev/zGolpn/spk3FiQNLJonbCsYnw6H3cYgqo4QNLCFXM3opplyhCjQ1pZotg0kBrmLPBePMxLJLqSdFzi96NTegCTZBFB+gQHSMPnaESukZlVEEUSfSMXtCr8+i8Oe/Ox6R1yZnO7KMZOJ+/6+GcDg==</latexit><latexit sha1_base64="51pcqWMtGwaitr+GJKwpD9KYauM=">AAACBXicbVC7TsNAEFzzDOEVoKQ5ESFRRTYNFBSRaCiDRB4isazz+Zyccne27s5AZKXmB2jhD+gQLd/BD/AdXBIXJGGklUYzu9rdCVPOtHHdb2dldW19Y7O0Vd7e2d3brxwctnSSKUKbJOGJ6oRYU84kbRpmOO2kimIRctoOh9cTv/1AlWaJvDOjlPoC9yWLGcHGSvc9gZ8Chh4DFlSqbs2dAi0TryBVKNAIKj+9KCGZoNIQjrXuem5q/Bwrwwin43Iv0zTFZIj7tGupxIJqP59ePEanVolQnChb0qCp+ncix0LrkQhtp8BmoBe9ifif181MfOnnTKaZoZLMFsUZRyZBk/dRxBQlho8swUQxeysiA6wwMTakuS2CSUOjcdkG4y3GsExa5zXPrXm3brV+VURUgmM4gTPw4ALqcAMNaAIBCS/wCm/Os/PufDifs9YVp5g5gjk4X7+mFJkN</latexit>

max
i

hig
<latexit sha1_base64="xs7lzS5GF7isUGLh7qu13dIio8I=">AAACB3icbVC7SgNBFL0bXzG+opY2g0GwCrsiaGERsLGMYB6QXcLs7GwyZGZ2mZmVhCUfYC3Y6h/Yia2f4Q/4HU4ehUk8cOFwzr2cywlTzrRx3W+nsLa+sblV3C7t7O7tH5QPj5o6yRShDZLwRLVDrClnkjYMM5y2U0WxCDlthYPbid96pEqzRD6YUUoDgXuSxYxgYyXfF3jYZahvp9ctV9yqOwVaJd6cVGqXz0OwqHfLP36UkExQaQjHWnc8NzVBjpVhhNNxyc80TTEZ4B7tWCqxoDrIpz+P0ZlVIhQnyo40aKr+vcix0HokQrspsOnrZW8i/ud1MhNfBzmTaWaoJLOgOOPIJGhSAIqYosTwkSWYKGZ/RaSPFSbG1rSQIpg0NBqXbDHecg2rpHlR9dyqd28buoEZinACp3AOHlxBDe6gDg0gkMILvMKb8+S8Ox/O52y14MxvjmEBztcv2tubGA==</latexit><latexit sha1_base64="gz8H1IqrbqVzSEoAqYVlMy4CDN0=">AAACB3icbVC7SgNBFJ01PmJ8RS1tBoNgFXZF0MIiIIhlBPOAZAmzs3eTITOzy8ysJCz5AGvBVv/ATmz9DMHa73DyKEzigQuHc+7lXE6QcKaN6345K7nVtfWN/GZha3tnd6+4f1DXcaoo1GjMY9UMiAbOJNQMMxyaiQIiAg6NoH899hsPoDSL5b0ZJuAL0pUsYpQYK7Xbggw6DPfsdDvFklt2J8DLxJuRUuX8aZC7+farneJPO4xpKkAayonWLc9NjJ8RZRjlMCq0Uw0JoX3ShZalkgjQfjb5eYRPrBLiKFZ2pMET9e9FRoTWQxHYTUFMTy96Y/E/r5Wa6NLPmExSA5JOg6KUYxPjcQE4ZAqo4UNLCFXM/oppjyhCja1pLkUwaSAcFWwx3mINy6R+VvbcsndnG7pCU+TRETpGp8hDF6iCblEV1RBFCXpGL+jVeXTenHfnY7q64sxuDtEcnM9f/Lycmg==</latexit><latexit sha1_base64="gz8H1IqrbqVzSEoAqYVlMy4CDN0=">AAACB3icbVC7SgNBFJ01PmJ8RS1tBoNgFXZF0MIiIIhlBPOAZAmzs3eTITOzy8ysJCz5AGvBVv/ATmz9DMHa73DyKEzigQuHc+7lXE6QcKaN6345K7nVtfWN/GZha3tnd6+4f1DXcaoo1GjMY9UMiAbOJNQMMxyaiQIiAg6NoH899hsPoDSL5b0ZJuAL0pUsYpQYK7Xbggw6DPfsdDvFklt2J8DLxJuRUuX8aZC7+farneJPO4xpKkAayonWLc9NjJ8RZRjlMCq0Uw0JoX3ShZalkgjQfjb5eYRPrBLiKFZ2pMET9e9FRoTWQxHYTUFMTy96Y/E/r5Wa6NLPmExSA5JOg6KUYxPjcQE4ZAqo4UNLCFXM/oppjyhCja1pLkUwaSAcFWwx3mINy6R+VvbcsndnG7pCU+TRETpGp8hDF6iCblEV1RBFCXpGL+jVeXTenHfnY7q64sxuDtEcnM9f/Lycmg==</latexit><latexit sha1_base64="qqOzDu0w33YO8Km63Zfd2LXOJJk=">AAACB3icbVBLSgNBFHzjN8Zf1KWbxiC4CjNudOEi4MZlBPOBJISenk7SpLtn6H4jhiEH8AJu9QbuxK3H8AKew04yC5NY8KCoeo96VJhIYdH3v7219Y3Nre3CTnF3b//gsHR03LBxahivs1jGphVSy6XQvI4CJW8lhlMVSt4MR7dTv/nIjRWxfsBxwruKDrToC0bRSZ2Ook89QYZuBr1S2a/4M5BVEuSkDDlqvdJPJ4pZqrhGJqm17cBPsJtRg4JJPil2UssTykZ0wNuOaqq47Waznyfk3CkR6cfGjUYyU/9eZFRZO1ah21QUh3bZm4r/ee0U+9fdTOgkRa7ZPKifSoIxmRZAImE4Qzl2hDIj3K+EDamhDF1NCylKaOTRpOiKCZZrWCWNy0rgV4J7v1y9ySsqwCmcwQUEcAVVuIMa1IFBAi/wCm/es/fufXif89U1L785gQV4X7+275mZ</latexit>

s
<latexit sha1_base64="HWFyMvl/B/zfLq3+IYHwymiZy3g=">AAAB/HicbVC7SgNBFL3rM8ZX1NJmMAhWYddGC8GAjWUC5gFJCLOzd5Mhs7PLzKwQlthZ2eof2ImtvZ/hD9j4E04ehUk8cOFwzr3ce4+fCK6N6345K6tr6xubua389s7u3n7h4LCu41QxrLFYxKrpU42CS6wZbgQ2E4U08gU2/MHN2G/co9I8lndmmGAnoj3JQ86osVJVdwtFt+ROQJaJNyPF68+fRwIAlW7hux3ELI1QGiao1i3PTUwno8pwJnCUb6caE8oGtIctSyWNUHeyyaEjcmqVgISxsiUNmah/JzIaaT2MfNsZUdPXi95Y/M9rpSa87GRcJqlByaaLwlQQE5Px1yTgCpkRQ0soU9zeSlifKsqMzWZuS8SlwWCUt8F4izEsk/p5yXNLXtUtlq9gihwcwwmcgQcXUIZbqEANGCA8wTO8OA/Oq/PmvE9bV5zZzBHMwfn4BaDql+0=</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="pfEoa56CIYRCoVg2/uUheRaCUb0=">AAAB/HicbVBNS8NAEN3Ur1q/qh69BIvgqSRe9OCh4MVjC7YV2lA2m0m7dHcTdidCCfUPeNV/4E28+l/8A/4Ot20OtvXBwOO9GWbmhangBj3v2yltbG5t75R3K3v7B4dH1eOTjkkyzaDNEpHox5AaEFxBGzkKeEw1UBkK6Ibju5nffQJteKIecJJCIOlQ8ZgzilZqmUG15tW9Odx14hekRgo0B9WffpSwTIJCJqgxPd9LMcipRs4ETCv9zEBK2ZgOoWepohJMkM8PnboXVoncONG2FLpz9e9ETqUxExnaTklxZFa9mfif18swvglyrtIMQbHFojgTLibu7Gs34hoYiokllGlub3XZiGrK0GaztEVyhRBNKzYYfzWGddK5qvte3W95tcZtEVGZnJFzckl8ck0a5J40SZswAuSFvJI359l5dz6cz0VrySlmTskSnK9f9lSVXQ==</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

wi
<latexit sha1_base64="GqF5WVKrZpS93bQEBzZ6Dehq2eY=">AAAB/nicbVC7SgNBFL3rM8ZXomWawSBYhV0bLSwCNpYRzQOSEGZnZ5Mhs7PLzF0lLAF/wFb/wE5s/RU7K7/DyaMwiQcuHM65l3vv8RMpDLrul7O2vrG5tZ3bye/u7R8cFopHDROnmvE6i2WsWz41XArF6yhQ8laiOY18yZv+8HriNx+4NiJW9zhKeDeifSVCwSha6e6xJ3qFsltxpyCrxJuTcrXYKX0DQK1X+OkEMUsjrpBJakzbcxPsZlSjYJKP853U8ISyIe3ztqWKRtx0s+mpY3JqlYCEsbalkEzVvxMZjYwZRb7tjCgOzLI3Ef/z2imGl91MqCRFrthsUZhKgjGZ/E0CoTlDObKEMi3srYQNqKYMbToLWyKhkAfjvA3GW45hlTTOK55b8W5tQlcwQw5KcAJn4MEFVOEGalAHBn14hhd4dZ6cN+fd+Zi1rjnzmWNYgPP5C+PVl+U=</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="EHmATmXoCMoN3eB6V6yYp8Nmpng=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKex60YOHgBePEc0DkiXMzvYmQ2Znl5lZJYSAP+BV/8CbePVX/AG/w0myB5NY0FBUddPdFaSCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJn6rUdUmifywYxS9GPalzzijBor3T/1eK9ccavuDGSVeDmpQI56r/zTDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5s0pIokTZkobM1L8TYxprPYoD2xlTM9DL3lT8z+tkJrryx1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNZ2FLzKXBcFKywXjLMayS5kXVc6venVupXecRFeEETuEcPLiEGtxCHRrAoA8v8ApvzrPz7nw4n/PWgpPPHMMCnK9fhtGWPQ==</latexit>

hi
<latexit sha1_base64="PpYSlmMdmdsqNJaV5WsyD9eClDI=">AAAB/nicbVC7SgNBFL0bXzG+Ei3TDAbBKuzaaGERsLGMaB6QLGF2dpIMmZ1dZu4KYQn4A7b6B3Zi66/YWfkdTh6FSTxw4XDOvdx7T5BIYdB1v5zcxubW9k5+t7C3f3B4VCwdN02casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33rk2ohYPeA44X5EB0r0BaNopfthT/SKFbfqzkDWibcglVqpW/4GgHqv+NMNY5ZGXCGT1JiO5yboZ1SjYJJPCt3U8ISyER3wjqWKRtz42ezUCTmzSkj6sbalkMzUvxMZjYwZR4HtjCgOzao3Ff/zOin2r/xMqCRFrth8UT+VBGMy/ZuEQnOGcmwJZVrYWwkbUk0Z2nSWtkRCIQ8nBRuMtxrDOmleVD236t3ZhK5hjjyU4RTOwYNLqMEt1KEBDAbwDC/w6jw5b8678zFvzTmLmRNYgvP5C8vPl9Y=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="HiCyWLzH1n4BnyLB+aVSNeI09MA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86MFDwYvHirYV2lA2m0m7dLMJuxuhhIJ/wKv+A2/i1b/iH/B3uG1zsK0PBh7vzTAzL0gF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskUwxbLBGJegyoRsEltgw3Ah9ThTQOBHaC0c3U7zyh0jyRD2acoh/TgeQRZ9RY6X7Y5/1qza27M5BV4hWkBgWa/epPL0xYFqM0TFCtu56bGj+nynAmcFLpZRpTykZ0gF1LJY1R+/ns1Ak5s0pIokTZkobM1L8TOY21HseB7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZPo3CblCZsTYEsoUt7cSNqSKMmPTWdgSc2kwnFRsMN5yDKukfVH33Lp359Ya10VEZTiBUzgHDy6hAbfQhBYwGMALvMKb8+y8Ox/O57y15BQzx7AA5+sXbsuWLg==</latexit>

