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Introducing example Q

A Very often we write code like:

ltems=  gather_items (),

lists:foreach (fun(l) - > process_item (I)end, I[tems)
or

ltems=  gather_items (),

Res= listssmap (fun(l) -> process_item (I)end, Items)

A Each process_item (1) iS independent
A Natural place to parallelize!

Test

property based testing



Introducing example Q

A It is enough to replace map with parallel map
(pmap)Z

ltems=  gather_items (),
Res= pmap(fun(l) - > process_item (l)end, Items)

A Unfortunately there is no standard parallel map
In Erlang

A How about implementing one!?
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Property Driven Development Q

A First write the property!

- include_lib (@®qc/ i nclude/ eqgc.

prop_pmap () ->
?FORALL({ Fun,ltems },{functionl( nat ()),list( nat ())},

Res = listscmap (Fun,ltems ),
PRes = pmap:pmap ( Fun,ltems ), -
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Implementing pmap Q

A First attempt

- module( pmap).

-export([ pmap/2)).

pmap(F,Ls) ->

Self = self(),
[spawn(fun() ->SelflF(L)end) || L < - Ls],
[receiveRes - > Resend || < - Ls].

Test

property based testing



Testing with QuickCheck Q

2>eqc.quickcheck  (pmap_eqc:prop_pmap ()).

OK, passed 100 tests
true

Good, but | etds run some mor ¢
3>eqc:quickcheck  (eqc:numtests (10000,pmap_eqc:prop_pmap())).

OK passed 10000 tests
true
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Testing with QuickCheck Q

APerfect! Move on to next
A Or wait a second, what was it we tested?!?

A A concurrent implementation on a slow single-
core laptop!

A Not good enough!

When a test passes, always think
about what you just tested!
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Testing with QuickCheck, 2t r y é Q

ErlangR13B02 (erts -5.7.2) é& [smp: 2: 2]
é
5>eqc:quickcheck  (pmap_eqc:prop_pmap ()).

OK, passed 100 tests
true

N

Sti | | passes, maybe 1t I

8>eqc:quickcheck (eqc:numtests (10000,pmap_eqc:prop_pmap())).

...... Failed! After 841 tests.
{#Fun<eqc_gen.101.34507915>,[30,1,22,3,18,25,22]}
false

[ Ouch! ]
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Property Driven Development Q

A We need more information!
?WHENFAIL & to run code when a property fail

A We want to see the values of Res and PRes.

- include_lib (@®qc/ i nclude/ eqgc. hrl o) .
prop_pmap () ->
?FORALL({ Fun,ltems },{functionl( nat ()), nat ()},
begin
Res = listsscmap ( Fun,ltems ),
PRes = pmap:pmap ( Fun,ltems ),
?WHENFAIL(
ioformat ( 0 ~p [/ ¥n 6 ,Kes,PRes)),
Res== PResg)]
end).
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Testing with QuickCheck, 2t r y é Q

8>eqc:quickcheck  (eqc:numtests (1000,pmap_eqc:prop_pmap())).

...................... Failed! After 710 tests.
{#Fun<eqc 0en.101.41379873>,[11,19,14,14,6,32,33,18,26,7]}
[30,13,5,5,0,21,24,29,4,20]/=[30,13,5,5,0,21,24,29,20,4]
Shrinking.(1times)

{#Fun<eqc _gen.101.41379873>,[11,19,14,14,6,32,33,18]}
[30,13,5,5,0,21,24,29]/=[30,29,24,13,21,5,0,5 ]
false
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Observations Q

A Switching to multi-core (or enabling SMP) makes
concurrency bugs more likely to manifest

A We had to run quite a few tests

AShrinking didnot wor k (\
I A small counterexample is often very valuable
I Shrinking a counterexample is done stepwise
i Counterexample that Ohappe
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Erlang scheduling Q

A The Erlang scheduler is too deterministic
I Small tests
I Low load on system
I Deterministic even in multi-core systems
I Large tests are needed to provoke race conditions

I Many race conditions may not show up until you
deploy your system

A With randomized scheduling
I Small tests are more likely to provoke race conditions
I Find concurrency bugs early in development process
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PULSE to the rescue Q

A PULSE to the rescue
I PT ProTest

I UT User

I LT Level

I ST Scheduler
I ET for Erlang

A PULSE is non-deterministic (random scheduling)
A PULSE can re-run a schedule (repeatable tests)
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How PULSE works Q

A Controls the concurrency
I Only one process is executing at a time
A Records all concurrency events
I Message sending
I Process spawning
i Et cé
A PULSE can switch to executing another process
(simulating context switch) at any time

A We make sure that unlikely scenarios get tested
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How to use PULSE Q

A pulse_instrument:
I Instrumentation of the code at compile time

A Implemented as parse_transform compiler option

A Example:

c(example,[{ parse_transform,pulse_instrument ).

