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[SCHEDULING]

» p processors (or nodes or cores or computing units).

» An application represented by a DAG G = (V, E):

» Vertices are tasks (or functions to be computed)
» Edges represent data dependency (need to be respected)
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What happened?



[DATA IS CRITICAL]
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Overview of a computer.

In general,
» Memory is small but accesses are fast;

» Disks are large but accesses are slow.
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[SOME NUMBERS]

(Brief) history of supercomputers at Argonne National Lab:

‘ Intrepid Mira
Year 2008-2013 2013-
Peak Perf 0.557 PFlops 10 PFlops
Peak I/O Throughput 88 GB/s 240 GB/s
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Analysis of the Intrepid system @Argonne: 1/O throughput
decrease (percentage per application, over 400 applications).
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[WHAT NEXT]

Some directions to solve this problem:

» Better I/O Management?

» Rethinking I/O intensive applications:
from computation-oriented thinking to I/O-oriented
thinking.
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[ICE-SHEET MODEL (I)

“In climate modelling, Ice-sheet models use numerical methods
to simulate the evolution, dynamics and thermodynamics of ice
sheets.” (wikipedia)

Model Algorithm isingle ti

1. Evaluate driving stress 74 = pghVs
2. Solve for velocities
DO =1, max_iter
i. Evaluate nonlinear viscosity v, from
iterate u,
ii. Construct stress matrix A}
iii. Solve linear system A u,,, =174
iv. (Exit if converged)
ENDDO
3. Evolve thickness (continuity eqn)
Automatic differentiation
(AD) tools generate code
for adjoint of operations

Credit: Daniel Goldberg
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Simpler Version:
proc Model Algorithm (uo, y)
begin
Do stuff;
for i =0 ton do
uir1 = fi(ui);
Do stuff;
end
/* F(up) = fnofan_10...0 fo(uo) */
Compute V F(uo)y;

end

Do



[ICE—SHEET MODEL (II)]

F(ug) = fno fno10...0 f10 folug)

VF(uo)y = J foluo)" - V(fno fi)(u1) -y

Jfo(uo)™ - Tfi(u)™ - T fai(un—1)" - I fulun)” -y

JfT = Transpose Jacobian matrix of f;

wit1 = fi(u) = fi (fi—10...0 fo(uo))-
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F(ug) = fno fno10...0 f10 folug)

VF(uo)y = J foluo)" - V(fno fi)(u1) -y

=|Jfo(uo)" - Jfi(u)" - T fui(un—1)" - T fulun)” -y

JfT
Ui+1

Transpose Jacobian matrix of f;

fi(ui) = fi (fi—10...0 fo(uo))-

But then, isn’t there a faster algorithm?



[A BETTER SOLUTION?]

V F(uo)y = Jfoluo)™ - T fr(u)™ .- T fr(un—1)" - T fr(un) " -y

proc Algo A(uo,y)
begin
Do stuff;
for i =0 ton do
wit1 = fi(ui);
Do stuff;
end
Compute V F(uo)y;
end

proc Algo B(uo,y)
begin
Do stuff;
for i =0 to n do
w1 = fiui);
Do stuff;
Vit1 = v - J fip1(uip1) T
end
end
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[A BETTER SOLUTION?]

V F(uo)y = Jfoluo)™ - T fr(u)™ .- T fr(un—1)" - T fr(un) " -y

proc Algo A(uo,y) proc Algo B(ug,y)
begin begin
Do stuff; Do stuff;
for i =0 to n do for i =0 ton do
wit1 = fi(ug); wit1 = fi(uq);
Do stuff; Do stuff;
end vigr =vi - Jfip1(uip1)”;
Compute V F(ug)y; end
end end

What is the problem with Algo B?

VF(u)y = (( .. (JfoT . Jf1T) e anflT) . anT) -y n MatMat ops
VF(uo)y = JfoT . (JflT . (anflT . <anT y) )) n MatVec ops
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[ADJOINT COMPUTATION]

Fi(z;) = zip1 i<

Fi(zi,Zip1) = Z; 1<
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[ADJOINT COMPUTATION]

Fi(z;) = zip1 i<
Fi(zi,Tiy1) = 1<
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(PROBLEM FORMULATION )

We want to minimize the makespan of:

Initial state:

AC graph:
Steps:
Memory:
Disks:
Buffers:

size [

uf,ub

Cmy Wiy = Ty = 0,
Cqd = +OO,'wd,T'd,
BT, Bt

By = {xo}, By = {Zi41}

(7]
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[PREVIOUS WORK]

GWO00: REVOLVE(], ¢;,,), optimal algorithm with ¢, memory slots
and no disk slots.