s
<latexit sha1_base64="HWFyMvl/B/zfLq3+IYHwymiZy3g=">AAAB/HicbVC7SgNBFL3rM8ZX1NJmMAhWYddGC8GAjWUC5gFJCLOzd5Mhs7PLzKwQlthZ2eof2ImtvZ/hD9j4E04ehUk8cOFwzr3ce4+fCK6N6345K6tr6xubua389s7u3n7h4LCu41QxrLFYxKrpU42CS6wZbgQ2E4U08gU2/MHN2G/co9I8lndmmGAnoj3JQ86osVJVdwtFt+ROQJaJNyPF68+fRwIAlW7hux3ELI1QGiao1i3PTUwno8pwJnCUb6caE8oGtIctSyWNUHeyyaEjcmqVgISxsiUNmah/JzIaaT2MfNsZUdPXi95Y/M9rpSa87GRcJqlByaaLwlQQE5Px1yTgCpkRQ0soU9zeSlifKsqMzWZuS8SlwWCUt8F4izEsk/p5yXNLXtUtlq9gihwcwwmcgQcXUIZbqEANGCA8wTO8OA/Oq/PmvE9bV5zZzBHMwfn4BaDql+0=</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="pfEoa56CIYRCoVg2/uUheRaCUb0=">AAAB/HicbVBNS8NAEN3Ur1q/qh69BIvgqSRe9OCh4MVjC7YV2lA2m0m7dHcTdidCCfUPeNV/4E28+l/8A/4Ot20OtvXBwOO9GWbmhangBj3v2yltbG5t75R3K3v7B4dH1eOTjkkyzaDNEpHox5AaEFxBGzkKeEw1UBkK6Ibju5nffQJteKIecJJCIOlQ8ZgzilZqmUG15tW9Odx14hekRgo0B9WffpSwTIJCJqgxPd9LMcipRs4ETCv9zEBK2ZgOoWepohJMkM8PnboXVoncONG2FLpz9e9ETqUxExnaTklxZFa9mfif18swvglyrtIMQbHFojgTLibu7Gs34hoYiokllGlub3XZiGrK0GaztEVyhRBNKzYYfzWGddK5qvte3W95tcZtEVGZnJFzckl8ck0a5J40SZswAuSFvJI359l5dz6cz0VrySlmTskSnK9f9lSVXQ==</latexit>
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BSP Model

Compute Communicate Sync

max
i

wi +max
i

hig + s
<latexit sha1_base64="6ubSo4b1+CG/tVGYSPMIpVwIqDM=">AAACGnicbVDLSgMxFL1TX7W+Rl2KECyCIJQZEXThouDGZQX7gLYMmUzahiaZIcloS+nKT3DrD7jVP3Anbt34A36H6WNhWw8cOPfce7nJCRPOtPG8byeztLyyupZdz21sbm3vuLt7FR2nitAyiXmsaiHWlDNJy4YZTmuJoliEnFbD7vWoX72nSrNY3pl+QpsCtyVrMYKNtQL3sCFwL2DowfIUTYuOZduWOnDzXsEbAy0KfyryxfOnHliUAvenEcUkFVQawrHWdd9LTHOAlWGE02GukWqaYNLFbVq3UmJBdXMw/sYQHVsnQq1YWUqDxu7fjQEWWvdFaCcFNh093xuZ//XqqWldNgdMJqmhkkwOtVKOTIxGmaCIKUoM71uBiWL2rYh0sMLE2ORmrggmDY2GORuMPx/DoqicFXyv4N/ahK5ggiwcwBGcgA8XUIQbKEEZCDzCC7zCm/PsvDsfzudkNONMd/ZhBs7XL1U3oQU=</latexit><latexit sha1_base64="P14YBdVfwGmUt6WIf2kt7VC+FmM=">AAACGnicbVDLSgMxFM1YH7W+Rl2KECyCIJQZEXThoiCIywr2Ae0wZDKZNjTJDElGW4au/AS3/oBb/QN34taN4NrvMH0sbOuBA+eeey83OUHCqNKO82Ut5BaXllfyq4W19Y3NLXt7p6biVGJSxTGLZSNAijAqSFVTzUgjkQTxgJF60L0c9ut3RCoai1vdT4jHUVvQiGKkjeXb+y2Oej6F94bHcFJ0DNumVL5ddErOCHBeuBNRLJ8+9nJX317Ft39aYYxTToTGDCnVdJ1EexmSmmJGBoVWqkiCcBe1SdNIgThRXjb6xgAeGieEUSwNhYYj9+9GhrhSfR6YSY50R832huZ/vWaqo3MvoyJJNRF4fChKGdQxHGYCQyoJ1qxvBMKSmrdC3EESYW2Sm7rCqdAkHBRMMO5sDPOidlJynZJ7YxK6AGPkwR44AEfABWegDK5BBVQBBg/gGbyAV+vJerPerY/x6II12dkFU7A+fwF3GKKH</latexit><latexit sha1_base64="P14YBdVfwGmUt6WIf2kt7VC+FmM=">AAACGnicbVDLSgMxFM1YH7W+Rl2KECyCIJQZEXThoiCIywr2Ae0wZDKZNjTJDElGW4au/AS3/oBb/QN34taN4NrvMH0sbOuBA+eeey83OUHCqNKO82Ut5BaXllfyq4W19Y3NLXt7p6biVGJSxTGLZSNAijAqSFVTzUgjkQTxgJF60L0c9ut3RCoai1vdT4jHUVvQiGKkjeXb+y2Oej6F94bHcFJ0DNumVL5ddErOCHBeuBNRLJ8+9nJX317Ft39aYYxTToTGDCnVdJ1EexmSmmJGBoVWqkiCcBe1SdNIgThRXjb6xgAeGieEUSwNhYYj9+9GhrhSfR6YSY50R832huZ/vWaqo3MvoyJJNRF4fChKGdQxHGYCQyoJ1qxvBMKSmrdC3EESYW2Sm7rCqdAkHBRMMO5sDPOidlJynZJ7YxK6AGPkwR44AEfABWegDK5BBVQBBg/gGbyAV+vJerPerY/x6II12dkFU7A+fwF3GKKH</latexit><latexit sha1_base64="QpYI2YViBWbmYu8swD2SHtgMxnw=">AAACGnicbVDLSgMxFL3js9bXqEsRgkUQhDLjRhcuCm5cVrAPaIchk6ZtaJIZkoxahq78DX/Arf6BO3Hrxh/wO0zbWdjWAwfOPfdebnKihDNtPO/bWVpeWV1bL2wUN7e2d3bdvf26jlNFaI3EPFbNCGvKmaQ1wwynzURRLCJOG9Hgetxv3FOlWSzvzDChgcA9ybqMYGOt0D1qC/wYMvRgeYbyom/Zs6UO3ZJX9iZAi8LPRQlyVEP3p92JSSqoNIRjrVu+l5ggw8owwumo2E41TTAZ4B5tWSmxoDrIJt8YoRPrdFA3VpbSoIn7dyPDQuuhiOykwKav53tj879eKzXdyyBjMkkNlWR6qJtyZGI0zgR1mKLE8KEVmChm34pIHytMjE1u5opg0tDOqGiD8edjWBT187Lvlf1br1S5yiMqwCEcwyn4cAEVuIEq1IDAE7zAK7w5z8678+F8TkeXnHznAGbgfP0CMUufhg==</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

wi
<latexit sha1_base64="GqF5WVKrZpS93bQEBzZ6Dehq2eY=">AAAB/nicbVC7SgNBFL3rM8ZXomWawSBYhV0bLSwCNpYRzQOSEGZnZ5Mhs7PLzF0lLAF/wFb/wE5s/RU7K7/DyaMwiQcuHM65l3vv8RMpDLrul7O2vrG5tZ3bye/u7R8cFopHDROnmvE6i2WsWz41XArF6yhQ8laiOY18yZv+8HriNx+4NiJW9zhKeDeifSVCwSha6e6xJ3qFsltxpyCrxJuTcrXYKX0DQK1X+OkEMUsjrpBJakzbcxPsZlSjYJKP853U8ISyIe3ztqWKRtx0s+mpY3JqlYCEsbalkEzVvxMZjYwZRb7tjCgOzLI3Ef/z2imGl91MqCRFrthsUZhKgjGZ/E0CoTlDObKEMi3srYQNqKYMbToLWyKhkAfjvA3GW45hlTTOK55b8W5tQlcwQw5KcAJn4MEFVOEGalAHBn14hhd4dZ6cN+fd+Zi1rjnzmWNYgPP5C+PVl+U=</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="EHmATmXoCMoN3eB6V6yYp8Nmpng=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKex60YOHgBePEc0DkiXMzvYmQ2Znl5lZJYSAP+BV/8CbePVX/AG/w0myB5NY0FBUddPdFaSCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJn6rUdUmifywYxS9GPalzzijBor3T/1eK9ccavuDGSVeDmpQI56r/zTDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5s0pIokTZkobM1L8TYxprPYoD2xlTM9DL3lT8z+tkJrryx1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNZ2FLzKXBcFKywXjLMayS5kXVc6venVupXecRFeEETuEcPLiEGtxCHRrAoA8v8ApvzrPz7nw4n/PWgpPPHMMCnK9fhtGWPQ==</latexit>

hi
<latexit sha1_base64="PpYSlmMdmdsqNJaV5WsyD9eClDI=">AAAB/nicbVC7SgNBFL0bXzG+Ei3TDAbBKuzaaGERsLGMaB6QLGF2dpIMmZ1dZu4KYQn4A7b6B3Zi66/YWfkdTh6FSTxw4XDOvdx7T5BIYdB1v5zcxubW9k5+t7C3f3B4VCwdN02casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33rk2ohYPeA44X5EB0r0BaNopfthT/SKFbfqzkDWibcglVqpW/4GgHqv+NMNY5ZGXCGT1JiO5yboZ1SjYJJPCt3U8ISyER3wjqWKRtz42ezUCTmzSkj6sbalkMzUvxMZjYwZR4HtjCgOzao3Ff/zOin2r/xMqCRFrth8UT+VBGMy/ZuEQnOGcmwJZVrYWwkbUk0Z2nSWtkRCIQ8nBRuMtxrDOmleVD236t3ZhK5hjjyU4RTOwYNLqMEt1KEBDAbwDC/w6jw5b8678zFvzTmLmRNYgvP5C8vPl9Y=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="HiCyWLzH1n4BnyLB+aVSNeI09MA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86MFDwYvHirYV2lA2m0m7dLMJuxuhhIJ/wKv+A2/i1b/iH/B3uG1zsK0PBh7vzTAzL0gF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskUwxbLBGJegyoRsEltgw3Ah9ThTQOBHaC0c3U7zyh0jyRD2acoh/TgeQRZ9RY6X7Y5/1qza27M5BV4hWkBgWa/epPL0xYFqM0TFCtu56bGj+nynAmcFLpZRpTykZ0gF1LJY1R+/ns1Ak5s0pIokTZkobM1L8TOY21HseB7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZPo3CblCZsTYEsoUt7cSNqSKMmPTWdgSc2kwnFRsMN5yDKukfVH33Lp359Ya10VEZTiBUzgHDy6hAbfQhBYwGMALvMKb8+y8Ox/O57y15BQzx7AA5+sXbsuWLg==</latexit>

s
<latexit sha1_base64="HWFyMvl/B/zfLq3+IYHwymiZy3g=">AAAB/HicbVC7SgNBFL3rM8ZX1NJmMAhWYddGC8GAjWUC5gFJCLOzd5Mhs7PLzKwQlthZ2eof2ImtvZ/hD9j4E04ehUk8cOFwzr3ce4+fCK6N6345K6tr6xubua389s7u3n7h4LCu41QxrLFYxKrpU42CS6wZbgQ2E4U08gU2/MHN2G/co9I8lndmmGAnoj3JQ86osVJVdwtFt+ROQJaJNyPF68+fRwIAlW7hux3ELI1QGiao1i3PTUwno8pwJnCUb6caE8oGtIctSyWNUHeyyaEjcmqVgISxsiUNmah/JzIaaT2MfNsZUdPXi95Y/M9rpSa87GRcJqlByaaLwlQQE5Px1yTgCpkRQ0soU9zeSlifKsqMzWZuS8SlwWCUt8F4izEsk/p5yXNLXtUtlq9gihwcwwmcgQcXUIZbqEANGCA8wTO8OA/Oq/PmvE9bV5zZzBHMwfn4BaDql+0=</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="pfEoa56CIYRCoVg2/uUheRaCUb0=">AAAB/HicbVBNS8NAEN3Ur1q/qh69BIvgqSRe9OCh4MVjC7YV2lA2m0m7dHcTdidCCfUPeNV/4E28+l/8A/4Ot20OtvXBwOO9GWbmhangBj3v2yltbG5t75R3K3v7B4dH1eOTjkkyzaDNEpHox5AaEFxBGzkKeEw1UBkK6Ibju5nffQJteKIecJJCIOlQ8ZgzilZqmUG15tW9Odx14hekRgo0B9WffpSwTIJCJqgxPd9LMcipRs4ETCv9zEBK2ZgOoWepohJMkM8PnboXVoncONG2FLpz9e9ETqUxExnaTklxZFa9mfif18swvglyrtIMQbHFojgTLibu7Gs34hoYiokllGlub3XZiGrK0GaztEVyhRBNKzYYfzWGddK5qvte3W95tcZtEVGZnJFzckl8ck0a5J40SZswAuSFvJI359l5dz6cz0VrySlmTskSnK9f9lSVXQ==</latexit>
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BSP with asynchronous communication