A Calls to spawn, link as well as statements ! and
receive, etc are replaced by calls handled by
PULSE
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How to use PULSE Q

A Running instrumented code:

5> c( pmap,[{ parse_transform,pulse_instrument ).

{ ok,pmap }

6> pulse:run (fun() ->
pmap:pmap (fun(X) -> X+ 2end,[1,2])end).

** exceptionexit: { application,pulse_not_running }
in  function pulse:spawn /2

Application PULSE must be running: pulse:start ().

The PULSE application keeps state: last used schedule,
random seed, etc, and gives access to event handlers for
different kind of output.
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How to use PULSE

8> pulse:st

Starting

9> pulse:ru
pm

[3.4]

art 0.

eqc ver sion 1. 18 ¢

n (fun() ->

ap:pmap (fun(X) ->X+2end,[1,2])end).

schedulingstarted

rootspawns
rootspawns
rootblocks

pmap <0.234.0>
pmapl<0.235.0>

pmap sends 3 to root
pmap terminatednormally
rootreceives 3

returnvalue

[3,4]

schedulingfinished

10>
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?PULSE macro Q

QuickCheck uses ?PULSE macro:

?PULSE(
<Pattern bound to result of E>,
<EXxpression E to run in PULSE>,
<Property using result of E>

)

A Normal compilation:
Run code normally

A Compilation with pulse_instrument, PULSE running:
Run code with PULSE scheduler
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How to use PULSE with QuickCheck Q

A Update property!

- include_lib (@®gc/ i ncl ude/ eqgc. hrl 60) .

prop_pmap () ->
?FORALL({ Fun,ltems },{functionl( nat ()), nat ()},

begin | This is what we want
Res = listssxmap _ ( Fun,ltems ), torun in PULSE

PRes = pmap:pmap ( Fun,ltems ),
?WHENFAIL(
joformat ( o ~p [/ ¥n 6 ,Kes,PRes)),
Res == PReSs)
end).
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How to use PULSE with QuickCheck Q

A Update property! %deﬁnitions ]
- include lib (c‘eqc/incl_ude/eqc. o) .

- include lib (opul s ul se. hrl 6) .

D
-
>
O
c
o
D
~~
O

prop_pmap () ->

?FORALL({ Fun,ltems },{function1( nat ()), nat ()},
begin
Res=_lists:map _ ( Fun,ltems ),
PPULSE( I = . }
/ PRes, /—\ Pliies = pmap.pmap(Fun’ltemS )

PULSE macro | pmap:pmap ( Fun,ltems ),
S SWHENFEAIL(

joformat ( 0 ~p [/ ¥n 6-,Mes,PRes)),
Res == PRes)ﬂ

end).
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Verbosity in PULSE

ADonot f or

A pulse:verbose /1.

24> pulse:verbose ([]).
ok

25> pulse:run  (fun() ->
pmap:pmap (fun(X)

[3.4]

26> pulse:verbose ([all]).

ok

27> pulse:run  (fun() ->
pmap:pmap (fun(X)

[3,4]

scheduling started

get t he

-> X+ 2end,[1,2]) end).

-> X + 2 end,[1,2])end).

rootspawns pmap <0.234.0>

rootspawns pmapl <0.235.0>

ver bos.i
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Verbosity in PULSE Q

A Verbosity options:
A all & Allverbosity flags
A send - Show sending of messages
A 6r e c ei-vShdw delivery and receiving of messages
A procs & Show process events (spawn, link, etc.)
A side_effect d Show (user defined) side effects

A Options are similar to trace patterns
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How to use PULSE with QuickCheck

32> pulse:verbose ([]).

ok

33> eqc:quickcheck (pmap_eqc:prop_pmap ()).
............ Failed! After 23 tests.
{#Fun<eqc_gen.101.34457915>,[0,2,0]}
{29191,1432,12821}

[3,1,1]/=[1,3,1]

Shrinking...(3times)
{#Fun<egc_gen.101.34457915>,[0,1]}
{29191,1432,12821}

[3,0]/=1[0,3]

false

AFewer test cases needed
AShrinking works (for this example)
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Understanding the Counterexample Q

A Whatis the error?

