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Announcements

® Assignment 0.2 is due on October 7 11:59 pm ET
® Quiz | is posted due on October 8 12 noon ET

® Assignment 2 is posted due on October 21 11:59 pm ET
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Weak versus strong scaling

e Strong scaling: Fixed total problem size as we run on more processes

e Sorting n numbers on | process, 2 processes, 4 processes, ...

* Problem size per process decreases with increase in number of processes

o Weak scaling: Fixed problem size per process but increasing total problem size as
we run on more processes

® Sorting n numbers on | process
® 2n numbers on 2 processes

®* 4n numbers on 4 processes
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Amdahl’s law

e Speedup is limited by the serial portion of the code

e Often referred to as the serial “‘bottleneck’

® | ets say only a fraction f of the code can be parallelized on p processes

Speedup = -
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Performance analysis

® Parallel performance of a program might not be what the developer expects
® How do we find performance bottlenecks!?
® Performance analysis is the process of studying the performance of a code

¢ |dentify why performance might be slow

* Serial performance
e Serial bottlenecks when running in parallel

e Communication overheads
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Different performance analysis methods

® Analytical techniques: use algebraic formulae

* |n terms of data size (n), number of processes (p)
e Time complexity analysis: big O notation
e Scalability analysis: Isoefficiency

® More detailed modeling of various operations such as communication

* Analytical models: LogP, alpha-beta model

® Empirical performance analysis using profiling tools
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Parallel prefix sum
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Parallel prefix sum for n >>p

® Assign n/p elements (block) to each process

® Perform prefix sum on these blocks on each process locally

n
e Number of calculations per processs: —

P
® Then do the parallel algorithm using the computed partial prefix sums

e Number of phases: log(p)

e Total number of calculations per process: [0g(p) X —

P

e Communication per process (one message containing one key/number): [og(p) X 1 X 1
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Modeling communication: LogP model

e Used for modeling communication on the inter-node network

<«—— P (processors) —»

PM|[P[M P[M
L: latency or delay o (overhead) © f P~ ¢ (sap)
L (latency) o |
o: overhead (processor busy in communication) Interconnection network | /71 <apacy

g: gap (required between successive sends/

a processor)

receives) g is the inverse of bandwidth
|/g = bandwidth

P: number of processors / processes
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alpha + n * beta model

e Another model for communication

I.oowm=a+nXxXp

a: latency

n: size of message

|/3: bandwidth

@@ D o e A ENCE Abhinav Bhatele (CMSC416 / CMSC616)
«11{‘;”&0

10



Isoefficiency

e Relationship between problem size and number of processes to maintain a certain
level of efficiency

e At what rate should we increase problem size with respect to number of processes
to keep efficiency constant (iso-efficiency)
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Speedup and efficiency

e Speedup: Ratio of execution time on one process to that on p processes

ly
Speedup = —
p
e Efficiency: Speedup per process
. A
Efficiency =
t, X p
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Efficiency in terms of overhead

e Jotal time spent in all processes = (useful) computation + overhead (extra
computation + communication + idle time + other overheads)

pti=t1+t0

. [ [ 1
Efficiency = =

thp t1+t0 1_|_£
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Isoefficiency function

1
1 +—
[

1

Efficiency =

e Efficiency is constant if to / t; is constant (K)

t0=KXt1
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Isoefficiency analysis

® |D decomposition:

e Computation:

e Communication:

VAL

P

2 x\/n

e 2D decomposition:

e Computation:

e Communication
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Empirical performance analysis

® [wo parts to doing empirical performance analysis

e measurement: gather/collect performance data from a program execution

e analysis/visualization: analyze the measurements to identify performance issues

® Simplest tool: adding timers in the code manually and using print statements
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Using timers

double start, end;
double phasel, phase2, phase3;

start = MPI Wtime();
... phasel code ...

end = MPI Wtime(); Phase | took 2.45 s
phasel = end - start;

Phase 2 took | 1.79 s

start = MPI Wtime();
... phase?2

end = MPI Wtime(); Phase 3 took 4.37 s
phase2 = end - start;

start = MPI Wtime();
... phase3

end = MPI Wtime();

phase3 = end - start;
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Performance tools

® [racing tools

e Capture entire execution trace, typically via instrumentation

® Profiling tools

* Provide aggregated information

e Typically use statistical sampling

® Many tools can do both
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Metrics recorded

e Counts of function invocations

® Time spent in each function/code region

® Number of bytes sent (in case of MPl messages)

e Hardware counters such as floating point operations, cache misses, etc.