Compute Communicate Sync

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

{
<latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit><latexit sha1_base64="QtcpQvx/0DWZbTcRQWaBvtWcl4U=">AAAB/XicbVDLSgNBEJyNrxhfUY9eBoPgKezmogcPAS8eo5gHJEuYnfQmQ2Znl5leISzBH/Cqf+BNvPot/oDf4STZg0ksaCiquunuChIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmkOTxzLWnYAZkEJBEwVK6CQaWBRIaAfj25nffgJtRKwecZKAH7GhEqHgDK300Mv65Ypbdeeg68TLSYXkaPTLP71BzNMIFHLJjOl6boJ+xjQKLmFa6qUGEsbHbAhdSxWLwPjZ/NIpvbDKgIaxtqWQztW/ExmLjJlEge2MGI7MqjcT//O6KYbXfiZUkiIovlgUppJiTGdv04HQwFFOLGFcC3sr5SOmGUcbztKWSCiEwbRkg/FWY1gnrVrVc6vefa1Sv8kjKpIzck4uiUeuSJ3ckQZpEk5C8kJeyZvz7Lw7H87norXg5DOnZAnO1y+7t5XN</latexit>

wi
<latexit sha1_base64="GqF5WVKrZpS93bQEBzZ6Dehq2eY=">AAAB/nicbVC7SgNBFL3rM8ZXomWawSBYhV0bLSwCNpYRzQOSEGZnZ5Mhs7PLzF0lLAF/wFb/wE5s/RU7K7/DyaMwiQcuHM65l3vv8RMpDLrul7O2vrG5tZ3bye/u7R8cFopHDROnmvE6i2WsWz41XArF6yhQ8laiOY18yZv+8HriNx+4NiJW9zhKeDeifSVCwSha6e6xJ3qFsltxpyCrxJuTcrXYKX0DQK1X+OkEMUsjrpBJakzbcxPsZlSjYJKP853U8ISyIe3ztqWKRtx0s+mpY3JqlYCEsbalkEzVvxMZjYwZRb7tjCgOzLI3Ef/z2imGl91MqCRFrthsUZhKgjGZ/E0CoTlDObKEMi3srYQNqKYMbToLWyKhkAfjvA3GW45hlTTOK55b8W5tQlcwQw5KcAJn4MEFVOEGalAHBn14hhd4dZ6cN+fd+Zi1rjnzmWNYgPP5C+PVl+U=</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="BxjCd+pf626aDHGCedTs877ASc0=">AAAB/nicbVC7SgNBFJ2NrxhfiVaSZjAIVmHXRguLgI1lguYBSQizs3eTITOzy8ysEpaAP2Crf2Antn6FvX6A3+HkUZjEAxcO59zLvff4MWfauO6Xk1lb39jcym7ndnb39g/yhcOGjhJFoU4jHqmWTzRwJqFumOHQihUQ4XNo+sPrid+8B6VZJO/MKIauIH3JQkaJsdLtQ4/18iW37E6BV4k3J6VKoVP8rh1/Vnv5n04Q0USANJQTrdueG5tuSpRhlMM410k0xIQOSR/alkoiQHfT6aljfGqVAIeRsiUNnqp/J1IitB4J33YKYgZ62ZuI/3ntxISX3ZTJODEg6WxRmHBsIjz5GwdMATV8ZAmhitlbMR0QRaix6SxsEUwaCMY5G4y3HMMqaZyXPbfs1WxCV2iGLCqiE3SGPHSBKugGVVEdUdRHT+gZvTiPzqvz5rzPWjPOfOYILcD5+AWUHpkX</latexit><latexit sha1_base64="EHmATmXoCMoN3eB6V6yYp8Nmpng=">AAAB/nicbVDLSgNBEOyNrxhfUY9eBoPgKex60YOHgBePEc0DkiXMzvYmQ2Znl5lZJYSAP+BV/8CbePVX/AG/w0myB5NY0FBUddPdFaSCa+O6305hbX1jc6u4XdrZ3ds/KB8eNXWSKYYNlohEtQOqUXCJDcONwHaqkMaBwFYwvJn6rUdUmifywYxS9GPalzzijBor3T/1eK9ccavuDGSVeDmpQI56r/zTDROWxSgNE1Trjuemxh9TZTgTOCl1M40pZUPax46lksao/fHs1Ak5s0pIokTZkobM1L8TYxprPYoD2xlTM9DL3lT8z+tkJrryx1ymmUHJ5ouiTBCTkOnfJOQKmREjSyhT3N5K2IAqyoxNZ2FLzKXBcFKywXjLMayS5kXVc6venVupXecRFeEETuEcPLiEGtxCHRrAoA8v8ApvzrPz7nw4n/PWgpPPHMMCnK9fhtGWPQ==</latexit>

hi
<latexit sha1_base64="PpYSlmMdmdsqNJaV5WsyD9eClDI=">AAAB/nicbVC7SgNBFL0bXzG+Ei3TDAbBKuzaaGERsLGMaB6QLGF2dpIMmZ1dZu4KYQn4A7b6B3Zi66/YWfkdTh6FSTxw4XDOvdx7T5BIYdB1v5zcxubW9k5+t7C3f3B4VCwdN02casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33rk2ohYPeA44X5EB0r0BaNopfthT/SKFbfqzkDWibcglVqpW/4GgHqv+NMNY5ZGXCGT1JiO5yboZ1SjYJJPCt3U8ISyER3wjqWKRtz42ezUCTmzSkj6sbalkMzUvxMZjYwZR4HtjCgOzao3Ff/zOin2r/xMqCRFrth8UT+VBGMy/ZuEQnOGcmwJZVrYWwkbUk0Z2nSWtkRCIQ8nBRuMtxrDOmleVD236t3ZhK5hjjyU4RTOwYNLqMEt1KEBDAbwDC/w6jw5b8678zFvzTmLmRNYgvP5C8vPl9Y=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="+TTRhuGzhQ1EbwSrraB2pME/+ss=">AAAB/nicbVC7SgNBFL3rM8ZXopWkGQyCVdi10cIiYGOZoHlAsoTZ2dlkyMzsMjMrhCXgD9jqH9iJrV9hrx/gdzh5FCbxwIXDOfdy7z1Bwpk2rvvlrK1vbG5t53byu3v7B4eF4lFTx6kitEFiHqt2gDXlTNKGYYbTdqIoFgGnrWB4M/FbD1RpFst7M0qoL3BfsogRbKx0N+ixXqHsVtwp0Crx5qRcLXZL3/WTz1qv8NMNY5IKKg3hWOuO5ybGz7AyjHA6zndTTRNMhrhPO5ZKLKj2s+mpY3RmlRBFsbIlDZqqfycyLLQeicB2CmwGetmbiP95ndREV37GZJIaKslsUZRyZGI0+RuFTFFi+MgSTBSztyIywAoTY9NZ2CKYNDQc520w3nIMq6R5UfHcile3CV3DDDkowSmcgweXUIVbqEEDCPThCZ7hxXl0Xp03533WuubMZ45hAc7HL3wYmQg=</latexit><latexit sha1_base64="HiCyWLzH1n4BnyLB+aVSNeI09MA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m86MFDwYvHirYV2lA2m0m7dLMJuxuhhIJ/wKv+A2/i1b/iH/B3uG1zsK0PBh7vzTAzL0gF18Z1v53S2vrG5lZ5u7Kzu7d/UD08auskUwxbLBGJegyoRsEltgw3Ah9ThTQOBHaC0c3U7zyh0jyRD2acoh/TgeQRZ9RY6X7Y5/1qza27M5BV4hWkBgWa/epPL0xYFqM0TFCtu56bGj+nynAmcFLpZRpTykZ0gF1LJY1R+/ns1Ak5s0pIokTZkobM1L8TOY21HseB7YypGeplbyr+53UzE135OZdpZlCy+aIoE8QkZPo3CblCZsTYEsoUt7cSNqSKMmPTWdgSc2kwnFRsMN5yDKukfVH33Lp359Ya10VEZTiBUzgHDy6hAbfQhBYwGMALvMKb8+y8Ox/O57y15BQzx7AA5+sXbsuWLg==</latexit>

s
<latexit sha1_base64="HWFyMvl/B/zfLq3+IYHwymiZy3g=">AAAB/HicbVC7SgNBFL3rM8ZX1NJmMAhWYddGC8GAjWUC5gFJCLOzd5Mhs7PLzKwQlthZ2eof2ImtvZ/hD9j4E04ehUk8cOFwzr3ce4+fCK6N6345K6tr6xubua389s7u3n7h4LCu41QxrLFYxKrpU42CS6wZbgQ2E4U08gU2/MHN2G/co9I8lndmmGAnoj3JQ86osVJVdwtFt+ROQJaJNyPF68+fRwIAlW7hux3ELI1QGiao1i3PTUwno8pwJnCUb6caE8oGtIctSyWNUHeyyaEjcmqVgISxsiUNmah/JzIaaT2MfNsZUdPXi95Y/M9rpSa87GRcJqlByaaLwlQQE5Px1yTgCpkRQ0soU9zeSlifKsqMzWZuS8SlwWCUt8F4izEsk/p5yXNLXtUtlq9gihwcwwmcgQcXUIZbqEANGCA8wTO8OA/Oq/PmvE9bV5zZzBHMwfn4BaDql+0=</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="4X1eUVvh/o1UpHzXhBz/JwdZpSc=">AAAB/HicbVC7SgNBFJ2NrxhfUUtBBoNgFXZttBAM2FgmYB6QhDA7ezcZMjO7zMwKYYmdla3+gZ3Yiq2f4Q/Y6Ec4eRQm8cCFwzn3cu89fsyZNq776WSWlldW17LruY3Nre2d/O5eTUeJolClEY9UwycaOJNQNcxwaMQKiPA51P3+1civ34LSLJI3ZhBDW5CuZCGjxFipojv5glt0x8CLxJuSwuXH9/3he+Wn3Ml/tYKIJgKkoZxo3fTc2LRTogyjHIa5VqIhJrRPutC0VBIBup2ODx3iY6sEOIyULWnwWP07kRKh9UD4tlMQ09Pz3kj8z2smJjxvp0zGiQFJJ4vChGMT4dHXOGAKqOEDSwhVzN6KaY8oQo3NZmaLYNJAMMzZYLz5GBZJ7bTouUWv4hZKF2iCLDpAR+gEeegMldA1KqMqogjQA3pET86d8+y8OK+T1owzndlHM3DefgFifZng</latexit><latexit sha1_base64="pfEoa56CIYRCoVg2/uUheRaCUb0=">AAAB/HicbVBNS8NAEN3Ur1q/qh69BIvgqSRe9OCh4MVjC7YV2lA2m0m7dHcTdidCCfUPeNV/4E28+l/8A/4Ot20OtvXBwOO9GWbmhangBj3v2yltbG5t75R3K3v7B4dH1eOTjkkyzaDNEpHox5AaEFxBGzkKeEw1UBkK6Ibju5nffQJteKIecJJCIOlQ8ZgzilZqmUG15tW9Odx14hekRgo0B9WffpSwTIJCJqgxPd9LMcipRs4ETCv9zEBK2ZgOoWepohJMkM8PnboXVoncONG2FLpz9e9ETqUxExnaTklxZFa9mfif18swvglyrtIMQbHFojgTLibu7Gs34hoYiokllGlub3XZiGrK0GaztEVyhRBNKzYYfzWGddK5qvte3W95tcZtEVGZnJFzckl8ck0a5J40SZswAuSFvJI359l5dz6cz0VrySlmTskSnK9f9lSVXQ==</latexit>

