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H.E.S.S. (Namibia)
Astrophysicist at CEA Paris-Saclay (Astrophysics Department)

* High energy gamma rays, sources of cosmic ray acceleration
e HESS and CTA Atmospheric Cherenkov Telescope consortia
e Coordinator of Data Processing and Preservation for CTA Observatory (60% of time)

» creator and developer of ctapipe software for IACT low-level analysis pipeline

Other Background (apart from gamma-ray astro):
 Computational Physics
* Data analysis, processing, statistics
* Lots of scientific software development over the years...

* \Was a hard-core C/C++/Perl (!) user, now essentially 100% python for 10+ years!
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Astrophysicist at CEA Paris-Saclay (Astrophysics Department)
* High energy gamma rays, sources of cosmic ray acceleration
« HESS and CTA Atmospheric Cherenkov Telescope consortia

e Coordinator of Data Processing and Preservation for CTA Observatory (60% of time)

e creator and developer of ctapipe software for IACT low-level analysis pipeline

Other Background (apart from gamma-ray astro):
e Computational Physics

* Data analysis, processing, statistics
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Debugging:
* What happens when a program runs?
* What is a debugger?

 How do you use a debugger?

» command-line

v
o Topics we
will cover

> N anotenook

Profiling: In this
* Why profile your code? |ectu re
* How to profile:
» Using timing loops
» Function Call Profiling with cProfile
» Memory Profiling  with memproft

» Line profiling with lineprof

4 Karl Kosack - ESCAPE School 2022
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" “'First: how do programs run?

Global Memory
Our program The Call Stack
def function_b(n):
X = 3.3
return sin(n * x *x RAD_TO_DEG) Local Memory

def function_a(n):
return n * function_b(n + 1)
1f == "__mailn__
RAD_TO_DEG = 180.0/np.p1
for i1 1n range(10):
function_a(i1l)
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Our program

def function_b(n):
X = 3.3
return sin(n * x * RAD_TO_DEG)
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return n * function_b(n + 1)
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““First: how do programs run?

Global Memo
Our program The Call Stack ry
RAD_TO_DEG = 57.29
i1 =0
def function_b(n):
X = 3.3
return sin(n * x * RAD_TO_DEG) Local Memory

def function_a(n): n=1=a
we are here return n * function_b(n + 1) :
function_a
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““'Program flow and memory in e.g. C(++)

Heap:
 all global variables, dynamic memory

Stack:

* All functions currently being executed
and their local variables

» Single function's data is stored in a
'Stack Frame”,

 Frames are stacked on top of each other
to represent hierarchy (bottom of stack =
outermost)

python's memory scoping and stack is at a higher
level of abstraction than this, but conceptually is
pretty similar

example = new Example();
ex.f();

<

return

—
add
this
call .
add(2); > val
return count += vil;
< C
4 / o
call
mult(3); mult ;//
this ’
val |3
return count *= val;
-

System.out.println(ex.count);

\

diagram from: http://faculty.ycp.edu/~dhovemey/spring2007/cs201/info/exceptionsFileIO.html
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{ recurn /
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““'Program flow and memory in e.g. C(++)

reap: Stack frames use memory
' ' jiables.

 all global variables, dynamic memory / + all local varia

Stack: [ win If the stack gets too big
...... « [ — from too deeply nested
* All functions currently being executed examle - nev amle  fynction calls, you can run
and their local variables e out of memory! This is
~alled a "stack overflow” \

» Single function's data is stored in a

'Stack Frame" Python has a default stack size limit of

 Frames are stacked on top of each other sys.getrecursionlimit()
to represent hierarchy (bottom of stack = |
outermost) (3000 on my machine)
~ sstenouty  That means that if you write a recursive
python's memory scoping and stack is at a higher function that goes too deep, you will
level of abstraction than this, but conceptually is hit this limit. It throws a

retty similar . :
ey diagram from: i RECUFSIONEKTOr in that case
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“What is a debugger?

A debugger:

* runs or attaches to a running piece of code or a program or one that has
just crashed or had an exception

* allows you to view the value of any variable
* allows you to move through the execution of the code and inspect data!
» Qo to next line
» Step into function
» Jo up or down one level of function calls (up and down the call stack)
» watch a variable for change

» keep running until a condition occurs

The basic use/concepts of debuggers is independent of language (a C++
debugger works the same as a python debugger)

Karl Kosack - ESCAPE School 2022 18
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Text-mode debuggers:

e command menu interface

e good for quick debugging

GUI Debuggers:

» often integrated with interactive
development environments (IDESs)

* Allow point-and-click inspection

of code and variables

 visual inspection of data

Karl Kosack - ESCAPE School 2022

pdb

GNU ddd

e Y S S S e

[ ©.B6832713, ©.74726936, €.77972359, ©.88279606, ©.7682529G,

0.39924€B9, 9.26059213, €.82032474, ©.18Beoe458, ©.43211861]11),

‘adc_sums'; array([ €.5€4289043, ©.B189334 , ©.16511381, ©,934872456, €.81474172,

9.32322294, Q.5143Q8672, 6.24404024, 0.95566716, ©.52479194,

2.656204 |, @.13B46386, ©.35674383, 0.808B7851, ©.21542999,

2.177444988, @.19187673, 6.7651854 | 2.66272061, ©.97508223,

2.09381636, @.855309485, 6.35454974, 9.96316492, ©.75049923,

B.18777725, @.75347307, 6.26656986, 9.36143674, 0O.67134474,

2.32212175, @,29453887, 6.2297@278, 9.957121449, 0.634713519,

2.49721334, @,72331239, 6.22943R13, Q.61962722, 0O.838713364,

2.5508713044, @.18937573, 6.8B5568434, Q3.55428725, 0O.@R771667,

2.55564573, @.8569@15 , 6.247182574, @.353R1884, 0.@2141777)),
'num_samplas': 19)

I(Pdd) bt

/Users/kasack/anaconda/lik/pythond.6/0do.py(431)run()
-> axec(cmd, glokals, locals)
<string>(1)<module>()
/Users/kesack/Frojects/CTa/Working/ctapipe/ctapipe/io/tests/tast_hdfS. py(77)<module>()
-» test_write_container(“test_hS")
> /Users/keosack/Frojects/CTAa/Working/ctapipe/ctapipe/ic/tests/tast_hdf5.py(23)test_write_containar()
-» rétel metal'test_attributa'] = 3.14159

““Two'levels of debugging interface

(Pdb) 4=

F-=ll DDD: /public/source/programming/ddd - 3.2/ddd/cxxtest.C - 0O X

Flle Edit Vlew FProgram Commands Status Souce Data Felp |
- g g e *v E['[ -v hd _v wv

0:‘115t—>se]f‘1 -, B§ @ e ? B Q \Z &5

Lookup Find<« Break Watch Print  Dispx  Plot Hide Holate  Set  Undisp

self
1ext

(List *) 0x804df80

next = 0x804df90| . . .