® Jo fix performance problems — we need to connect metrics to source code
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Tracing tools

® Record all the events in the program with enter/leave timestamps

® Events: user functions, MPIl and other library routines, etc.

194.00 ms 195.00 ms 196.00 ms 197.00 ms 198.00 ms 199.00 ms

Process 0 B int maln(mt char**)

I | -

MPI _Send

. MPI_Recv

. MPI_Finalize

‘III . I . MPI_Comm_size

000 ¢ ‘ % . MPI_Comm_rank

O Instant event

KO0 ¢ @ A

Process 1

Timeline visualization of a 2-process execution trace
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Examples of tracing tools

® Vampirlrace
® Score-P
o TAU

® Projections

e HPCTloolkit
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Profiling tools

® Ignore the specific times at which events
occurred

® Provide aggregate information about time
spent in different functions/code regions

e Examples:
o gprof, perf
* mpiP

e HPCToolkit, caliper

® Python tools: cprofile, pyinstrument, scalene
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gprof Data Q Enter filter text =R Yy
4 bytes per bucket, each sample counts as 10.000ms
Name (location) A Samples Calls Time/Call % Time
¥ Summary 2228 B 100.0%
| Paalce  |s¢0 | | | |
P copy.c 0 N 0.0%
»diag.c 25 B ] 12%
> main.c 0 E 0.0%
»time.c 653 BN 20.31%
Vistep.c 958 B 43.0%
Vitstep 958 10000 957.999%us B 43.0%
P tstep (tstep.c:47) 1 I 0.04%
P tstep (tstep.c:48) 62 . 2. 78%
P tstep (tstep.c:49) 46 . 2 .06%
P tstep (tstep.c:50) 46 . 2. 06%
P tstep (tstep.c:51) 48 B 2 15%
P tstep (tstep.c:58) 101 B 4.53%
P tstep (tstep.c:59) 135 . 6.06%
P tstep (tstep.c:60) 120 . 5. 39%
P tstep (tstep.c:61) 126 B 5.66%
P tstep (tstep.c:66) 3 I 0.13%
P tstep (tstep.c:67) 108 B 4. 85%
P tstep (tstep.c:68) 63 I 2 83%
P tstep (tstep.c:69) 43 B ] .93%
P tstep (tstep.c:70) 56 B 2 51%
»worker.c 2 I 0.09%
gprof data in hpctView
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Calling contexts, trees, and graphs

e (Calling context or call path: Sequence of function invocations O
leading to the current sample (statement in code)

e Calling context tree (CCT): dynamic prefix tree of all call
paths in an execution

@ solvers
mpi

>

psm2 psm2

e Call graph: obtained by merging nodes in a CCT with the
same name into a single node but keeping caller-callee
relationships as edges
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Calling context trees, call graphs, ...

foo Contextual information f00

File / \

I.Line number

qux waldo
Function name l ¢
Callpath
quux fred

Load module

Process 1D / \

Thread ID plugh Xyzzy
Performance Metrics bar thud

Time \\
= DIC

Cache misses
Calling context tree (CCT) Call graph
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Output of profiling tools

Call graph

<>
i

® Flat profile: Listing of all invoked functions with counts and

execution times

foo
bar qux waldo

baz quux fred

e Call graph profile: unique node per function

e Calling context tree: unique node per calling context

Calling context tree
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Hatchet: performance analysis tool

® Hatchet enables programmatic analysis of parallel profiles
® | everages pandas which supports multi-dimensional tabular datasets
® Create a structured index to enable indexing pandas dataframes by nodes in a graph

® A set of operators to filter, prune and/or aggregate structured data

https://hatchet.readthedocs.io/en/latest/
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® Pandas is an open-source Python library

for data analysis

Pandas and dataframes

e Dataframe: two-dimensional tabular data

structure

Rows

e Supports many operations borrowed from SQL

databases

® Multilndex enables working with high-
dimensional data in a 2D data structure
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Index Columns
l node name time (inc) time
0 {'name’: 'main'} main 200.0 10.0
1 {'name’': '‘physics'} physics 60.0 40.0
2 {'name": 'mpi'} mpi 20.0 5.0
3 {'name’: '‘psm2'} psm2 15.0 30.0
4 {'name': 'solvers'} solvers 100.0 10.0
5 {'name’: 'hypre'} hypre 65.0 30.0
6 {'name': 'mpi'} mpi 35.0 20.0
7 {'name’: 'psm2'} psm2 25.0 60.0