max
i

(wi, hig) + s
<latexit sha1_base64="k2UJZCwvfaY7su+slrEN6rJ+r2I=">AAACFHicbZDLSgMxFIbP1Futt1EXLtwEi1BRyowIunBRcOOygr1AW4ZMmrahSWZIMtpS+hSCL+BW38CduHXvC/gcppeFbf0h8PGfczgnfxhzpo3nfTuppeWV1bX0emZjc2t7x93dK+soUYSWSMQjVQ2xppxJWjLMcFqNFcUi5LQSdm9G9coDVZpF8t70Y9oQuC1ZixFsrBW4B6gucC9gKPcYsLOOhfYJOkU6cLNe3hsLLYI/hWzh4qkHVsXA/ak3I5IIKg3hWOua78WmMcDKMMLpMFNPNI0x6eI2rVmUWFDdGIw/METH1mmiVqTskwaN3b8TAyy07ovQdgpsOnq+NjL/q9US07pqDJiME0MlmSxqJRyZCI3SQE2mKDG8bwETxeytiHSwwsTYzGa2CCYNbQ4zNhh/PoZFKJ/nfS/v39mErmGiNBzCEeTAh0sowC0UoQQEhvACr/DmPDvvzofzOWlNOdOZfZiR8/ULf/CecQ==</latexit><latexit sha1_base64="lJw9J/DVy82SE+7ugjxF3zP7OrQ=">AAACFHicbZDLSgMxFIYzrZdab6MuXLgJFqGilBkRdOGiIIjLCvYC7TBkMmkbTDJDktGWoU8h+AJu9Q3ciVv3gmufw/SysK0/BD7+cw7n5A9iRpV2nC8rk11YXFrOreRX19Y3Nu2t7ZqKEolJFUcsko0AKcKoIFVNNSONWBLEA0bqwd3lsF6/J1LRSNzqfkw8jjqCtilG2li+vQtbHPV8CosPPj3uGugcwiOofLvglJyR4Dy4EyiUTx972atvr+LbP60wwgknQmOGlGq6Tqy9FElNMSODfCtRJEb4DnVI06BAnCgvHX1gAA+ME8J2JM0TGo7cvxMp4kr1eWA6OdJdNVsbmv/Vmolun3spFXGiicDjRe2EQR3BYRowpJJgzfoGEJbU3ApxF0mEtclsagunQpNwkDfBuLMxzEPtpOQ6JffGJHQBxsqBPbAPisAFZ6AMrkEFVAEGA/AMXsCr9WS9We/Wx7g1Y01mdsCUrM9fodGf8w==</latexit><latexit sha1_base64="lJw9J/DVy82SE+7ugjxF3zP7OrQ=">AAACFHicbZDLSgMxFIYzrZdab6MuXLgJFqGilBkRdOGiIIjLCvYC7TBkMmkbTDJDktGWoU8h+AJu9Q3ciVv3gmufw/SysK0/BD7+cw7n5A9iRpV2nC8rk11YXFrOreRX19Y3Nu2t7ZqKEolJFUcsko0AKcKoIFVNNSONWBLEA0bqwd3lsF6/J1LRSNzqfkw8jjqCtilG2li+vQtbHPV8CosPPj3uGugcwiOofLvglJyR4Dy4EyiUTx972atvr+LbP60wwgknQmOGlGq6Tqy9FElNMSODfCtRJEb4DnVI06BAnCgvHX1gAA+ME8J2JM0TGo7cvxMp4kr1eWA6OdJdNVsbmv/Vmolun3spFXGiicDjRe2EQR3BYRowpJJgzfoGEJbU3ApxF0mEtclsagunQpNwkDfBuLMxzEPtpOQ6JffGJHQBxsqBPbAPisAFZ6AMrkEFVAEGA/AMXsCr9WS9We/Wx7g1Y01mdsCUrM9fodGf8w==</latexit><latexit sha1_base64="E40ADDxGcBd4c0EfzqHxU+GlLkg=">AAACFHicbZC7TsMwFIYdrqXcAgwMLBYVUhGoSlhgYKjEwlgkepHaKHIcp7VqO5HtAFWU1+AFWOEN2BArOy/Ac+C2GWjLL1n69J9zdI7/IGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/peJUYtLEMYtlJ0CKMCpIU1PNSCeRBPGAkXYwvBnX2w9EKhqLez1KiMdRX9CIYqSN5duHsMfRk09h9dGn5wMD/VN4BpVvV5yaMxFcBLeACijU8O2fXhjjlBOhMUNKdV0n0V6GpKaYkbzcSxVJEB6iPukaFIgT5WWTD+TwxDghjGJpntBw4v6dyBBXasQD08mRHqj52tj8r9ZNdXTlZVQkqSYCTxdFKYM6huM0YEglwZqNDCAsqbkV4gGSCGuT2cwWToUmYV42wbjzMSxC66LmOjX3zqnUr4uISuAIHIMqcMElqINb0ABNgEEOXsAreLOerXfrw/qcti5ZxcwBmJH19QtcBJzy</latexit>
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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
• Send single message

• Ping-pong round trip

• N messages in a row

T = 2o+ L
<latexit sha1_base64="FMyvDD+GvXtAc2zFId5w61izbPU="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="12OcE8xe4HBvEefz4rIt+vKVD/8="></latexit><latexit sha1_base64="XNN2lG8A3ZIDDE50quuDEUfrTLM="></latexit><latexit sha1_base64="XNN2lG8A3ZIDDE50quuDEUfrTLM="></latexit><latexit sha1_base64="7aWFbG+JwyI+WPsvWX4djTIan/Y="></latexit><latexit sha1_base64="7aWFbG+JwyI+WPsvWX4djTIan/Y="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="12OcE8xe4HBvEefz4rIt+vKVD/8="></latexit><latexit sha1_base64="XNN2lG8A3ZIDDE50quuDEUfrTLM="></latexit><latexit sha1_base64="XNN2lG8A3ZIDDE50quuDEUfrTLM="></latexit><latexit sha1_base64="7aWFbG+JwyI+WPsvWX4djTIan/Y="></latexit><latexit sha1_base64="7aWFbG+JwyI+WPsvWX4djTIan/Y="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="UfUuLFyWzHVf8WodM545JczVDYI="></latexit><latexit sha1_base64="7aWFbG+JwyI+WPsvWX4djTIan/Y="></latexit>

T = 4o+ 2L
<latexit sha1_base64="iLrVgXtP94Ki9J2t4HZ+FB7n7lI="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="12OcE8xe4HBvEefz4rIt+vKVD/8="></latexit><latexit sha1_base64="zuES0v8fojHEqvIWkXjeTQDMQ9w="></latexit><latexit sha1_base64="zuES0v8fojHEqvIWkXjeTQDMQ9w="></latexit><latexit sha1_base64="4+ea4N9aF+jcqkW4p9vDvvbwOHk="></latexit><latexit sha1_base64="4+ea4N9aF+jcqkW4p9vDvvbwOHk="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="qlPj0nE9UOPr9IWHAy0RJ+GU6r8="></latexit><latexit sha1_base64="4+ea4N9aF+jcqkW4p9vDvvbwOHk="></latexit>

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.
• 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
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Applications: Reduce
• BSP
• O(log n) supersteps
• L = time to read two memory locations and write one
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LogP Analysis
• Linear reduce
• o for each processor to send its value to the root
• (P-1)o + L for the root to receive them
• o + (P-1)*max{g,o} + L

0

1 2 ... P-1

err@1
err@2 err@P-1

0

1 2 ... P-1

global_err global_err global_err

55AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



LogP Analysis
• Binary tree
• o for each leaf processor to send its value to its 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)

0

1

2 ...

P-1

3 P-3P-2

0

1

2 ...

P-1

3 P-3P-2
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Name This Famous Person
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Name This Famous Person
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Fundamental Theorems Algebra: Every 
polynomial has a root

Calculus: The integral of 
the derivative is the 

derivative of the integral

d

dt

Z t

0
f(t)dt =

Z t

0


d

dt
f(t)

�
= f(t)

<latexit sha1_base64="W9KMtaPBRoeGkwEGCV/lIR2CafU="></latexit><latexit sha1_base64="wUmSeEx/e5yWwqQz9+sB3k5yjxM="></latexit><latexit sha1_base64="wUmSeEx/e5yWwqQz9+sB3k5yjxM="></latexit><latexit sha1_base64="Eh27an2m9qXkw7db3r9q28tdgMg="></latexit>

Software engineering: We 
can solve any problem by 
introducing an extra level 

of indirection

N =
mY

i=0

xi

<latexit sha1_base64="AtMI15x/uK+yTLq4IgH1f2Rzy/M="></latexit><latexit sha1_base64="xbcAMfJfwEoYGhhfNtqeHXxWj1M="></latexit><latexit sha1_base64="xbcAMfJfwEoYGhhfNtqeHXxWj1M="></latexit><latexit sha1_base64="n6d0ID1+QSgI+ZfHb4jX6rfZCiM="></latexit>

Arithmetic: Every 
number is a product 

of primes

David Wheeler via Butler 
Lampson via Andrew Koenig 59AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



Linear Systems

x =
dimXX

i=0

↵iyi
<latexit sha1_base64="knauqjv6a8L2xfEoI24CNo8ftxU="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="NczNS5WH4xWUbWePm0QeOzMptPI="></latexit>

Every linear space 
has a basis

Any element in the space can 
be expressed as weighted 

sums of members of the basis

x = (x0, x1...xN�1)
<latexit sha1_base64="MUOD3gHblSrwDOhADZfo7IsEc4c="></latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU="></latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU="></latexit><latexit sha1_base64="7B0SM+r13oJvzgAQch/z8EEo9vE="></latexit>

x̂ = (↵0,↵1, . . .↵N�1)
<latexit sha1_base64="lbqnXAnfa9vB/WMQ6xFcbxSviOQ="></latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70="></latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70="></latexit><latexit sha1_base64="lqYMX5uvHgclwL51HCdZ/VbgKpY="></latexit>

The same element has 
multiple representations

ei = (0, 0, . . . 1 . . . 0)
<latexit sha1_base64="CLU65HEJsTk8shm5apUMFXcFmqc="></latexit><latexit sha1_base64="iZ4G0/PKZIXUMio1BoaF3P1PcUY="></latexit><latexit sha1_base64="iZ4G0/PKZIXUMio1BoaF3P1PcUY="></latexit><latexit sha1_base64="d0pxajuUxwyltWIDvGcLmPOL4lg="></latexit>