1: list B salue = 86 (>

1ist—>next
'I1:st—>ne><t—>next
list—>rnext->next—>nexk

new List(a_global + stert++); &
new List{a_global + stzrt++):

list; ~ Run |

@ (void) 1isk: // Display this Interrupt
2 delete lis- (List *) [x804df80 Step | Step
gg]lggg Hg?mext; ’ Mext | Mext |
2 ~ Until | Finish
7 = "4 DDD Tip of the Day #5 > Kil
void Tis oWh
¢ 1ist If you made a mistake, try Edit—Undo. This wil undo the most edc
2 recent debugger conmand and redisplay the pravious program state. =
€
/-
void ref
HEhs Close | Prev Tip | Next Tip |
dele
; date—er—ay

Eggg% graph display *(1ist—>next—>next—>self) dependent or 4
9

A list= (List *) 0x804df80

| —!T\I. l:i'[\

> pdb (Python debugger)
> jpydb (IPython debugger)

> gdb (GNU debugger, C/C++)

» GNU ddd |Data Display
Debugger] (c/c++)

» PyCharm's debugger
(Python)

» VSCode's debugger (multiple
languages)

» Emacs dap-mode (multiple
languages)
19



““‘Use’case 1: Your code "crashed"

My recommendation: start with the IPython debugger!
* Run your code in ipython not python to get it to work...
» Make sure you run in INTERACTIVE python mode (-1 )
RACTIVE GUI as well

» Make sure you run with an INT

* \When the exception is thrown (a bug!),

» all you need to do is type: %debug at the ipython prompt and
t will take you to the python debugger!

20



" 'Theh.what?

Then, once Inside the debugger:
common text-mode debugger commands

(PDB or GDB)):
* u(p), dlown) (move in the stack)
* bt (backtrace) == where
* cont(inue) running program
* n(ext) [next line]

* s(tep) into next operation (e.g. into
functions)

* landll (list + longlist) of code at point
* ( (quit debugging)
* any python expression

* ?1to show help!

21



"':;"’.'I'j'e'“l"o'hgging python code

Use Case 2: no exception occurred, but you want to see what is
happening inside a function

* Brute-force: place this line where you want to halt the program and
start debugging:

breakpoint() # for python version 3.7 and above

then run python as usual (e.g. python myscript.py)

* More work, but more flexible: run the script inside the debugger:

python -m pdb myscript.py

> the script will not run, but rather start at the first statement and then wait
for you to type commands

» Use next, step, cont 1o step through program

» set a breakpoint! (break <linenumber>) and continue to it!

- DEMO -

Karl Kosack - ESCAPE School 2022 22



“"""":;"""I.Z)Oe"lr)"ijgging python code

Use Case 2: no exception occurred, but you want to see what is

happening inside a function

* Brute-force: place this line where you want to halt the program and

start debugging:

breakpoint() # for python versi¢

then run python as usual (e.g. python my

* More work, but more flexible: rt

python -m pdb myscript.py

» the script will not run, but rathé
for you to type commanads

» Use next, step, cont 1o step tr

TIP: You can control which debugger is used by setting the
environment variable PYTHONBREAKPOINT
(the default is pdb, the built-in python debugger

| prefer IPython's debugger, ipdb:

% mamba 1nstall 1pd

% export PYTHONB
% python my_scri

REA

0

KPOINT=1pdb.set _trace

ot _to_debug.py

» set a breakpoint! (break <linenumber>) and continue to it!

- DEMO -

22



"""':;'"."I'Z')Oe'lro"ugging Unit Tests

Another common problem: what to do when a unit test fails?

* You can automatically enter the debugger automatically when
a test fails:

pytest --pdb

* Or even if it doesn't fail: start pdb for every tested function:

pytest --trace

* And of course breakpoint( ) still works

Karl Kosack - ESCAPE School 2022 23
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"GIJI"’Debugging

This is all nice and good, but it gets tedious for more than

simple debugging...

Solution: use a GUI debugger!

ctab = reader.read("'/RO/MC', mc)
rO@tabl = reader.read('/R0/tel_001', rotell)
r@tab2 = reader.read('/R0/tel_002"', rotel2)

for ii in range(3):
yrint("MC:", next(mctab))
rint("t0:", next(rOtabl).adc_sums)
yrint("t1:", next(r0Otab2).adc_sums)

Click in margin

o set a
breakpoint

< ' "<
pde el e

lef test_read_whole_table(temp h5 file):

mc = MCEventContailner()

reader = SimpleHDF5TableReader(str(temp_h5 _file))

Y

asets.py for cont in reader.read('/RO/MC', mc):
nistogram.py print(cont)

1_2_fits.py

lg.py > if __name__ = '_main__":

import logging
logging.basicConfig(level=logging.DEBUG)
ISS.pY

m.py test _write container("test.h5")
' e o o S — SRR U S S | [T ——— . n

Open the "executable" part of the script and click the
"debug" icon in the toolbar

(may have to first create a debug config to tell what file
to run)

o

testhdfs5~ b HE Wl 'E F ® O

A test_hdfS.py +=s5 Structure 1 = | ¥ ]

Biv@z = [EF

a test_hdf5.py
i temp_h5_file{(tmpdir_factory)
i test_write_container{(temp_h5_file)
f test_read_container{temp_h5_file)
f test_read_whole_table(temp_h5_file)

auIINQ apeQ
ol

!