Abhinav Bhatele (CMSC416 / CMSC616)
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Main data structure in hatchet: a GraphFrame

e Consists of a structured index
graph object and a pandas

dataframe
@ /\

® Graph stores caller-callee

relationships Cohysies 3 1\
e Dataframe stores all numerical mpi aipi

and categorical data for each | !
node in the graph psm2 psm2

® |n case of multiple processes/
thread, there is a row per node Graph object Dataframe
per process per thread
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Dataframe operation: filter

filtered_gf = gf.filter(lambda x: x['time'] > 10.0)
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name nid node time time (inc)

node
main main 0 main 40.0 200.0
physics physics 1 physics 40.0 60.0
mpi 2 mpi 5.0 20.0
psm2 psm2 3 psm2 15.0 15.0
solvers solvers 4 solvers 0.0 100.0
hypre hypre 3] hypre 65.0 65.0
mpi 6 mpi 10.0 35.0
psm2 psm2 7 psm2 25.0 25.0

name nid node time time (inc)

node
main main main 40.0 200.0
physics physics physics 40.0 60.0
psm2 psm2 psm2 15.0 15.0
hypre hypre hypre 65.0 65.0
psm2 psm2 psm2 25.0 25.0

Abhinav Bhatele (CMSC416 / CMSC616)



Graph operation: squash

filtered_gf = gf.filter(lambda x: x['time'] > 10.0)

name nid node time time (inc)
node
name nid node time time (inc)
main main 0 main 40.0 200.0
node
hysics physics 1 physics 40.0 60.0
i P Py main main 0 main 40.0 200.0
mpi mpi 2 mpi 5.0 20.0 . .
physics physics 1 physics 40.0 60.0
psm2 psm2 3 psm2 15.0 15.0
psm2 psm2 3 psm2 15.0 15.0
solvers solvers 4 solvers 0.0 100.0
hypre hypre 5 hypre 65.0 65.0
hypre hypre 5 hypre 65.0 65.0
Y Y psm2 psm2 7 psm2 25.0 25.0
mpi mpi 6 mpi  10.0 35.0
psm2 psm2 7 psm2 25.0 25.0

mpi

filter

solvers

@5\

' '

psm2

< hypre >

mpi

psm2

< psm2 ’
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squashed_gf = filtered_gf.squash()

name nid node time time (inc)
node
main main 0 main 40.0 200.0
physics physics 1 physics 40.0 60.0
psm2 psm2 3 psm2 15.0 15.0
hypre hypre 5 hypre 65.0 65.0
psm2 psm2 7 psm2 25.0 25.0
—>
SquaSh ()
G @D e

psm2
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Graphframe operation: subtract

gfl = ht.GraphFrame.from_literal( ... )
gf2 = ht.GraphFrame.from_literal( ... )

https://hatchet.readthedocs.io

gf2 —= gf1l
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https://hatchet.readthedocs.io

Visualizing small graphs

print(gf.tree(color=True))

0.000 foo
— bar with open("test.txt", "w") as folded_stack:
- baz with open("test.dot", "w") as dot_file: folded_stack.write(gf.to_flamegraph())
— grault dot_file.write(gf.to_dot())
— 0.000 qux
L— quux -
— corge >
L bar / l \ foo
L grault [ quux fred @
- qrault / ANV — oy
l— 15.000 garply baz @ quux fred '. '

l— 0.000 waldo
— fred l

l_ l h XVZ77Z
C 5.000 xyzzy yly Flamegraph
l— thud
I_ baz bar thud

ex‘]?‘RSITP

l— 15.000 garply / /
—
15.000 garply " @ baz

P COMPUTER SCIENCE Abhinav Bhatele (CMSC416 / CMSC616) 32

TRYLAS




Starter code for reading data

import hatchet as ht
import sys Replace this with another reader

depending on data source

if name == ‘_ main_':
file name = sys.argv[1l]
gf = ht.GraphFrame.from caliper(file name)

print (gf.tree())
print (gf.dataframe)