Nice orthonormal 
basis
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Linear Systems

x =
dimXX

i=0

↵iyi
<latexit sha1_base64="knauqjv6a8L2xfEoI24CNo8ftxU="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="NczNS5WH4xWUbWePm0QeOzMptPI="></latexit>

x = (x0, x1...xN�1)
<latexit sha1_base64="MUOD3gHblSrwDOhADZfo7IsEc4c=">AAACznicbVJLa9tAEB6rr9R9OemxFJaEQEpbIfXSXAKpS6Cn4kKdBCxhdlcje8lqV+yujI0QPfTSv9Bbr722v6b/pis7gdjJwK4+vm9mNI9lpRTWRdG/TnDn7r37D7Yedh89fvL0WW9759TqynAcci21OWfUohQKh044ieelQVowiWfs4mOrn83QWKHVV7coMS3oRIlccOo8Ne69JHNyRA7IfBy98VdMwjD03/rz27ghr8a9vS iMlkZugvgS7B3vJq9/AcBgvN35mWSaVwUqxyW1dhRHpUtrapzgEptuUlksKb+gExx5qGiBNq2XfTRk3zMZybXxRzmyZK9H1LSwdlEw71lQN7WbWkvepo0qlx+mtVBl5VDx1Y/yShKnSTsUkgmD3MmFB5Qb4WslfEoN5c6Pbi0Tp3yKRzmVFtO6EMphttZU7ZZVMz1fp9FpLVdsH32H2MeJUCdqJoxW7bSuktUJa5VreZr9bvIh95WcqOzWAFTZhrvjrGrfBDPULK4c/TLjzdXdBKfvwtjjL36rfVjZFryAXTiAGN7DMXyCAQyBw3f4DX/gbzAIZkETfFu5Bp3LmOewZsGP/7Vu5b8=</latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU=">AAACznicbVLNattAEF6rf6n7E6c9lsKSEEhpK6Re2kvAdQnkVFyok4AlzGo1spesdsXuyFgI0UMvfYBe+gi9Nk+Tt+nKTiB2MrCrj++bGc3PJoUUFoPgsuPdu//g4aOtx90nT5893+7tvDixujQcRlxLbc4SZkEKBSMUKOGsMMDyRMJpcv6l1U/nYKzQ6jtWBcQ5myqRCc7QUZPea7qgh/SALibBO3eF1Pd9962/vg8b+mbS2w v8YGn0NgivwF5/N3r7+7JfDSc7nT9RqnmZg0IumbXjMCgwrplBwSU03ai0UDB+zqYwdlCxHGxcL/to6L5jUppp445CumRvRtQst7bKE+eZM5zZTa0l79LGJWaf4lqookRQfPWjrJQUNW2HQlNhgKOsHGDcCFcr5TNmGEc3urVMnPEZHGZMWojrXCiEdK2pGpdVJ3qxTgNqLVfsAFyHMICpUEdqLoxW7bSuk9VR0io38jT73ehz5io5UumdAaDSDXfkSdm+icQwU107umWGm6u7DU4++KHD39xWB2RlW+QV2SUHJCQfSZ8ckyEZEU5+kr/kH7nwht7ca7wfK1evcxXzkqyZ9+s/75fnRQ==</latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU=">AAACznicbVLNattAEF6rf6n7E6c9lsKSEEhpK6Re2kvAdQnkVFyok4AlzGo1spesdsXuyFgI0UMvfYBe+gi9Nk+Tt+nKTiB2MrCrj++bGc3PJoUUFoPgsuPdu//g4aOtx90nT5893+7tvDixujQcRlxLbc4SZkEKBSMUKOGsMMDyRMJpcv6l1U/nYKzQ6jtWBcQ5myqRCc7QUZPea7qgh/SALibBO3eF1Pd9962/vg8b+mbS2w v8YGn0NgivwF5/N3r7+7JfDSc7nT9RqnmZg0IumbXjMCgwrplBwSU03ai0UDB+zqYwdlCxHGxcL/to6L5jUppp445CumRvRtQst7bKE+eZM5zZTa0l79LGJWaf4lqookRQfPWjrJQUNW2HQlNhgKOsHGDcCFcr5TNmGEc3urVMnPEZHGZMWojrXCiEdK2pGpdVJ3qxTgNqLVfsAFyHMICpUEdqLoxW7bSuk9VR0io38jT73ehz5io5UumdAaDSDXfkSdm+icQwU107umWGm6u7DU4++KHD39xWB2RlW+QV2SUHJCQfSZ8ckyEZEU5+kr/kH7nwht7ca7wfK1evcxXzkqyZ9+s/75fnRQ==</latexit><latexit sha1_base64="7B0SM+r13oJvzgAQch/z8EEo9vE=">AAACznicbVLdatswFFa8vy77abpejoFYKHSwGXs3202hyyjsamSwtIXEBEk+TkRlyUjHIcGYXfSmr7BH6O32NHubyUkKTdoDkj++75zj8yNeKOkwiv61ggcPHz1+svO0/ez5i5e7nb1Xp86UVsBAGGXsOWcOlNQwQIkKzgsLLOcKzvjF10Y/m4F10uifuCggydlEy0wKhp4ad97QOT2ih3Q+jt77K6ZhGPpv9f1DXNN34043Cq Ol0bsgXoMuWVt/vNf6PUqNKHPQKBRzbhhHBSYVsyiFgro9Kh0UTFywCQw91CwHl1TLPmp64JmUZsb6o5Eu2dsRFcudW+Tce+YMp25ba8j7tGGJ2eekkrooEbRY/SgrFUVDm6HQVFoQqBYeMGGlr5WKKbNMoB/dRibBxBSOMqYcJFUuNUK60VSFy6q5mW/SgMaoFdsD3yH0YCL1iZ5Ja3QzrZtk1Yg3yq089UF79CXzlZzo9N4A0OmWOwpeNm+CW2YXN45+mfH26u6C049h7PGPqHvcW691h7wmb8khickncky+kT4ZEEEuyTX5Q/4G/WAW1MGvlWvQWsfskw0Lrv4Db9jkNg==</latexit>

ei = (0, 0, . . . 1 . . . 0)
<latexit sha1_base64="CLU65HEJsTk8shm5apUMFXcFmqc="></latexit><latexit sha1_base64="iZ4G0/PKZIXUMio1BoaF3P1PcUY="></latexit><latexit sha1_base64="iZ4G0/PKZIXUMio1BoaF3P1PcUY="></latexit><latexit sha1_base64="d0pxajuUxwyltWIDvGcLmPOL4lg="></latexit>

x = ↵0(1, 0, . . . , 0) + ↵1(0, 1, 0, . . . , 0) + . . .+ ↵N�1(0, 0, . . . , 1)
<latexit sha1_base64="tHxoMh+hkVffWuEjVKZUenSejo0="></latexit><latexit sha1_base64="S2AomQAuSv5Wat7LluT/y/WHFb0="></latexit><latexit sha1_base64="S2AomQAuSv5Wat7LluT/y/WHFb0="></latexit><latexit sha1_base64="bd7BIA4Q0RteTIZKrn9qeCS4qfc="></latexit>

What is x^?

x̂ = (↵0,↵1, . . .↵N�1)
<latexit sha1_base64="lbqnXAnfa9vB/WMQ6xFcbxSviOQ=">AAAC53icbVLLattAFB2rr9R9Oe2ymyEhkNI2SF002QRSl0BXJYU6CVjGXI2urCGjGTFzFWKEvqG70kIX7a902/5A/6YjO4bYyQXB4Zxz79yHklJJR2H4rxPcun3n7r21+90HDx89ftJbf3rsTGUFDoRRxp4m4FBJjQOSpPC0tAhFovAkOXvf6ifnaJ00+jNNSxwVMNEykwLIU+PeWx7nQPVFw/f5No9BlTmMw1cLFHmkUkNuQd QfX0cNfzHubYY74Sz4dRBdgs2DjfjlT8bY0Xi98z1OjagK1CQUODeMwpJGNViSQmHTjSuHJYgzmODQQw0FulE9G7DhW55JeWas/zTxGXs1o4bCuWmReGcBlLtVrSVv0oYVZXujWuqyItRi/lBWKU6Gt9viqbQoSE09AGGl75WLHCwI8jtdqiRA5LifgXI4qgupCdOloWqadZ2Yi2UayRg1Z/voJ8Q+TqQ+1OfSGt1ua1GsjpNWuVKn2erG7zLfyaFOb0xAna7YSSRV+7MkFux0YfTHjFZPdx0cv9mJPP7kr9pn81hjz9kG22YR22UH7AM7YgMm2A/2m/1hfwMZfAm+Bt/m1qBzmfOMLUXw6z/ju/Es</latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70=">AAAC53icbVLLattAFB2rj6TuI0677GZICKS0DVIXTTcB1yXQVUmhTgKWMVejK2vIaEbMXIUY4W/oppQWuumvdNv+QP6mIzuG2MkFweGcc+/ch5JSSUdheNkK7ty9d39t/UH74aPHTzY6m0+PnamswL4wytjTBBwqqbFPkhSelhahSBSeJGcfGv3kHK2TRn+hSYnDAsZaZlIAeWrUecvjHKi+mPIDvstjUGUOo/DVAkUeqdSQWx D1p9fRlL8YdbbDvXAW/CaIrsB2dyt++e2yOzkabbZ+xqkRVYGahALnBlFY0rAGS1IonLbjymEJ4gzGOPBQQ4FuWM8GnPIdz6Q8M9Z/mviMvZ5RQ+HcpEi8swDK3arWkLdpg4qyd8Na6rIi1GL+UFYpToY32+KptChITTwAYaXvlYscLAjyO12qJEDkeJCBcjisC6kJ06Whapp1nZiLZRrJGDVne+gnxB6OpT7U59Ia3WxrUayOk0a5Vme6047fZ76TQ53emoA6XbGTSKrmZ0ks2MnC6I8ZrZ7uJjh+sxd5/Nlftcfmsc6esy22yyK2z7rsIztifSbYL/aH/WX/Ahl8Db4HP+bWoHWV84wtRfD7Px3z8rI=</latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70=">AAAC53icbVLLattAFB2rj6TuI0677GZICKS0DVIXTTcB1yXQVUmhTgKWMVejK2vIaEbMXIUY4W/oppQWuumvdNv+QP6mIzuG2MkFweGcc+/ch5JSSUdheNkK7ty9d39t/UH74aPHTzY6m0+PnamswL4wytjTBBwqqbFPkhSelhahSBSeJGcfGv3kHK2TRn+hSYnDAsZaZlIAeWrUecvjHKi+mPIDvstjUGUOo/DVAkUeqdSQWx D1p9fRlL8YdbbDvXAW/CaIrsB2dyt++e2yOzkabbZ+xqkRVYGahALnBlFY0rAGS1IonLbjymEJ4gzGOPBQQ4FuWM8GnPIdz6Q8M9Z/mviMvZ5RQ+HcpEi8swDK3arWkLdpg4qyd8Na6rIi1GL+UFYpToY32+KptChITTwAYaXvlYscLAjyO12qJEDkeJCBcjisC6kJ06Whapp1nZiLZRrJGDVne+gnxB6OpT7U59Ia3WxrUayOk0a5Vme6047fZ76TQ53emoA6XbGTSKrmZ0ks2MnC6I8ZrZ7uJjh+sxd5/Nlftcfmsc6esy22yyK2z7rsIztifSbYL/aH/WX/Ahl8Db4HP+bWoHWV84wtRfD7Px3z8rI=</latexit><latexit sha1_base64="lqYMX5uvHgclwL51HCdZ/VbgKpY=">AAAC53icbVLLattAFB2rr9R9Oe2ym6EmkEIbpCzabgKpS6CrkkKdBCxhrkZX9pDRjJi5CjFC39BdaaGb/kq37Q/0bzryA2InFwSHc869cx9KSyUdheG/TnDr9p2797budx88fPT4SW/76YkzlRU4FEYZe5aCQyU1DkmSwrPSIhSpwtP0/EOrn16gddLoLzQrMSlgomUuBZCnxr03PJ4C1ZcNP+C7PAZVTmEcvlqhyCOVGXIrov 70Omr4y3GvH+6F8+DXQbQEfbaM4/F250ecGVEVqEkocG4UhSUlNViSQmHTjSuHJYhzmODIQw0FuqSeD9jwHc9kPDfWf5r4nL2aUUPh3KxIvbMAmrpNrSVv0kYV5e+SWuqyItRi8VBeKU6Gt9vimbQoSM08AGGl75WLKVgQ5He6VkmAmOJBDsphUhdSE2ZrQ9U07zo1l+s0kjFqwQ7QT4gDnEh9pC+kNbrd1qpYHaetcqVOs9ON3+e+kyOd3ZiAOtuwk0ir9mdJLdjZyuiPGW2e7jo42d+LPP4c9g8Hy7NusefsBdtlEXvLDtlHdsyGTLCf7Df7w/4GMvgafAu+L6xBZ5nzjK1F8Os/niXvow==</latexit>