Il

!

aimonng 7 «f

24



: . e -
. ¥ gy 45 s
s A

L \‘
- . .'
. - P
. . .

GUI’debugging

test.h5 r@tabl = reader.read('/R0/tel_001"', rotell)
» test_eventfilereader.py r@tab2 = reader.read('/R0/tel_002', rotel2)
a test_files.py
» test_hdf5.py
for 11 1in range(3):

» test_hessio.py

- rint("MC:", next(mctab))

& test_serializer.py rint("t0:", next(rOtabl).adc_sums)
= #containers.py# rint("t1:", next(rOtab2).ad : ums )
A& __Init__.py P ANt (M e e e e e ")
A array.py
& containers.py def test_read_whole_table(temp h3 file):

» eventfilereader.py
3 files. py mc = MCEventContainer() mc: {'alt’: 0.0,\n 'az’: 0.0,\n 'core_x': 0.0, values also appear
» hdftableio.py . .

» hessio.py I’Ight N the COde,
a serializer.py

& sources.py - o— (or on mouse-over)

» toymodel.py

2 zfits.py » cif _nane_ =f cUrFENtly at

plotting

reco import lo: thIS llne

tests 0gging.n g.DEBUG )
tools r u "
utils test _write _contalner( "test.h5")

rost test_read_contailner("test.h5")

ests

o test_read_whole_table("test.h5")
& __init__.py

Debug: test_hdfS _test_hdf5 | #*) i
(% Debugger [E] Console +* R= ¥ M M P
’ ) Frames -»" Variables

E, Main... B 3 & mc = {MCEventContainer} {"alt": 0.0,\n 'az": 0.0,\n ‘core_x": 0.0,\n 'core_y": 0.0,\n 'energy": 0.0,\n 'h_first_int": 0.0,\n 'tel": {}}

temp_h5_file = {str} 'test.h5'

........

e: . .

2 Move up and down Ytou /f?‘n see_a/;hv.arz)ab/es in the current
=le = stack or lines StackK rrame In tnis Dox

Lo

25



T M ML

““'GUI'debugging

test.h5 r@tabl reader.read('/R0/tel_001"', rotell)
» test_eventfilereader.py r@tab2 reader.read('/R0/tel_002', rotel2)
» test_files.py
» test_hdf5.py
» test_hessio.py

for ii in range(3

# test_seriaizer. py rint(*tor*. | Drill-deep-down-iffto-any -data structure!
= #Fcontainers.py# rint("t1:", M
A __init__.py orint( " eeeeees
a array.py | alt = {float) 0.0
# containers.py def test_read_whole_t: attributes = {dict} {"'energy': Mohte-Carlo Energy [TeV], 'ali... View
» eventfilereader.py  pean
2 files.py mc = MCEventConta len_ = {int} 7 les also appear

5 hdftableio.py ‘alt' (4608341976) = {ltem} Monte-carlo altitude [deg]

4 hessio.py default = {float} 0.0 It In the code!

a serializer.py
A sources.py
» toymodel.py

for cont in readel description = {str} 'Monte-carlo altitude'
' ' unit = {Unit) deg on mouse-over)
‘az' (4415856064) = {ltem} Monte-Carlo azimuth [deg]

bt
t

a zfits.py = 1f _ name

plotting '‘core_x' (4442303656) = {Iltem} MC core position [m]

reco i'f'Port Lo '‘core_y' (4442303768) = {ltem} MC core position [m]

Issotlz togging.b ‘enerqgy' (4442303544) = {Item} Monte-Carlo Energy [TeV]

utils test_write_contalf 'h_first_int' (4608895856) = {Item) Height of first interaction

vests :::—::—lj“ ‘tel' (4415607728) = {Item} map of tel_id to MCCameraEventCol
a __init__.py az = {float) 0.0
Debug: test_hdf5 . test_hdf5 ot core_x = {float} 0.0 : |

' test.h df5 .
(% Debugger [E] Console +* R= ¥ ¥ M P til W-M} 0.0

....... ' - energy = {float} 0.0

= =] Frames +* Variables . . . .
> G @l h first int = {flnat) 0.0
E Main... B 3| & mc = {MCEventContainer} {‘alt': 0.0,\n '

_ : %] temp_h5_file = {str) 'test.h5’
= B .16, =

- G <module>, test_hdf5

. :
® Move up and down Ytou /fe;n see_a/;hv.aréables in the current
oo & = stack or lines StackK rrame In tnis box
N .
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GUI’debugging

test.h5 r@tabl = reader.read('/R0/tel_001"', rotell)
» test_eventfilereader.py r@tab2 = reader.read('/R0/tel_002', rotel2)
a test_files.py
» test_hdf5.py
for 11 1in range(3):

» test_hessio.py

- rint("MC:", next(mctab))

& test_serializer.py rint("t0:", next(rOtabl).adc_sums)
= #containers.py# rint("t1:", next(rOtab2).ad : ums )
A& __Init__.py P ANt (M e e e e e ")
A array.py
& containers.py def test_read_whole_table(temp h3 file):

» eventfilereader.py
3 files. py mc = MCEventContainer() mc: {'alt’: 0.0,\n 'az’: 0.0,\n 'core_x': 0.0, values also appear
» hdftableio.py . .

» hessio.py I’Ight N the COde,
a serializer.py

& sources.py - o— (or on mouse-over)

» toymodel.py

2 zfits.py » cif _nane_ =f cUrFENtly at

plotting

reco import lo: thIS llne

tests 0gging.n g.DEBUG )
tools r u "
utils test _write _contalner( "test.h5")

rost test_read_contailner("test.h5")

ests

o test_read_whole_table("test.h5")
& __init__.py

Debug: test_hdfS _test_hdf5 | #*) i
(% Debugger [E] Console +* R= ¥ M M P
’ ) Frames -»" Variables

E, Main... B 3 & mc = {MCEventContainer} {"alt": 0.0,\n 'az": 0.0,\n ‘core_x": 0.0,\n 'core_y": 0.0,\n 'energy": 0.0,\n 'h_first_int": 0.0,\n 'tel": {}}

temp_h5_file = {str} 'test.h5'

........

e: . .