SWO09: SWA*, an algorithm based on REVOLVE that takes disk
storage into acount.

(i) SWA(L, em, ca, wq,mq) ~ REVOLVE(l, cg + )t

(ii) SWA*(I, ¢y, wq,mq) = ming,—o..1—c,, SWA(, ¢, a4, W, Tq)

‘This work: optimal algorithm with disk storage. ‘

Lout of the cg + ¢ slots used by REVOLVE, the c4 slots the least used
are considered disk slots. e e e e e o



[A GRASP OF THE PROOF]
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Any algorithm works in two phases:
» The forward phase (before executing F});
» The backward phase (that starts when executing F});



[THE FORWARD PHASE]
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In this phase:

» We execute all F-operations;

FU F1 F2 E—l

Forward phase



[THE FORWARD PHASE]

l Fis Fiy
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In this phase:
» We execute all F-operations;

» We write some data to disk and/or to memory.

FU F1 F2 E—l
. . . @ . . . . @ . . @

Forward phase



[THE BACKWARD PHASE]
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In this phase:

» We DO NOT write any data to disk (could have been done
in the forward phase);

» All other operations are allowed.



[No GOING BACK]

Lemma

If z; is computed, then there are no F; fori < j (or operations
involving B).




[CHECKPOINT PERSISTENCE (I)]

Lemma

If z; is written (to disk or memory), until we have executed F;
there are no F} for j < (or operations involving A).




[CHECKPOINT PERSISTENCE (II)]

In this case, for a given forward phase, we get a multi-phase
backward phase:

R R R F

Forward phase
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[CHECKPOINT PERSISTENCE (II)]

In this case, for a given forward phase, we get a multi-phase
backward phase:
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[CHECKPOINT PERSISTENCE (II)]

In this case, for a given forward phase, we get a multi-phase
backward phase:
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[CHECKPOINT PERSISTENCE (II)]

In this case, for a given forward phase, we get a multi-phase
backward phase:
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[CHECKPOINT PERSISTENCE (II)]

In this case, for a given forward phase, we get a multi-phase
backward phase:

0 F1 2 Fll

Forward phase

Dbt M,




[CHARACTERIZING THE BACKWARD PHASE]

F

BShtES5H
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Forward phase

» m backward steps to execute;
» No disk writes or reads;

» ¢ memory checkpoints available

= 7, + REVOLVE(m, ¢)



[CHARACTERIZING THE BACKWARD PHASE]

Fy Fy Py

F

TohTatdt

(G
(G

Forward phase

v

v

m backward steps to execute;
No disk writes or reads;

¢ memory checkpoints available

m backward steps to execute;
No disk writes;

¢ memory checkpoints available

= 7, + REVOLVE(m, ¢)

= ry+ 1D-REVOLVE(m, ¢)



[CHARACTERIZING THE FORWARD PHASE)

Theorem

During the forward phase, first we write to disks, then we write
to memory.

F R B F

‘ ‘ ‘ 1 ‘ ‘ ‘ ‘ 1 Fbrwardpha,se
Fr I B Fi1

. . . . . @ . . . . @ . |

Forward phase



[CHARACTERIZING THE FORWARD PHASE)

Theorem

During the forward phase, first we write to disks, then we write
to memory.

F R B F

‘ ‘ ‘ 1 ‘ ‘ ® ‘ Fbrwardpha,se
Fr I B Fi1

. . . . . @ . . . . @ . |

Forward phase
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[CHARACTERIZING THE FORWARD PHASE)

|

Theorem

During the forward phase, first we write to disks, then we write
to memory.

F R B Fll

Forward phase

1D- RF\OI\Fm ) ‘ \

FU F1 F2 E 1

‘ REVOLVE(m, ¢+ 1

Forward phase

D

> Exe(REVOLVE(m,c + 1)) < Eze(1D-REVOLVE(m, ¢))




[CHARACTERIZING THE FORWARD PHASE)

Theorem

|

During the forward phase, first we write to disks, then we write
to memory.