Which is equal to?
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Transforming From One Representation to 
Another

x = (x0, x1...xN�1)
<latexit sha1_base64="MUOD3gHblSrwDOhADZfo7IsEc4c="></latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU="></latexit><latexit sha1_base64="cMc1DtmVJ14tGP2t07PoBoLP4ZU="></latexit><latexit sha1_base64="7B0SM+r13oJvzgAQch/z8EEo9vE="></latexit>

x̂ = (↵0,↵1, . . .↵N�1)
<latexit sha1_base64="lbqnXAnfa9vB/WMQ6xFcbxSviOQ="></latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70="></latexit><latexit sha1_base64="9ORV9+mj68oRbU1Em36I6/SVg70="></latexit><latexit sha1_base64="lqYMX5uvHgclwL51HCdZ/VbgKpY="></latexit>

x =
dimXX

i=0

↵iyi
<latexit sha1_base64="knauqjv6a8L2xfEoI24CNo8ftxU="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="/lcrZ2Z9WDWXrSd71HGn+9QHpuo="></latexit><latexit sha1_base64="NczNS5WH4xWUbWePm0QeOzMptPI="></latexit>

x = ↵0y0 + ↵1y1 + . . .+ ↵N�1yN�1
<latexit sha1_base64="GLvQho4Earnsf71353pvpCgPUfQ="></latexit><latexit sha1_base64="5PkuG0hHYQK/MOKvCZ04z17hXWs="></latexit><latexit sha1_base64="5PkuG0hHYQK/MOKvCZ04z17hXWs="></latexit><latexit sha1_base64="1RdAk80r7SQhPc2vsFqAnMD4C+A="></latexit>

Y = [y0, y1, . . . , yN�1]
<latexit sha1_base64="abOXahjLF1HtDwljM1zpIDnBKew="></latexit><latexit sha1_base64="D57UmXagpqChZakLh82qBHwGiYg="></latexit><latexit sha1_base64="D57UmXagpqChZakLh82qBHwGiYg="></latexit><latexit sha1_base64="/JXkB/LZ0T3P2qrKfhenIhXEIXQ="></latexit>

What is this?
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Transforming From One Representation to 
Another2

664

y0,0 y0,1 . . . y0,N�1

y1,0 y1,1 . . . y1,N�1

. . .
yN�1,0 yN�1,1 . . . yN�1,N�1

3

775

<latexit sha1_base64="/9ArB/ym0LnXsztlFvDDteyA0Lg="></latexit><latexit sha1_base64="EfFN5F4VSpBOcVHFIbyNezmEFc0="></latexit><latexit sha1_base64="EfFN5F4VSpBOcVHFIbyNezmEFc0="></latexit><latexit sha1_base64="GkFC48iNg6stY6QtgOOBSr+dLbI="></latexit>2

664

y0,0 y0,1 . . . y0,N�1

y1,0 y1,1 . . . y1,N�1

. . .
yN�1,0 yN�1,1 . . . yN�1,N�1

3

775

2

664

↵0

↵1

. . .
↵N�1

3

775

<latexit sha1_base64="cdAng2NfeRkPPYvqYmzx6L143Pc="></latexit><latexit sha1_base64="nugKsnuMtQW3ylvPcfcabeS/m3Y="></latexit><latexit sha1_base64="nugKsnuMtQW3ylvPcfcabeS/m3Y="></latexit><latexit sha1_base64="bBOT2QtqF83sy+xyc2fdBpiuJ2A="></latexit>2

664

y0,0 y0,1 . . . y0,N�1

y1,0 y1,1 . . . y1,N�1

. . .
yN�1,0 yN�1,1 . . . yN�1,N�1

3

775

2

664

↵0

↵1

. . .
↵N�1

3

775 =

2

664

x0

x1

. . .
xN�1

3

775

<latexit sha1_base64="yzBpGwg1grton1MLbtmJWRP478M="></latexit><latexit sha1_base64="NwkrAc1mgzW/NCjnxwueG4gm5SQ="></latexit><latexit sha1_base64="NwkrAc1mgzW/NCjnxwueG4gm5SQ="></latexit><latexit sha1_base64="QpfIJrWxZ+IuyNNMdiL5EGw8D8w="></latexit>

Y ↵ = x
<latexit sha1_base64="h09XVjsb7Z98S74nbfAZWMD0QoE="></latexit><latexit sha1_base64="EPJl8xOgZMExKBttuLIE1ppgjBs="></latexit><latexit sha1_base64="EPJl8xOgZMExKBttuLIE1ppgjBs="></latexit><latexit sha1_base64="ydF02hfSNJgRgsuWEpJE9oK7SaI="></latexit>!

↵ = Y �1x
<latexit sha1_base64="woD2jdfE9/tj8RhPWRPrBH8N5YM="></latexit><latexit sha1_base64="SZFBN8TTMsbQE91IvtKKUTyk8Ls="></latexit><latexit sha1_base64="SZFBN8TTMsbQE91IvtKKUTyk8Ls="></latexit><latexit sha1_base64="XUOHmod7P/R7ASPmVlNNZ+Dogj4="></latexit>

Conditions?
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Principal Components
• Given a set of data, what is the best basis for representing elements 

of that set
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Principal Components Analysis
• We are given a training set X of faces
• We want to find an orthonormal basis that can form an alternate 

representation of faces with as few dimensions as possible
• Axes are the “principal components”
• First axis captures as much of the data set as possible
• Next axis captures as much of the data that isn’t captured by first
• And so on

• We can represent any face with linear combination of the principal 
components
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Principal Component Analysis

[C]
<latexit sha1_base64="h0b3r6953htH8F78KU2AkrspmNQ="></latexit><latexit sha1_base64="h0b3r6953htH8F78KU2AkrspmNQ="></latexit><latexit sha1_base64="h0b3r6953htH8F78KU2AkrspmNQ="></latexit><latexit sha1_base64="h0b3r6953htH8F78KU2AkrspmNQ="></latexit>

Training set Mean

Covariance

Principal 
components
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Principal Component Analysis

{�0,�1, ...,�N�1}
<latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI="></latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI="></latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI="></latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI="></latexit>

Project face onto 
principal components

Representation in 
feature space 

{�0,�1, ...,�N�1}
<latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI=">AAAC13icbVJLb9QwEPaGV7u8tnDkYrEq4lCiBCHBBaksqsQJFYltizbRynEmu1YdO7InFSsr4oY4cOHI3+Ba/gj/Bmc3lbrbjmT5yzffTObhrJLCYhT96wU3bt66fWdru3/33v0HDwc7j46srg2HMddSm5OMWZBCwRgFSjipDLAyk3Ccnb5v/cdnYKzQ6jMuKkhLNlOiEJyhp6aDZ4mjSTUX02hvdcd7NAxD2n25jy/ihibNdD CMwmhp9CqIOzAknR1Od3q/k1zzugSFXDJrJ3FUYeqYQcElNP2ktlAxfspmMPFQsRJs6pYNNXTXMzkttPFHIV2ylyMcK61dlJlXlgzndtPXktf5JjUWb1InVFUjKL76UVFLipq206G5MMBRLjxg3AhfK+VzZhhHP8O1TJzxObwtmLSQulIohHytKYfLqjP9dZ0G1Fqu2BH4DmEEM6EO1JkwWrXTukjmkqz1XMrT7PaTd4Wv5EDl1waAyjfkyLO6fRyZYWZxIfTLjDdXdxUcvQxjjz+9Gu6PurVukSfkKXlOYvKa7JMP5JCMCSc/yR9yTv4GX4Jvwffgx0oa9LqYx2TNgl//Adu/6MU=</latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI=">AAAC13icbVJLb9QwEPaGV7u8tnDkYrEq4lCiBCHBBaksqsQJFYltizbRynEmu1YdO7InFSsr4oY4cOHI3+Ba/gj/Bmc3lbrbjmT5yzffTObhrJLCYhT96wU3bt66fWdru3/33v0HDwc7j46srg2HMddSm5OMWZBCwRgFSjipDLAyk3Ccnb5v/cdnYKzQ6jMuKkhLNlOiEJyhp6aDZ4mjSTUX02hvdcd7NAxD2n25jy/ihibNdD CMwmhp9CqIOzAknR1Od3q/k1zzugSFXDJrJ3FUYeqYQcElNP2ktlAxfspmMPFQsRJs6pYNNXTXMzkttPFHIV2ylyMcK61dlJlXlgzndtPXktf5JjUWb1InVFUjKL76UVFLipq206G5MMBRLjxg3AhfK+VzZhhHP8O1TJzxObwtmLSQulIohHytKYfLqjP9dZ0G1Fqu2BH4DmEEM6EO1JkwWrXTukjmkqz1XMrT7PaTd4Wv5EDl1waAyjfkyLO6fRyZYWZxIfTLjDdXdxUcvQxjjz+9Gu6PurVukSfkKXlOYvKa7JMP5JCMCSc/yR9yTv4GX4Jvwffgx0oa9LqYx2TNgl//Adu/6MU=</latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI=">AAAC13icbVJLb9QwEPaGV7u8tnDkYrEq4lCiBCHBBaksqsQJFYltizbRynEmu1YdO7InFSsr4oY4cOHI3+Ba/gj/Bmc3lbrbjmT5yzffTObhrJLCYhT96wU3bt66fWdru3/33v0HDwc7j46srg2HMddSm5OMWZBCwRgFSjipDLAyk3Ccnb5v/cdnYKzQ6jMuKkhLNlOiEJyhp6aDZ4mjSTUX02hvdcd7NAxD2n25jy/ihibNdD CMwmhp9CqIOzAknR1Od3q/k1zzugSFXDJrJ3FUYeqYQcElNP2ktlAxfspmMPFQsRJs6pYNNXTXMzkttPFHIV2ylyMcK61dlJlXlgzndtPXktf5JjUWb1InVFUjKL76UVFLipq206G5MMBRLjxg3AhfK+VzZhhHP8O1TJzxObwtmLSQulIohHytKYfLqjP9dZ0G1Fqu2BH4DmEEM6EO1JkwWrXTukjmkqz1XMrT7PaTd4Wv5EDl1waAyjfkyLO6fRyZYWZxIfTLjDdXdxUcvQxjjz+9Gu6PurVukSfkKXlOYvKa7JMP5JCMCSc/yR9yTv4GX4Jvwffgx0oa9LqYx2TNgl//Adu/6MU=</latexit><latexit sha1_base64="wuKt/xgR/OOiFU4BEHitDgK8GMI=">AAAC13icbVJLb9QwEPaGV7u8tnDkYrEq4lCiBCHBBaksqsQJFYltizbRynEmu1YdO7InFSsr4oY4cOHI3+Ba/gj/Bmc3lbrbjmT5yzffTObhrJLCYhT96wU3bt66fWdru3/33v0HDwc7j46srg2HMddSm5OMWZBCwRgFSjipDLAyk3Ccnb5v/cdnYKzQ6jMuKkhLNlOiEJyhp6aDZ4mjSTUX02hvdcd7NAxD2n25jy/ihibNdD CMwmhp9CqIOzAknR1Od3q/k1zzugSFXDJrJ3FUYeqYQcElNP2ktlAxfspmMPFQsRJs6pYNNXTXMzkttPFHIV2ylyMcK61dlJlXlgzndtPXktf5JjUWb1InVFUjKL76UVFLipq206G5MMBRLjxg3AhfK+VzZhhHP8O1TJzxObwtmLSQulIohHytKYfLqjP9dZ0G1Fqu2BH4DmEEM6EO1JkwWrXTukjmkqz1XMrT7PaTd4Wv5EDl1waAyjfkyLO6fRyZYWZxIfTLjDdXdxUcvQxjjz+9Gu6PurVukSfkKXlOYvKa7JMP5JCMCSc/yR9yTv4GX4Jvwffgx0oa9LqYx2TNgl//Adu/6MU=</latexit>

Linear combination of 
principal components Recreate original 

face

How do we 
compute these?
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Computing Principal Components
Let {f0, f1, . . . fM} be as set of faces. Each face fi 2 RN where N is the total
number of pixels in a face image and the elements of each fi all have the same cor-
respond to the pixels in face image i (without loss of generality, take lexicographical
ordering). Let F 2 RM⇥N be a matrix in which every column i consists of fi.