7 COMPUTER SCIENCE
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Example 1: Generating a flat profile

gf = ht.GraphFrame.from_hpctoolkit('kripke")
gf.drop_index_levels()

— grouped = gf.dataframe.groupby('name"').sum()
sorted _df = grouped.sort_values(by=['time'], asce I

print(sorted_df)
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nid time time (inc)
<unknown file> [kripke]:0 17234 1.82528pe+08 1.825282e+08
Kernel_3d_DGZ::scattering 60 7.66993pe+07 7.896253e+07
Kernel_3d_DGZ::LTimes 30 5.01043pe+07 5.240528e+07
Kernel_3d_DGZ::LPlusTimes 115 4.94770fe+07 5.104498e+07
Kernel_3d_DGZ::sweep 981 5.01886pPe+06 5.018862e+06
memset.S:99 3773 3.16898pPe+06 3.168982e+06
memset.S:101 3970 2.12089pe+06 2.120895e+06
Grid_Data::particleEdit 1201 1.13126pe+06 1.249157e+06
<unknown file> [libpsm2.s0.2.1]:0 324763 9.73341pe+05 9.733415e+05
memset.S:98 3767 6.1977Rpe+05 6.197776e+05

34
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Example 2: Comparing two executions

gfl
gf2

ht.GraphFrame. from_caliper('lulesh-1core.json')
ht.GraphFrame. from_caliper('lulesh-27cores. json')

gf2.drop_index_levels()
—p gf3 = gf2 - gfl

sorted df = gf3.dataframe.sort_values(by=['time'], ascending=False)
print(sorted_df)

node name nid time time (inc)

Timelncrement Timelncrement 25.0 8.505048e+06 8.505048e+06

CalcQForElems CalcQForElems 16.0 4.455672e+06 5.189453e+06
CalcHourglassControlForElems CalcHourglassControlForElems 7.0 3.888798e+06 4.755817e+06
LagrangeNodal LagrangeNodal 3.0 1.986046e+06 8.828475e+06
CalcForceForNodes CalcForceForNodes 4.0 1.017857e+06 6.842429e+06
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Example 3: Speedup and efficiency

gt df = hatchet.Chopper.speedup_efficiency(gfs,
efficiency=True)

5| df df .loc[df['1024"'] < 0.7]

6| df .T.loc[:, :]1.plot.bar()

1| datasets = glob.glob("list_of_tortuga_profiles")
2| gfs = hatchet.GraphFrame.construct_from(datasets)

strong=True,

.50 -

xﬂl?‘RSITI'
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B time-loop
| 751 M run

1.00 -

0.75 -

Efficiency

0.50 -

0.25 -

0.00 -

Abhinav Bhatele (CMSC416 / CMSC616)

T spectralRadius
B writeSingleField

B endGhostCyvslinterfaces

Number of processes
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Example 4: Load imbalance

1| graphframe = hatchet.GraphFrame.from_hpctoolkit("gs_profile_128")
2

— graphframe_imbalance = graphframe.load_imbalance(verbose=True)

4| # sort the top 50 nodes that have the highest mean value by imbalance

5| df_imb = graphframe_imbalance.dataframe.head(50).sort_values("time.imbalance", ascending=False)

6| print(df_imb.head(4)) # Dataframe Output (a)

time.imbalance time.ranks time.hist time.percentiles time.mean

name
[3946 14 [;O?’ [6.296, 7.12,
MacroscopicCrossSection.cc:22 4.199311 118 33 94] 0, O’ O’ 7.302 7.67. 9.311
0’ 1’ 5]’ 39.102]
[67 92 39 16§2’88’ [21.083, 30.333,
MacroscopicCrossSection.cc:32 1.539592 46 941 . 2 7, 30.946. 31.61. 39 043
6, 1’ 2]’ 49.334]
[84 1195 [3(73 ?g [40.667, 42.775,
NuclearData.cc:270 1.329530  * 15, 118] 13 5 1 44.325,46.946, 45.195
0’ 0’ 2]’ 60.088]
[69, 54,
_ 127947 3.1,0, [17.525, 18.032,
MCT.cc:582 1.519162 6715] 0.0.0 18:198, 18:2585, 18.208
’0’1j 24.019]
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