2 Move up and down Ytou /f?‘n see_a/;hv.arz)ab/es in the current
=le = stack or lines StackK rrame In tnis Dox

Lo

25



use the "data view"
¥ rotel.adc_samples x | 40 O see values of

A LAY Data View

29N 5
«+ A
..‘ \‘
» N
- »

-
.

Gdi"debugging

large arrays or

0 1 ’ 3 4
0.95997 0.98010 tggfli%g 0.60060 .
0.68207 0.45175 vne WA oy aeivi. ool
test.h5 @tabl = reader.read('/R0/tel_001"', rOtell) 0.85410 0.58842 | W - . _
» test_eventfilereader.py rO@tab2 = reader.read('/R0/tel_002', rotel2) 0.87389 0.83798 - Ul . 0.93956 0.656:
a test_files.py 0.68928 0.53708 E : 0.49141 0.670¢
» test_hdf5.py 0.38935 0.57417 .94% 0.77080 0.402¢
& test_hessio.py e fj‘j“,'l ’31;%7*""' tlmetah)) 0.66854 0.59730 0.69974 0.93130 = 0.065¢
» test_serializer.py ANt 8 et (ratabl) s s ) 0.88826 0.97069  0.04254 0.91542  0.278:
= #containers.py# rint("t1: ext(r0tab?).a M 0.94109 0.56698 0.51974 0.43029 0.050%
& _init__.py int("=mmmemm——c—— - I 0.90637 0.17494 0.22052 0.13475  0.435¢
@ array.py 0.50643 0.57509 0.55480 0.49568 0.7677
acomalr\ers.py def test_read_whole_table(temp_h5 file): 0.30948 0.89409 0.15910 0.67037 0.578¢
e gventfllereader.py e = MCEventContainer( l l‘ 0.49066 0.41402 0.44546 0.39157 0.596:
@ files.py = NeEventtontainer() vaiues 4l 095341 073043 0.94395 0.80189 = 0.241
s hdftableio.py rioht in th | 044115  0.56538 0.22046 0.22565 0.808:
» hessio.py g 1
i Sme o S
s U i o o w0
i ’ ne— s currently at 0.35228 0.76336 0.39992 0.32342  0.494¢
reco import Lo@:1HMS lINE - 0.53163  0.72559 = 0.12517  0.94481  0.954¢
tests logging.b g.DEBUG) A 0.20995 _ 0.52962 ' 0.45084 ' 0.01140 _ 0.1925
tools 0.55729 0.30726 0.07956 0.75938 0.251€
utils test_write_container(“test.hS") 0.10078 0.98490 0.34197 0.90848  0.345¢
tests izZi_ij:f"f.'f;.{j1::11533;:5.,;"~-. - 0.76712  0.46013 = 0.02517 0.73148 = 0.031
& _init__.py T o - 0.20437 0.46705 0.29971 0.79643  0.867(
0.90153 0.14359 0.22539 0.23854 0.1023
Debug: I test.hdfs ", test.haf5 |75 0.91993 0.21435 0.75078 0.77390  0.797%
(s Debugger [EjConsole +* b= : ¥ M M A ¥ B 0.05615 0.96193 0.20847 0.81645 0.9192
o [Eirase Te— £ 0.01301 075174  0.94013 ' 0.14905  0.864¢
E, Main... B 3 & mc = {‘v.l‘.—l.’_‘,'_.ve.r:f_‘.or\:airer'} {"alt": 0.0,\n "az": 0.0,\n 'core_x'": 0.0,\n ‘core_y": 0.0,\n ‘energy": 0.0,\n 'h_first_int": 0.0,\n 'tel": {}} 3?75234 g..‘e;gg‘; g:;zm | 3%8;(7)18 gggg;
- 8] temp_hb._file = {str} test.nS | 0.63643 0.94599  0.09075 0.89204  0.299
| <module>, test_hdf5 0.07583 0.18816  0.12187 0.15590  0.047¢
ot ; ' - 0.26883 0.63786 0.81847 0.48363 0.287¢
o Move up and down You /f?‘n see_a//hv.arz)ab/es In the current
o _ stack or lines stack frame In this box |
2 o rOtel.adc_samples Format: | %.5f



:;‘-‘*:t"‘"".5'é'U'If"Debuggers: what they usually look like

o
8 Stack
D
o)
O
=
(/p)
+ Code
(@
c
o)
% Local Variables
=
()
Output Global Variables

So basically like what | showed before, but fully interactive!
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File Edit View Program Commands Status Source Data ﬂelpl

0: | dev P T B R - M VN R -
Lookup Find:> Break Watch Print Display Plot Hide  Holate Set Undisp
Run | Interrupt| Step| Stepi| Next| Nexti| Until| Finish| Cont| Kill| Up| Down| Undo| Redo| Edit| Make|
Sometimes 82, device nanclRS8 % |4: dev IEERSEEEEERE( name = 0x278b0 "fd1"|: i iico || name = 0x10¢65 "biosdisk” OB
b . " " s s s s s s Sf—mETmT—mTS—R— ——— e s s s s s s s s s s s @ dev =Ux11880 .......... .id =U ........
II ] II b . U 2?920 fd1 ....... U 2?900 ....................... . ) ) IR
also a "view" [[EEE T[Tl iiio ool total_sectors = 2880 |l dterate = 0xfa30 <grub_biosdisk_iterates|| o
iioiioiiioiiioagiiooiiooiiooo|l has_partitions = 0 oo dw L)l open = Oxfadl <grub_biosdisk_open> DR
of data :::::::::::::::::::::::::i::::::::::::::: id =1 ool clese = OxfcSf <grub_biosdisk_close> .-
.................................... disk . partition = (%0 read = (xfe53 <grub_bi05diskread>
structures FSSS SO SO RSSO NS disk=0x2?8dnﬁ read_hook -0 CIIIiiiUH|| write = 0xff19 <grub_biosdisk_write> || Ciiiill
it ner = own ool data = 0x27880 cioooiiiioll next = oxo OB
........................................... ks
grub_printf ("%-12s", "DIR"); #7 0x0009776e in grub_command_execute (