<latexit sha1_base64="Dr1QaJb0kPMyWfWLRIWBgyw9jNk="></latexit><latexit sha1_base64="Dr1QaJb0kPMyWfWLRIWBgyw9jNk="></latexit><latexit sha1_base64="Dr1QaJb0kPMyWfWLRIWBgyw9jNk="></latexit><latexit sha1_base64="Dr1QaJb0kPMyWfWLRIWBgyw9jNk="></latexit>

Let � 2 RN⇥N be an orthonormal matrix where each column is a feature vector
�i. For a given face fi we let f̃i =

PK�1
j=0 ↵i,j�j and define � such that for each

K the di↵erence between fi and f̃i is minimized for i = 0, 1, . . . , N � 1.
<latexit sha1_base64="PLx+HS8uLgeVhBSrFRU5d4xxTHo="></latexit><latexit sha1_base64="PLx+HS8uLgeVhBSrFRU5d4xxTHo="></latexit><latexit sha1_base64="PLx+HS8uLgeVhBSrFRU5d4xxTHo="></latexit><latexit sha1_base64="PLx+HS8uLgeVhBSrFRU5d4xxTHo="></latexit>

Let’s start with the case of K = 0. Then each f̃i = ↵i�0. The best approximation
of fi will be the projection of fi onto �0, i.e., ↵i = hfi,�0i.

<latexit sha1_base64="H45odZ+TSQMGxZkdzYb5/kO8ank="></latexit><latexit sha1_base64="H45odZ+TSQMGxZkdzYb5/kO8ank="></latexit><latexit sha1_base64="H45odZ+TSQMGxZkdzYb5/kO8ank="></latexit><latexit sha1_base64="H45odZ+TSQMGxZkdzYb5/kO8ank="></latexit>
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Computing Principal Components
The sum of squares di↵erence between all of the fi and their projection onto �0 is

N�1X

i=0

kfi � hfi,�0i�0k22
<latexit sha1_base64="oTSqUKO+nLtD1RXPyzEcg29EDzc="></latexit><latexit sha1_base64="oTSqUKO+nLtD1RXPyzEcg29EDzc="></latexit><latexit sha1_base64="oTSqUKO+nLtD1RXPyzEcg29EDzc="></latexit><latexit sha1_base64="oTSqUKO+nLtD1RXPyzEcg29EDzc="></latexit>

The best choice for �0 is thus the one that minimizes this expression, i.e.,

�0 = argmin
N�1X

i=0

kfi�hfi,�0i�0k22 = argmin
N�1X

i=0

hfi�hfi,�0i�0, fi�hfi,�0i�0i

= argmin
N�1X

i=0

(hfi, fii � hfi, hfi,�0i�0i)
<latexit sha1_base64="yj+VpxAei4eS3Rt1Lb8wOchR+4c="></latexit><latexit sha1_base64="KZvsLsynYy7wbpulGOi3CGINRPU="></latexit><latexit sha1_base64="KZvsLsynYy7wbpulGOi3CGINRPU="></latexit><latexit sha1_base64="AhRGOCpztrU02Ln9b6oqd2ZoCWo="></latexit>
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Computing Principal Components

�0 = argmax
N�1X

i=0

hfi, hfi,�0i�0i = argmax
N�1X

i=0

hh�0, fiifi,�0i

= argmax
N�1X

i=0

�T
0 fif

T
i �0 = argmax

"
�T
0

 
N�1X

i=0

fif
T
i

!
�0

#

= argmax (h�0, C�0i)
<latexit sha1_base64="x5wdVt8MsSeom1hgYvIw5UOIWO8="></latexit><latexit sha1_base64="jKqvI61CMghCSAM5S8knpCj3MF0="></latexit><latexit sha1_base64="jKqvI61CMghCSAM5S8knpCj3MF0="></latexit><latexit sha1_base64="EvikzjaYRMPRVYb+FAix6azwi+M="></latexit>

Rayleigh 
QuotientCovariance 

Matrix
70AMATH 483/583 Sp 22 U of Washington Xu Tony Liu



Constrained Optimization

L(�0) = h�0, C�0i � �0 (1� h�0,�0i)
<latexit sha1_base64="BjCiFmUJLu1pF6IUjDql+qTtSMo=">AAADHHicbVJNa9wwEJXdr3T7kU177EUkBDa0DXYv7SWQbAj00EMK3SSwNossj71iZclI45DF7A/ppfTH9FZ66KXQX9Jr5XUWsk4GBI/35o1GM0pKKSwGwV/Pv3f/wcNHG497T54+e77Z33pxZnVlOIy4ltpcJMyCFApGKFDCRWmAFYmE82R23Ojnl2Cs0OoLzkuIC5YrkQnO0FGT/uzTICqnYhLs0QMaSaZyCbRl6Bt6vIKRaZ W3NLIiL1hDSchwQMOG6/o6rsiIfIp7k/5OsB8sg94G4TXYOdyOXn8nhJxOtryvUap5VYBCLpm14zAoMa6ZQcElLHpRZaFkfMZyGDuoWAE2rpdTWdBdx6Q008YdhXTJ3nTUrLB2XiQus2A4tV2tIe/SxhVmH+JaqLJCULy9KKskRU2bEdNUGOAo5w4wboTrlfIpM4yjW8RaJc74FA4yJi3EdSEUQrr2qBqXXSf6ap0G1Fq27BDcC2EIuVAn6lIYrZpprYrVUdIoN+osdnvRUeY6OVHpnQZQaScdeVI1PywxzMxXiW6ZYXd1t8HZu/3Q4c9uq0PSxgZ5RbbJgITkPTkkH8kpGRFOfpN/HvE8/5v/w//p/2pTfe/a85Kshf/nP3aLAcg=</latexit><latexit sha1_base64="OZ0+8IMjkQQ4wQUiefW9nAbCSkg=">AAADHHicbVJNa9wwEJXdr3T7tWmPvYiEwIa2we6lvQS2GwI99JBCNwmszSLLY69YWTLSONSY/Re99NJf01vpoZdCfkmvlddZyG4yIHi8N280mlFSSmExCC49/87de/cfbD3sPXr85Omz/vbzU6srw2HMtdTmPGEWpFAwRoESzksDrEgknCXzo1Y/uwBjhVZfsC4hLliuRCY4Q0dN+/NPg6iciWmwTw9pJJnKJdCOoa/p0QpGpl Pe0MiKvGAtJSHDAQ1bbtO34YqMyGe4P+3vBgfBMuhNEF6B3eFO9Orb5bA+mW5736NU86oAhVwyaydhUGLcMIOCS1j0ospCyfic5TBxULECbNwsp7Kge45JaaaNOwrpkr3uaFhhbV0kLrNgOLObWkvepk0qzN7HjVBlhaB4d1FWSYqatiOmqTDAUdYOMG6E65XyGTOMo1vEWiXO+AwOMyYtxE0hFEK69qgGl10n+us6Dai17NgRuBfCCHKhjtWFMFq101oVa6KkVa7VWez1og+Z6+RYpbcaQKUb6ciTqv1hiWGmXiW6ZYabq7sJTt8ehA5/dlsdkS62yEuyQwYkJO/IkHwkJ2RMOPlD/nnE8/wf/k//l/+7S/W9K88Lshb+3/+wtANO</latexit><latexit sha1_base64="OZ0+8IMjkQQ4wQUiefW9nAbCSkg=">AAADHHicbVJNa9wwEJXdr3T7tWmPvYiEwIa2we6lvQS2GwI99JBCNwmszSLLY69YWTLSONSY/Re99NJf01vpoZdCfkmvlddZyG4yIHi8N280mlFSSmExCC49/87de/cfbD3sPXr85Omz/vbzU6srw2HMtdTmPGEWpFAwRoESzksDrEgknCXzo1Y/uwBjhVZfsC4hLliuRCY4Q0dN+/NPg6iciWmwTw9pJJnKJdCOoa/p0QpGpl Pe0MiKvGAtJSHDAQ1bbtO34YqMyGe4P+3vBgfBMuhNEF6B3eFO9Orb5bA+mW5736NU86oAhVwyaydhUGLcMIOCS1j0ospCyfic5TBxULECbNwsp7Kge45JaaaNOwrpkr3uaFhhbV0kLrNgOLObWkvepk0qzN7HjVBlhaB4d1FWSYqatiOmqTDAUdYOMG6E65XyGTOMo1vEWiXO+AwOMyYtxE0hFEK69qgGl10n+us6Dai17NgRuBfCCHKhjtWFMFq101oVa6KkVa7VWez1og+Z6+RYpbcaQKUb6ciTqv1hiWGmXiW6ZYabq7sJTt8ehA5/dlsdkS62yEuyQwYkJO/IkHwkJ2RMOPlD/nnE8/wf/k//l/+7S/W9K88Lshb+3/+wtANO</latexit><latexit sha1_base64="EzrA/wo+Nv3uWjV6bGt53rqQkBE=">AAADHHicbVJNa9tAEF2pH0ndL6c99rLUBBxog9RLewmkDoEeekihTgKWMKvVSF682hW7oxAj/EN66a/prfTQS6G/pNeuLBtiJQMLj/fmzc7ObFJKYTEI/nr+vfsPHu7sPuo9fvL02fP+3otzqyvDYcy11OYyYRakUDBGgRIuSwOsSCRcJPOTRr+4AmOFVl9xUUJcsFyJTHCGjpr255+HUTkT0+CAHtFIMpVLoC1D39CTDYxMq7 ylkRV5wRpKQoZDGjZc19dxRUbkMzyY9gfBYbAKehuEazAg6zib7nnfolTzqgCFXDJrJ2FQYlwzg4JLWPaiykLJ+JzlMHFQsQJsXK+msqT7jklppo07CumKvemoWWHtokhcZsFwZrtaQ96lTSrMPsS1UGWFoHh7UVZJipo2I6apMMBRLhxg3AjXK+UzZhhHt4itSpzxGRxlTFqI60IohHTrUTWuuk709TYNqLVs2RG4F8IIcqFO1ZUwWjXT2hSro6RRbtRZ7veij5nr5FSldxpApZ105EnV/LDEMLPYJLplht3V3Qbn7w5Dh78Eg+PReq275BV5TYYkJO/JMflEzsiYcPKb/POI5/nf/R/+T/9Xm+p7a89LshX+n/8w9QA/</latexit>