F R B Fll

Forward phase

RL\(m c+1) ‘ ‘ 1D-REVOLVE(m, ¢) \ \

FU F1 F2 E 1

Forward phase

‘lD REV(m/, c+1?‘ ‘ REVOLVE(m, ¢+ 1) ‘ \

> Exe(REVOLVE(m,c + 1)) < Eze(1D-REVOLVE(m, ¢))

> Exe(1D-REVOLVE(m/, ¢ + 1)) < Exe(REVOLVE(m/,c + 1))
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[CHARACTERIZING THE FORWARD PHASE)

Theorem

During the forward phase, first we write to disks, then we write
to memory.

F R B Fll

Forward phase

.
‘ \ ReEV(m/,c+1) ‘ ‘ 1D-REVOLVE(m, ¢) \ \

FU F1 F2 E 1

Forward phase

\ ‘lD REV(m/, c+1?‘ ‘ REVOLVE(m, ¢+ 1) ‘ \

> Exe(REVOLVE(m,c + 1)) < Eze(1D-REVOLVE(m, ¢))
> Exe(1D-REVOLVE(m/, ¢ + 1)) < Exe(REVOLVE(m/,c + 1))

9
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[COMPUTING THE OPTIMAL SCHEDULE]
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Forward phase
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[COMPUTING THE OPTIMAL SCHEDULE]
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* REVOLVE(m, ¢m) ﬁorward phase
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[COMPUTING THE OPTIMAL SCHEDULE]
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[COMPUTING THE OPTIMAL SCHEDULE]

m ms 3 my
5 A A B
N =
A4

Forward phase




[COMPUTING THE OPTIMAL SCHEDULE]

7 ma 3 my
E A A A B,
N NC ~
\ 4
Forward phase

Theorem

We can compute the optimal number of disk checkpoints needed
and the space between them in O(I?) with a dynamic
programming algorithm to minimize execution time.



[IN PRACTICE?]

In realistic scenarios we expect to divide the execution time by
2 or 3.

— Cp =2 —— Cp =D — ¢y, =10 - ¢y =25

Ve 2 it
/ £

]

SWA* [Opt.
SWA /Opt.

"1l |

15000 20000
I = size of the AC graph

1 X
5000 10000 15000 20000 5000
I = size of the AC graph

(a)wd:rdzl (b)wd:rd:5

Ratio SWA* (I, ¢, wg, r4) /Opt oo (I, em, Wy, rq) as a function of I. N,
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[GOING FURTHER]

my My ms my =Y m;
A A I

S Y S i
&

Forward phase

We know how to compute the m;’s. But the cost of computing
them is non-negligible (1?). Can we do better?



[GOING FURTHER)

i}

3 ms i
5 A N, A N, -1
F e—" 6 - €
Forward phase

We know how to compute the m;’s. But the cost of computing
them is non-negligible (1?). Can we do better?

Theorem (Weak Periodicity)

Ezcept for a bounded number of them (the bound depends on
X = (¢m,wq,rq)), all the m;’s are equal (to mx ).



[GOING FURTHER)

i}

3 g ms m i
)7 A A .
~ ~. o8
F e—" 6 - €
Forward phase

We know how to compute the m;’s. But the cost of computing
them is non-negligible (1?). Can we do better?

Theorem (Weak Periodicity)

Ezcept for a bounded number of them (the bound depends on
X = (¢m,wq,rq)), all the m;’s are equal (to mx ).

Corollary

Writing disk checkpoint every mx forward steps is
asymptotically optimal.



[ADDITIONAL DATA]

1.05
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(CONCLUSIONS ON ADJOINT COMPUTATIONS )

Some numbers:

» The adjoint computation in MITgem runs in O(days), the
gain induced by our optimal algorithm would be non
negligible!

» Nek5000 runs on 500K cores, two processes/core on Mira.
We need to take reliability into account (future work).
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[PERSPECTIVES ON 1/0 MANAGEMENT]

Scalable I/O management is a critical problem for Exascale.

Some directions that need to be solved:

» Models are missing!
Understanding applications is necessary to design better
solutions.

» The energy cost of I/O management is barely studied!
Energy is also one of the limiting factor for the next scale.

» Applications need to be redesigned!
Some data may not be as important as other, can we find new
strategies to deal with them?
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