. " W e . ... |#6 0x00098a15 in grub_script_execute ()
grub_printf ("%s%sin®, filename, dir ? °/ #5 0x000985f0 in grub_script_execute_cm

#4 0x0009890e in grub_script_execute_cm

) return 0; #3 0x000985f0 in grub_script_execute_cm

#2 0x00098847 1in grub_script_execute_cm

. . . . #1 0x0009322f in grub_cmd_l1s (O at Is.c
device_name = grub_file_get_device_name (dirna -

dev = grub_device_open (device_name);
if (! dev)
goto fail;

fs = grub_fs_probe (dev);
path = grub_strchr (dirname, 'J'J);
if (! path)
path = dirname;
else
path++;

if (! path && ! device_name)

(gdb) graph display *dey dependent on 4

{gdb) graph display *{dev—>disk) dependent on 5

(gdb) graph display *(dey—>disk—>dev) dependent on 6
{gdb) graph display *(dev—>disk—>data) dependent on 6
(gdb) iidttempt to dereference a generic pointer.
Disabling display 8 to avoid infinite recursion.

(gdb) graph undisplay 8 GNU Data Display
(gdb) 2| Debugger (DDD)
A Display 4: dev (enabled, scope grub_l1s_list_files, address 0x67cc4) + (a C/C++ debugger)




VSCode Debugger (ptvsd)

Start debugging

File Edit Selection View Go Run Terminal

RUN P> Launch Program

v VARIABLES

o > WATCH
v CALL STACK
f Launch Program: www [10868]

» LOADED SCRIPTS

v BREAKPOINTS
@ Caught Exceptions
B Uncaught Exceptions
¥ appJs

3’ master < ® 0AD g Launch Program (myExpressApp)

Debug side bar

JS app.js X [

RUNNING

Pause, step over, step infout, restart, stop

app.js - myExpressApp - Visual Studio Code
o O

createError = require('http-errors');
express = require( 'express’);

path = require( 'path’);

cookieParser = require('cookie-parser’
logger = require( 'morgan');

indexRouter
usersRouter

require('./routes/index

app = express();

app.set(’'views', path.join(__dirname,
ann.setf( 'view eneine’ "nug' Y
DEBUG CONSOLE

Filter (e.g. text, lexclude]

C:\Program Files\nodeijs\node.exe .\bin\www
1 E - J e ———

Debug console panel

Ln 10, Col 11 Spaces:2 UTF-8

);

")s

-
3

o
> @ .cachs
> M .=ggs
> | .github
> @ .d=2a
> @ .oynb checkpcints
> M .myoy cache
> I .oytasl_cache
> B .vscoda

« [ ctapips
> B pycache
> Il analysis
> B calh
> B coordinatas
> Ml core
> I Image
> B Instrument
v il io
> M .myoy cache
> B __pycache__
> Il tests
L __int__py
| aslrooy bebers.py
O Raised Zxcegticns
Jneaught Fycaptions
@ catawriter.py:545 ctuipe + clupip:
. kosack_hdr.org: 285 Frajsrrs/CFA M
. kosack_biblicgraphy.bibd: 4452 pr
@ test image processor.py:dd clui:

Emacs (M-x dap-debug)

note: need to install the debugger server first
mamba 1nstall -c conda-forge ptvsd

>
tel _id=np.intic(tel _id;, * Locals
) * current_pointing (<Quantity B, rad>, <Quanti
ont = event pointing, telltel_id) « o dll_camera: clapipe cantainers . DL1Coner
current_pointing = (pnt.azimuth, pnt.altitude) cantainer_prefix: 'dlicamera’
carrent_poainting '= sell _last_pointing_tel _tel_idl: * Pields: {'image': Numpy array of co...
z?:ije;:;Lz( » image: array([-9.68335 3.04485,
f'dll/nonitcring/telescopaspointing/tel (tel id:¢3d)", * image _rask. array{[Falsa, False, False,
Levenl . Crigger.fel el _id], znll, 1 * metar {}

self._last_pointing_tel[tal_1d] = current_pointing St

*» pea<_time: array(l 53.43%% ,
takla_name = zelf.table_name(tel_id, str(telescopa)) prefix:
* event: ctapipa.coatainars ArrayEve. ..

writer write( _ 1'as_sim_canera: False

er, [ral_index, evant triggar gtallrtal_sd} . .
* pat: ctapipe.containers.Talescop

clapipe.conbainers TmagePar

17.402z2.

.
)

ANNOt ACCesSS nerHer "I-'V' ‘l'.l' tvor - 11‘7 1' 4 '<>]: "ff‘PiF’ iﬂ '1‘:‘1’:"". tar “a?‘-‘
has_sim_camera = self._is_simulation and ( Loble_name: ‘Lel 627"
1 tel_id in event simulation, (2] .
and avent.simulation.telltel_id].true_inage 13 not None 1

el oweibe_parameLers:
writer write(
Lable_name=1 “d11 /evenl escopeSoarameler Lal name)

containers=[tel index, =411 camera.parameters.valuass()],

Nas_sim_c.amer s
writer.write(

:

Lel_imdex,

revent.sinulaticn.telltel id].true parameters.values(), !
1.

if self.write images:
Py Lown Currenl File
* Pythan: Current File<1:
* HainThread ureakpoi-t
write _dli1_telescope_events (/Users/kkozcchs/Projec.s/CIA Norku
,_call__ (fUsers/kkosack/Fronects/ CTANCOrkIng/ctapipe /ctapipesioSdats
<module> (fUsers/ Khosack /Fronects/ CTANCOrkIng/coapipefexamplesSsimple

self.log.debug{"WRITING IMAGEZS')

wricer write(
takle name=f' fevent/telescope/imag
containers=[tel_index, dl1_camera],

s ¥

self _izs_sinulation and has_sim_camera:
writer write(
r: lation/event/relescope/im Atable_nama)*,
[tel_ind2x, 2vent.simulation tel[tel_id]], 4
]

del _write_dl2_telescope_evenls(
self, writer: TanleWriter, event: ArrayEventContainer

|!ﬂ; 1 crapipefic/datawriter.py 550:1 77% :9/4  Python 3.8.8 Pfellurllll. I

) .