rL(�0) = 0
<latexit sha1_base64="5AiAYyKc9IEtZk9mfFqhv+2hhuw=">AAACyXicbVJNa9tAEF2rH0ndL6e9FHpZEgIphSD10lwCqUug0B5SqJOAJczsamQvWe2qu6MQV7iX/oreeui1/T/9N13ZCcROBgSP997MzodEpZWnOP7Xie7cvXd/bf1B9+Gjx0+e9jaeHXtbO4kDabV1pwI8amVwQIo0nlYOoRQaT8TZ+1Y/OUfnlTVfaFphVsLYqEJJoECNei9SA0ID/8R3eFpN1Cjmr/g+j7uj3la8G8+D3w TJJdg62Exf/2KMHY02Oj/T3Mq6RENSg/fDJK4oa8CRkhpn3bT2WIE8gzEOAzRQos+a+Qgzvh2YnBfWhc8Qn7PXMxoovZ+WIjhLoIlf1VryNm1YU7GXNcpUNaGRi4eKWnOyvN0Hz5VDSXoaAEinQq9cTsCBpLC1pUoS5AT3C9Aes6ZUhjBfGqqhedfCXizTSNbqBdvHMCH2cazMoTlXzpp2W1fFmlS0yrU6s+1u+q4InRya/NYENPmKnaSo299BOHDTK2M4ZrJ6upvg+M1uEvDncNU+W8Q6e8k22Q5L2Ft2wD6wIzZgkn1nv9kf9jf6GH2NLqJvC2vUucx5zpYi+vEfzAjkoQ==</latexit><latexit sha1_base64="aYFFK9EwQQGPscxP2c3dwuPEaFQ=">AAACyXicbVJNa9tAEF2rX4n75bSXQi9LQiClEKRc2kvAdQkU2kMKdRKwhBmtRvaS1a66OwpRhXvpX+il916b/5N/05WdQOxkQPB4783sfCgtlXQUhped4N79Bw8fra13Hz95+ux5b+PFkTOVFTgURhl7koJDJTUOSZLCk9IiFKnC4/T0Y6sfn6F10uhvVJeYFDDRMpcCyFPj3qtYQ6qAf+E7PC6nchzyN3yfh91xbyvcDefBb4 PoCmz1N+O3vy/79eF4o/MnzoyoCtQkFDg3isKSkgYsSaFw1o0rhyWIU5jgyEMNBbqkmY8w49ueyXhurP808Tl7M6OBwrm6SL2zAJq6Va0l79JGFeXvk0bqsiLUYvFQXilOhrf74Jm0KEjVHoCw0vfKxRQsCPJbW6okQExxPwflMGkKqQmzpaEamnedmvNlGskYtWAH6CfEAU6kPtBn0hrdbuu6WBOnrXKjzmy7G3/IfScHOrszAXW2YieRVu3vkFqw9bXRHzNaPd1tcLS3G3n81V91wBaxxl6zTbbDIvaO9dkndsiGTLCf7C/7xy6Cz8H34Dz4sbAGnaucl2wpgl//AQZA5ic=</latexit><latexit sha1_base64="aYFFK9EwQQGPscxP2c3dwuPEaFQ=">AAACyXicbVJNa9tAEF2rX4n75bSXQi9LQiClEKRc2kvAdQkU2kMKdRKwhBmtRvaS1a66OwpRhXvpX+il916b/5N/05WdQOxkQPB4783sfCgtlXQUhped4N79Bw8fra13Hz95+ux5b+PFkTOVFTgURhl7koJDJTUOSZLCk9IiFKnC4/T0Y6sfn6F10uhvVJeYFDDRMpcCyFPj3qtYQ6qAf+E7PC6nchzyN3yfh91xbyvcDefBb4 PoCmz1N+O3vy/79eF4o/MnzoyoCtQkFDg3isKSkgYsSaFw1o0rhyWIU5jgyEMNBbqkmY8w49ueyXhurP808Tl7M6OBwrm6SL2zAJq6Va0l79JGFeXvk0bqsiLUYvFQXilOhrf74Jm0KEjVHoCw0vfKxRQsCPJbW6okQExxPwflMGkKqQmzpaEamnedmvNlGskYtWAH6CfEAU6kPtBn0hrdbuu6WBOnrXKjzmy7G3/IfScHOrszAXW2YieRVu3vkFqw9bXRHzNaPd1tcLS3G3n81V91wBaxxl6zTbbDIvaO9dkndsiGTLCf7C/7xy6Cz8H34Dz4sbAGnaucl2wpgl//AQZA5ic=</latexit><latexit sha1_base64="NTgBo2TLXvZEUY93crn2L5klKBw=">AAACyXicbVJNa9tAEF2rX6n75bSXQi9LTSC9BCmX9hJIXQKF9pBCnQQsYWZXI3vJalfdHYW4wr30V/Tea/t/+m+6sh2InQwIHu+9mZ0PiUorT3H8rxPduXvv/oOth91Hj588fdbbfn7ibe0kDqXV1p0J8KiVwSEp0nhWOYRSaDwV5x9a/fQCnVfWfKVZhVkJE6MKJYECNe69TA0IDfwz3+VpNVXjmL/hBzzujnv9eC9eBL8Jkh Xos1Ucj7c7v9LcyrpEQ1KD96MkrihrwJGSGufdtPZYgTyHCY4CNFCiz5rFCHO+E5icF9aFzxBfsNczGii9n5UiOEugqd/UWvI2bVRT8S5rlKlqQiOXDxW15mR5uw+eK4eS9CwAkE6FXrmcggNJYWtrlSTIKR4UoD1mTakMYb42VEOLroW9XKeRrNVLdoBhQhzgRJkjc6GcNe22roo1qWiVa3XmO930fRE6OTL5rQlo8g07SVG3v4Nw4GZXxnDMZPN0N8HJ/l4S8Je4fzhYnXWLvWKv2S5L2Ft2yD6yYzZkkv1gv9kf9jf6FH2LLqPvS2vUWeW8YGsR/fwPhnLjGA==</latexit>

rL(�0) = C�0 � �0�0 = 0
<latexit sha1_base64="qgeGoCFSrZcFWUelemBf54ft4qg=">AAAC5HicbVLLattAFB2rr9R9Oe2ymyEhkFIapHTRbgypQ6CLLlKok4BlzJ3RlT1kNCNmrkKN8B90V7rIpvRPum0/oX/Tke1A7OSC4HDOuXfuQ6LUylMc/2tFd+7eu/9g42H70eMnT591Np+feFs5iX1ptXVnAjxqZbBPijSelQ6hEBpPxflho59eoPPKmi80LXFYwNioXEmgQI06b1MDQgP/xHd5Wk7UKOaveJcfLvEbnno1Li DAJdON26POdrwXz4PfBMkSbB9spa9/McaOR5utyzSzsirQkNTg/SCJSxrW4EhJjbN2WnksQZ7DGAcBGijQD+v5dDO+E5iM59aFzxCfs9czaii8nxYiOAugiV/XGvI2bVBR/n5YK1NWhEYuHsorzcnyZlU8Uw4l6WkAIJ0KvXI5AQeSwkJXKkmQE+zmoD0O60IZwmxlqJrmXQv7dZVGslYv2B6GCbGHY2WOzIVy1jTbuipWp6JRrtWZ7bTTD3no5MhktyagydbsJEXV/CnCgZteGcMxk/XT3QQn+3tJwJ/DVXtsERvsJdtiuyxh79gB+8iOWZ9Jdsl+sz/sb5RH36Lv0Y+FNWotc16wlYh+/geBm+4w</latexit><latexit sha1_base64="ZdTYSJdvvDs/BK93LfyJX8AV6JU=">AAAC5HicbVLLattAFB2raZM6fTjtspshIZBSGqR20WwMrkOgiy5SqJOAJcyd0ZU9ZDQjZkahQvgPsku7yKa/0m37CfmbjmwHYicXBIdzzr1zH2KFFNaF4U0reLT2+Mn6xtP25rPnL152tl6dWF0ajgOupTZnDCxKoXDghJN4VhiEnEk8ZeeHjX56gcYKrb67qsAkh7ESmeDgPDXqfIwVMAn0K92jcTERo5C+pV16uMDvaWzFOA cPF0w3bI86O+F+OAt6H0QLsNPbjt/9vOlVx6Ot1nWcal7mqByXYO0wCguX1GCc4BKn7bi0WAA/hzEOPVSQo03q2XRTuuuZlGba+E85OmPvZtSQW1vlzDtzcBO7qjXkQ9qwdNlBUgtVlA4Vnz+UlZI6TZtV0VQY5E5WHgA3wvdK+QQMcOcXulSJA59gNwNpMalzoRymS0PVbtY10z+WaXRayznbRz8h9nEs1JG6EEarZlu3xeqYNcqdOtPddvw5850cqfTBBFTpit1xVjZ/CjNgqlujP2a0err74OTDfuTxN3/VPpnHBnlDtskeicgn0iNfyDEZEE6uyR/yl/wLsuAyuAp+za1Ba5HzmixF8Ps/u8Tvtg==</latexit><latexit sha1_base64="ZdTYSJdvvDs/BK93LfyJX8AV6JU=">AAAC5HicbVLLattAFB2raZM6fTjtspshIZBSGqR20WwMrkOgiy5SqJOAJcyd0ZU9ZDQjZkahQvgPsku7yKa/0m37CfmbjmwHYicXBIdzzr1zH2KFFNaF4U0reLT2+Mn6xtP25rPnL152tl6dWF0ajgOupTZnDCxKoXDghJN4VhiEnEk8ZeeHjX56gcYKrb67qsAkh7ESmeDgPDXqfIwVMAn0K92jcTERo5C+pV16uMDvaWzFOA cPF0w3bI86O+F+OAt6H0QLsNPbjt/9vOlVx6Ot1nWcal7mqByXYO0wCguX1GCc4BKn7bi0WAA/hzEOPVSQo03q2XRTuuuZlGba+E85OmPvZtSQW1vlzDtzcBO7qjXkQ9qwdNlBUgtVlA4Vnz+UlZI6TZtV0VQY5E5WHgA3wvdK+QQMcOcXulSJA59gNwNpMalzoRymS0PVbtY10z+WaXRayznbRz8h9nEs1JG6EEarZlu3xeqYNcqdOtPddvw5850cqfTBBFTpit1xVjZ/CjNgqlujP2a0err74OTDfuTxN3/VPpnHBnlDtskeicgn0iNfyDEZEE6uyR/yl/wLsuAyuAp+za1Ba5HzmixF8Ps/u8Tvtg==</latexit><latexit sha1_base64="5T7HMAdBexLEHX9ZHVnVp4YHuzo=">AAAC5HicbVLLattAFB2rj6Tuy2mX3Qw1gXTRILWLZmNIHQJddJFCnQQsYe6Mruwh8xAzo1Aj/AfdlS6y6a90235C/6YjW4HYyQXB4Zxz79yHWCmF83H8rxPdu//g4db2o+7jJ0+fPe/tvDh1prIcR9xIY88ZOJRC48gLL/G8tAiKSTxjF0eNfnaJ1gmjv/p5iZmCqRaF4OADNem9TzUwCfQz3aNpOROTmL6hA3rU4rc0dWKqIM CWGcTdSa8f78fLoLdB0oI+aeNkstO5SnPDK4XacwnOjZO49FkN1gsucdFNK4cl8AuY4jhADQpdVi+nW9DdwOS0MDZ82tMlezOjBuXcXLHgVOBnblNryLu0ceWLg6wWuqw8ar56qKgk9YY2q6K5sMi9nAcA3IrQK+UzsMB9WOhaJQ58hoMCpMOsVkJ7zNeGqv2ya2a+rdPojZErdohhQhziVOhjfSms0c22rovVKWuUG3UWu930YxE6Odb5nQmo8w2756xq/hRmwc6vjeGYyebpboPTd/tJwF/i/uGwPes2eUVekz2SkA/kkHwiJ2REOLkiv8kf8jcqou/Rj+jnyhp12pyXZC2iX/8BPAXspw==</latexit>

C�0 = �0�0
<latexit sha1_base64="n0Ybk/vND/OJD78dvgIemMr/u38="></latexit><latexit sha1_base64="5VBd8NJfxAhrVtJGNMZy97V9nAw="></latexit><latexit sha1_base64="5VBd8NJfxAhrVtJGNMZy97V9nAw="></latexit><latexit sha1_base64="FAJ+sPpaMffutmawaa2ohqJ7MNk="></latexit>

h�0, C�0i
<latexit sha1_base64="fy3LfFDwN5jpV6oQGnssPl7o4os="></latexit><latexit sha1_base64="jzNXeR4kY/F6YxLqaIhKMJZQ2hA="></latexit><latexit sha1_base64="jzNXeR4kY/F6YxLqaIhKMJZQ2hA="></latexit><latexit sha1_base64="evlgYWzmyDZ7Joj+aVzrU1iQJAY="></latexit>

h�0,�0i = 1
<latexit sha1_base64="skKxIzE6qO4ydTUjPNurz5XBXHU="></latexit><latexit sha1_base64="H/9wiJ2yv9bQMeTPNpToWFKTR1E="></latexit><latexit sha1_base64="H/9wiJ2yv9bQMeTPNpToWFKTR1E="></latexit><latexit sha1_base64="IzhveVUCaCR4/50dnHOwq9m9ctk="></latexit>

Maximize

Subject to

Lagrangian

Will be maximized 
where gradient is zero

Gradient of the 
Lagrangian Corresponding 

eigenvector
Largest 
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Eigenfaces

f = read face();

� = UT f

�[K : N ] = 0

f 0 = U�
<latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit>
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Example
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Our Code
• Read in faces data
• Compute mean of all faces
• Subtract mean from every face
• Compute covariance matrix C
• Compute eigendecomposition of matrix C
• Write out eigenface images

Most 
computationally 
expensive step

74

f = read face();

� = UT f

�[K : N ] = 0

f 0 = U�
<latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit><latexit sha1_base64="YUX94gAXE7rzEmeXbw9ATMZaK2M="></latexit>

We want to 
parallelize this
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Thank You!
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