A We can use pulse:rerun_counterexample /2 to re-run the
counterexample with more verbosity
- Gets the last counterexample from eqgc:counterexample /0

- Uses eqc:.check /2 tore-runthe property
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35> pulse:rerun_counterexample
scheduling started

root spawns pmap <0.244.0>
rootspawns pmapl <0.245.0>
root blocks

pmap sends 3 to root

pmap terminatednormal
pmaplsends 0 to root
pmaplterminatednormal
pmapldeliversO to root
rootreceivesO

root blocks

pmap delivers 3 to root
rootreceives 3

returnvalue [0, 3]
schedulingfinished

Failed!
{#Fun<eqc_gen.101.34457915>,[0,1]}
{29197,1532,821}

[3,0]/=[0,3]

false

36>

([all],

pmap_eqc:prop_pmap ().



Visualization Q

A Another way of understanding an error
A We can visualize the schedule to easier understand it!

A Requires pulse_event_graph to be added as event

handler: pulse event graph:start 0.

36> pulse_event graph:start ([D.

ok

37> pulse:rerun_counterexample ([, pmap_eqc:prop_pmap ()).
pulse event graph setverboseto []

pulse _event terminal setverboseto []

Failed!

AEvery scheduled run now creates a graph.dot file!
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Visualization

3 \

pmap pmapl

é

Uresult,[.. ]}

7

Requires GraphViz to be installed. In particular the program dot
http://www.graphviz.org/ o
Test
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pmap 2" attempt

A We need to ensure the order of the results:

- module( pmap).

-export([ pmap/2)).

pmap(F,Ls) ->
Self = self(),
Pids = [spawn(fun() - > Self ! {self(),F(L)}end)

[L< - Lsj,
[receive{ Pid,Res } ->Resend
|| Pid <- Pids ].

Test
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Testing the new implementation Q

45> eqc:quickcheck  ( pmap_eqc:prop_pmap ().

OK, passed 100 tests
true

Good, but agai n, | et 6s r un
48 >eqc.quickcheck (eqc:numtests (10000,pmap_eqc:prop_pmap())).

OK passed 10000 tests
true

Done! But now we should add some fault tolerance, etc...
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Visualization i A correct run Q

root

¥
pmap. Pids map.Pids1
Y .
O
N }l

-

i

N

result,[..]}
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Short break!

Try 1t yourselves!

Next: User defined side effects
Test
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Side effects Q

A Concurrency errors can be caused by modules interacting

with other modules.
A Example: writefile

prop_writefile() - >
?FORALL({Textl, Text2},{string(),string()},
begin

ok = file:write_file(?TESTFILE,Textl),
ok = file:write_file(?TESTFILE,Text2),
{ok,Bin}= file:read file(?TESTFILE),
binary to_list(Bin)== Text2

end).

Not very interesting,
since it is sequential
it works. How about
\parallel file writing?

les
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Side effects Q

A With a simple ?PAR macro we parallelize the writes

- define(PAR(E1,E2),
begin
spawn(fun() ->E1 end),
spawn(fun() ->E2 end)

end).
prop_writefile 0 -> Write files in }
?FORALL({Textl, Text2},{string(),string()}, parallel
begin
?PAR(file:write_file(?TESTFILE,Textl), 7
file:write_file(? TESTFILE,Text2)),
{ ok,Bin }=file:read_file(?TESTFILE),
Res= binary_to list (Bin), The result should
Res == Text1l orelse Res==Text2 be e';tr; i?]rgcs)f the

end).
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Example: write_file

2> eqc:quickcheck  (writefile:prop_writefile 0).

.Failed! After 2 tests.
{®06, 0}
false

AAdd some more output:

Strange! Fails almost
immediately, on very

short strings.

{ ok,Bin }=file:read file(?TESTFILE),
Res = Dbinary _to list (Bin),

?WHENFAIL(

joformat ( O Res\indé~, [ Res] ) ,

Res == Textl
end).

orelse Res==Text2)