Caveat:

requires xeus-
python kernel and
doesn't work with
ipython kernel

Newish option: Jupyter-lab debugger extension

https://qgithub.com/jupyterlab/debugger

Filc Edit View Run Kemel Tebs Settings Help

).

(23 Launcher VARIABLES

Notebook

 ®» O =

CALLSTACK =~

m T v 7

BREAKPOINTS

&

Other

¥ B

SOURCE §

Termina Markdown File Show Contextual
Help

0O M0 @

Launcher


https://github.com/jupyterlab/debugger

Caveat:

requires xeus-
python kernel and
doesn't work with
ipython kernel

Newish option: Jupyter-lab debugger extension

https://qgithub.com/jupyterlab/debugger

Filc Edit View Run Kemel Tebs Settings Help

).

(23 Launcher VARIABLES

Notebook

 ®» O =

CALLSTACK =~

m T v 7

BREAKPOINTS

&

Other

¥ B

SOURCE §

Termina Markdown File Show Contextual
Help

0O M0 @

Launcher


https://github.com/jupyterlab/debugger

demo

Debugging with notebooks/ipython
Debugging with pdb
Debugging with a GUI (PyCharm)
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Your code works!



Your code works!



Your code works!

But it's slow.




Your code works!

But it's slow.

Now what?




We should forget about small
efliciencies, say about 97% of the time:

premature optimization is the root
of all evil



We should forget about small
efliciencies, say about 97% of the time:

premature optimization is the root

of all evil
-Donald Knuth?

or Sir Tony Hoare?



We should forget about small
efliciencies, say about 97% of the time:

premature optimization is the root

of all evil
-Donald Knuth?

or Sir Tony Hoare?

From a 1974 article on why GOTO statements are good



" 'Why optimize?

* though some compilation happens
34



" 'Why optimize?

You want your code to work first, but you do want it to be efficient!
* palance between
> /readability/
» and / efficiency

* not always achievable — err on the side of usability/readability!

* though some compilation happens
34



““'Why optimize?

You want your code to work first, but you do want it to be efficient!
* palance between
> /readability/
» and / efficiency

* not always achievable — err on the side of usability/readability!

Some things:
 Python is interpreted* — can be slow
* For-loops in particular — 700 - 71000x slower than C loops...
 Mostly one CPU Core (GIL - Global Interpreter Lock)

* put there are ways to get around these...
(See Tamas's Numpy/Numba lecture)

* though some compilation happens

Karl Kosack - ESCAPE School 2022 34



" “'Slowness of Python

Not an inherent problem with the language

e python = CPython!

» put CPython does generally get faster each
‘elease

* other python implementations exist that are trying
to solve the general speed problem:

> pypy - pypy.org fully JIT-compiled python

» pyston - optimized CPython from Facebook

» other efforts to remove bottlenecks from CPython
(no GlL, etc)

Karl Kosack - ESCAPE School 2022 35


http://pypy.org

" “'Slowness of Python

Not an inherent problem with the language

e python = CPython!

» put CPython does generally get faster each
elease So one option to optimization is:

* other python implementations exist that are trying Do nothing!

roblem:
to solve the general Speed P oble Wait for a faster implementation, or a

) & . } | new version of CPython to be released,
PYPy - DYLY.OM fUHy JT COmp”ed p\/J[hOﬂ or swap in a completely different

Implementation!

» pyston - optimized CPython from Facebook

» other efforts to remove bottlenecks from CPython
(no GlL, etc)

35


http://pypy.org

1) Make sure code works correctly first
DO NOT optimize code you are writing or debugging!
2) ldentify use cases for optimization:
* how often is a function called? Is it useful to optimize it?

 |fitis not called often and finishes with reasonable time/memory, stop!

3) Profile the code to identify bottlenecks in a more scientific way
* Profile time spent in each function, line, etc
* Profile memory use

4) try to re-write as little as possible to achieve improvement

5) refactor if it is still problematic...

* some times the design is what is making the code slow... can it be
improved? (e.q.: flat better than nested')

Karl Kosack - ESCAPE School 2022 36



““'What is profiling?

A way to identify where resources are used by a program:
 CPU resources (computation time)

 Memory resources

Identify problems in your code like hangs and memory leaks

Identify "hotspots" in your code that may be useful to
optimize!

» always ask your question: will it make a real difference?
» |f it's good enough, STOP

Karl Kosack - ESCAPE School 2022 37



“'Speed profiling 1: in a notebook

What I often see...

from time 1import time
start = time.time()

[code]

stop = time.time()
print(stop - start)

this measures only wall-clock time!

You want CPU time!
(not dependent on other stuff you are running)

You want many trials, for statistics!

38



“'Speeéd profiling 1: in a notebook

What I often see...

from time 1import time
start = time.time()

[code]

stop = time.time()
print(stop - start)

this measures only wall-clock time!

You want CPU time!
(not dependent on other stuff you are running)

You want many trials, for statistics!

Karl Kosack - ESCAPE School 2022

Better method: Yotimeit

* interactive %timeit "magic" jupyter/ipython
function

* Automatically runs a function many times and
measures CPU time and standard deviation

* Usage:

%timeit <python statement>

Notes:
> [0 time an entire cell, use % %time
> yvou can also import the timeit module

» if you really only want one trial, use % %time

38



““'gpeed profiling 2: profiler!

A profiler is better than a simple %timeit, in that it checks the time in
all functions and sub-functions at once and generates a report.

Python provides several profilers, but the most common is cProfile
(note: gprof for c++)

Profile an entire script:

* Run your script with the additional options:

python -m cProfile -0 output.pstats <script>

* this generates a binary data file (output.pstats) that contains
statistics on how often and for how long each function was called

* There is a built-in pstats module that displays it using a command-
line Ul, but it's a bit difficult to use... but there are GUIs!

Karl Kosack - ESCAPE School 2022 39
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Viewing with SnakeViz

% conda install snakeviz
% snakeviz output.pstats

e |Interactive call statistics viewer

* this is not the only one, but it's
nice and simple and runs in your
browser.

 Click and zoom to see the results

Real-world demo!

Tip:‘use a gui to view stats output

CCall Stack)

['s. image processor.py:97(__call )
4. process.py:175(start)
image_processor.py:97(__call__) 3. tool.py:261(run)
8.66s 2. process.py:202(main)
Reset Zoom * 1. process.py:l(<module>)
| 0. ~:0(<built-in method builtins.exec>)
‘ image_processor.py:183(_process_telescope_event)
Style: Icicle v 8.66s
bapths 10 v image_processor.py:100(_parameterize_image)
N 795s
Cutoff: 1 - 100 v T
hillas.py:64(hillas_parameters) timing.py:24(timing_parameters)
292s 211s

|l lll‘-

Search: |

ncalls tottime percall cumtime percall filename:lineno(function)
2226 4629 0.002079 4629 0.002079 extractor.py:195(neighbor_average_waveform)
9203931/4273437 4232 9.903e-07 31.68 7414¢-06 ~:((<built-in method builtins.getattr>)
2701625 2.966 1.098e-06 3.257 1.205¢-06 ~:(0(<built-in method numpy.array>)
1917670 2925 1.525¢-06 8.082 4.215¢-06 quantity.py:289(__new__)
1726186 2.848 1.65¢-06 5.015 2.905¢-06 baseframe.py:850(get_representation_component_names)
2690488/1922760 2.069 1.076e-06 2399 1.248e-05 attributes.ov:95( get )
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““'Another stats viewer

You can also view pstats output with the
qcaCheg rind GUI application’ (aISO for C++ C++ 'K | @ [varffelders/dvirg3ent0d2qg6nskhkid7yjyxgg1x5k/T/pyprof 2calltrecbmk_23mv.log
profiling output): - e OO Q) e B

o6 F at Frafile ccycle 7>
Search: Search Queay (N2 Grouging) Types | Callers | AncCzilers
Incl. Self Callec Functin® Ocrtan
Loy 10D.CC g TEAS 1%  <cycle 7> (unkncw
54% 0.2 2226 m call _ <Cycle 7> extracic
462 462 2226 g neighber_average_wavef.. extrzcm
° ° 2 29 2 it-in 1 od builtins.g -
% pip install pyprof2calltree Kol
. 3N 284 172618€ m get rzoresentaton_comp.. basefrar
70 pyprszcalltree —1 OUtDUt . pStatS _k 286 286 2701625 w <built-in method numpyarr.. ~
2.14 206 2690488 o __get__ <cycle 7> attribute
2.0% 0.0 222€ g _darse_m_nci_zerc_suppr.. objects,
1493 1.32 635962 g _g=t_physical_type_id <cy.. corepy
1.¢C 1.0 2226 @ <bullt-in methed gveation., =~
18% 149 8977571 g <built-in method builtins.is . -
= - - 1.87 1.87 4B8€7¢ @ <method ‘read' of ' jo.Buff,., -
Thls WI" open qCacheG rlnd GUI 182 157 1131168 m _getanr__ 1623 <eycla 7> baseira
1.78 0.87 16724 »  array ufurc  <cycle 7> quantity
- 1.79 1.47 93635 u __int__:415 <cycle /= baselra:
automatlca" 1.80 1.80 5928460 g <built-in methad builtins.h.. ~
y 1.54 1.54 1426 367 g comwert_input; 299 <cycle ...  attribute
148 Q.72 62931 5 _wrap_intarnal <cycle 7> angles.f
1.38 1.8  37153¢ g <method “reduce of 'num... ~
1.37 D53 284840 gy i=_equivalent <cyele 7> core py
1.3C 1.23 686232 m getattr  <cycle 7> sky coo
.24 119 728 583 @ <built-in metkad numpyeo -~
1.2C 1.20 10318 g __call__ <cycle 7> fli.py
"y 1.7 545 BOS w get_frame_attr _names <C... baselry:

you need to first install gqCacheGrind using e s g et s i

1.10 0.86 351411 g _to<cycle 7> core.py
- - . . . ape <cvcle 7>
your package manage (it's not in Conda), e.g. v & LS o
1.4 0.47 5613C g valdate angles <cycle 7>  angles.k
1.04 1.0 1676700 __net__752 <cvcle 7= decaran
. . . . 1.01 0.03 2226 1224 zoycle 7> objects.
brew install gcachegrind (macOS with HomeBrew installed) 097 ©9 2226 m eaventon intsmeLpic. -
0.87 0.87 187 24 g <lunction Quantity.__array... ~

L. g4 0.cY G/ BOE _init__.212 <cycle /- repraser

apt install gcachegrind (linux with Apt) A catess | cater wap |

pyprof2ealitreebmk_23mvicg [1) - Totzl Nannseconds Cost: 100 280 153 ER7
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You can also run the profiler directly on a statement in a
notebook.

* use the magic %prun function

%prun <python statement>

* Pops up a sub-window with the results (the same as if you ran
cProfile and then pstats (though you don't get an interactive
viewer)

In [27]: $prun create array loop(1000,1000)

3001004 function calls in 0.845 seconds
Ordered by: internal time

ncalls tottime percall cumtime percall filename:lineno(function)

1 0.477 0.477 0.835 0.835 <ipython-input-12-6d84b414c957>:1(create array loop)
1000000 0.136 0.000 0.136 0.000 {built-in method math.cos}
1000000 0.133 0.000 0.133 0.000 {built-in method math.sin}
1001000 0.089 0.000 0.089 0.000 {method 'append' of 'list' objects}
1 0.010 0.010 0.845 0.845 <string>:1(<module>)
1 0.000 0.000 0.845 0.845 {built-in method builtins.exec} 42



" 'Line“Profiling

What about time spent in each line of code?

The line_profiler module can help:

File: pystone.py
% conda install line_profiler Function: Proc2 at line 149
Total time: 0.606656 s

: : Line # Hits Time Per Hit % Time Line Contents
 mark code with @profile:

from line_profiler import profile 1;3 g@e?rF(’):g?:Z(lntParlO):
151 50000 82003 1.6 13.5 IntLoc = IntParlO + 10

@profile 152 50000 63162 1.3 10.4  while 1:

def slow_function(a, b, c): 153 50000 69065 1.4 114 if Char1Glob == "'A":
154 50000 66354 1.3 10.9 IntLoc = IntLoc - 1

. Then run: 155 50000 67263 1.3 11.1 IntParlO = IntLoc - IntGlob
: 156 50000 65494 1.3 10.8 EnumLoc = Ident1
| | 157 50000 68001 1.4 11.2 if EnumLoc == Ident1:
% kernprof -| script_to_profile.py 158 50000 63739 1.3 10.5 break

159 50000 61575 1.2 10.1 return IntParlO

* which generates a .Iprof file that can be viewed with:

% python -m line_profiler script_to_profile.py.lprof
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“Line=profiling in a Notebook

As with cProfile and timeit, you can do line profiling
In a notebook:

e unlike %timelt, need to load an extension first:

%load_ext line_profiler

In [51]): %lprun -f create array loop create array loop(1000,1000)

i
r'imer unit: le-ub S

Total time: 1.31799 s

* Then, if you have a function defined, you must | rie: <ierthon-input-12-6dsansrscss

Function: create array loop at line 1

"mark" it tO be prOfiled by adding "_f <funC>" Line # Hits Time Per Hit $ Time Line Contents

) 1 def create array loop(N,M):
%lprun -f <function name> <python statement that uses 2 1 2 el ol arr = []
. 3 1001 4717 0.5 0.0 for y in range(M):

function> 4 1000 5244 5.2 0.4 row = []
5 1001000 463343 0.5 35.2 for x in range(N):
6 1000000 848316 0.8 64.4 row.append(sin(x)*cos(0.1*y))
7 1000 606 0.6 0.0 arr.append(row)
8 1 1 1.0 0.0 return arr

for example: —

%lprun -f myfunc myfunc(100,100)

Note you can mark more than one func
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““'Memory Profiling

Use of CPU is not the only thing to worry about... what about
RAM? Let's first check for memory leaks...

% conda install memory_profiler
% mprof run python <script>
% mprof plot

python simple pipeline.py /Users/kosack/Data/CTA/Prod3/gamma.simtel.gz
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|\.

éﬁ'\'ory Profiling in detail

<N
-
. |.
h. .. ¢
. - >
» . :

Cumulative is nice, but we want to see

the memory for a particular function or Decorate what we
| want to measure (no
Class... iImport needed)

* decorate the function you want to profile
(line-wise) with memory_profiler.profile

Line # Hits Time Per Hit % Time Line Cogsf®nts

% python -m memory_profiler <script>

17 aprofile
18 def main():
19 1 3.0 3.0 0.0 if len(sys.argv) = 2:
20 filename = sys.argv[1]
21 else:
22 1 485.0 485.0 0.0 filename = get dataset _path("gamma_test large.simte
24 1 3572651.0 3572651.0 9.8 with EventSource(filename, max_events=500) as source:
438843.0 438843.0 1.2 calib = CameraCalibrator(subarray=source.subarray)
249622.0 124811.0 0.7 process_images = ImageProcessor(
2.0 2.0 0.0 subarray=source.subarray, 1s_simulation=source.
)
1363.0 1363.0 0.0 process_shower = ShowerProcessor(subarray=source.su
Output shows the time 276938.0 138469.0 0.8 write = DataWriter(
. . 32 1 0.0 0.0 0.0 event_source=source, output_path="events.DL1.h5
spent in the line or block 23 )
(e_g_ if, for) 35 111  11506526.0 103662.4 31.5 for event in tqdm(source):
36 110 1313386.0 11939.9 3.6 calib(event)
37 110 2353948.0 21399.5 6.4 process_images(event)
38 110 140Q044245.0 127675.0 38.4 process_shower(event)
39 110 2814913.0 25590.1 7.7 write(event)
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oty ory Profiling in a Notebook

Again, you can do memory profiling using magic commands in an iPython
(Jupyter) notebook

* Enable the memory profiling notebook extension:

%load_ext memory_profiler
 Now you have access to several magic functions:

Like %timeit, but for memory usage:

In [40]): %memit range(100000)
%memit <python statement>

peak memory: 89.61 MiB, increment: 0.00 MiB

or a more full-featured report: In [41]: %memit np.arange(100000)

%smprun -f <function name> <statement> peak memory: 90.12 MiB, increment: 0.52 MiB

Caveats:

* the peak memory usage shown in the notebook may not relate to the function

you are testing! It is the sum of all memory already allocated that has not yet
been garbage collected. (so look at the "increment” instead).

* % mprun only works if your functions are defined in a file (not a notebook) and
imported into the notebook

Karl Kosack - ESCAPE School 2022
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A real-world example from a few days ago
(a Pull-Request for code written by Max N6the)

0 ° kosack approved these changes 4 days ago View changes

kosack left a comment Member = (Z) »--

Very nice! | did a quick check to make sure the memory is properly handled, and it looks great:

|1 %%memit
for chunk in tqdm(loader.read subarray_events chunked(10 000)):
pass

100% 392/392 [00:02<00:00, 190.00it/s]

228.96 MiB,$increment: 33.36 MiB

peak memory

|1 %%memit
Lloader.read_subarray_events()

peak memory@ 1110.58 MiB) increment: 881.62 MiB



““Menfiory Profiling: jump to debugger

Automatic Debugger breakpoints:

e you can automatically start the debugging if the code tries to
go above a memory limit, to see where the allocation is
happening:

% python -m memory_profiler —pdb-mmem=100 <script>

will break and enter debugger after 100 MB is allocated, on the line where the last
allocation occurred

Print out memory usage during program execution:

from memory_profiler import memory_usage
mem_usage = memory_usage(-1, interval=.2, timeout=1)
print(mem_usage)

[7.296875, 7.296875, 7.296875, 7.296875, 7.296875]

* see the docs. you can also write it to a log periodically, etc.
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