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Introducing example

ÅVery often we write code like:

or

ÅEach process_item (I) is independent

ÅNatural place to parallelize!

Items = gather_items (),

lists:foreach (fun(I) - > process_item (I) end, Items)

Items = gather_items (),

Res = lists:map (fun(I) - > process_item (I) end, Items)



Introducing example

ÅIt is enough to replace map with parallel map 

(pmap):

ÅUnfortunately there is no standard parallel map 

in Erlang

ÅHow about implementing one!?

Items = gather_items (),

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



ÅFirst write the property!

- include_lib (òeqc/include/eqc.hrló).

prop_pmap () - >

?FORALL({ Fun,Items }, {function1( nat ()),list( nat ())},

begin

end).

Res  = lists:map ( Fun,Items ),

PRes = pmap:pmap ( Fun,Items ),

Res == PRes

Property Driven Development

Generates a random 

function returning 

natural numbers!

Apply normal map

Apply parallel map

Compare the results



- module( pmap).

- export([ pmap/2]).

pmap(F,Ls) - >

Self = self(),

[spawn(fun() - > Self ! F(L) end) || L < - Ls],

[receive Res - > Res end          || _ < - Ls].

Implementing pmap

ÅFirst attempt



Testing with QuickCheck

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

...........................................................

.........................................

OK, passed 100 tests

true

Good, but letôs run some more testsé

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

...........................................................

...........................................................

...

............................................

OK, passed 10000 tests

true



Testing with QuickCheck

ÅPerfect! Move on to next problemé

ÅOr wait a second, what was it we tested?!?

ÅA concurrent implementation on a slow single-

core laptop!

ÅNot good enough!

When a test passes, always think 

about what you just tested!



Testing with QuickCheck, 2ndtryé

Erlang R13B02 (erts - 5.7.2) é [smp:2:2]

é

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

...........................................................

.........................................

OK, passed 100 tests

true

Still passes, maybe it is actually correcté

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!



- include_lib (òeqc/include/eqc.hrló).

prop_pmap () - >

?FORALL({ Fun,Items }, {function1( nat ()), nat ()},

begin

Res  = lists:map ( Fun,Items ),

PRes = pmap:pmap ( Fun,Items ),

?WHENFAIL(

io:format (ò~p /= ~p\ nó,[Res,PRes ]),

Res == PRes) 

end).

ÅWe need more information!

?WHENFAIL ð to run code when a property fail

ÅWe want to see the values of Res and PRes.

Property Driven Development



Testing with QuickCheck, 2ndtryé

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

............................................................................

......    ...    ................ Failed! After 710 tests.

{#Fun<eqc_gen.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.(1 times)

{#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



Observations

ÅSwitching to multi-core (or enabling SMP) makes 

concurrency bugs more likely to manifest

ÅWe had to run quite a few tests

ÅShrinking didnôt work (very well)

ïA small counterexample is often very valuable

ïShrinking a counterexample is done stepwise

ïCounterexample that óhappensô to fail will not shrink well



Erlang scheduling

ÅThe Erlang scheduler is too deterministic

ïSmall tests

ïLow load on system

ïDeterministic even in multi-core systems

ïLarge tests are needed to provoke race conditions

ïMany race conditions may not show up until you 

deploy your system

ÅWith randomized scheduling

ïSmall tests are more likely to provoke race conditions

ïFind concurrency bugs early in development process 



PULSE to the rescue

ÅPULSE to the rescue

ïP ïProTest

ïU ïUser

ïL ïLevel

ïS ïScheduler

ïE ïfor Erlang

ÅPULSE is non-deterministic (random scheduling)

ÅPULSE can re-run a schedule (repeatable tests)



How PULSE works

ÅControls the concurrency

ïOnly one process is executing at a time

ÅRecords all concurrency events

ïMessage sending

ïProcess spawning

ïEtcé

ÅPULSE can switch to executing another process 

(simulating context switch) at any time

ÅWe make sure that unlikely scenarios get tested



How to use PULSE

Åpulse_instrument:

ïInstrumentation of the code at compile time

ÅImplemented as parse_transform compiler option

ÅExample:
c(example,[{ parse_transform,pulse_instrument }]).

ÅCalls to spawn, link as well as statements ! and 

receive, etc are replaced by calls handled by 

PULSE



How to use PULSE

ÅRunning instrumented code:

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.

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

{ ok,pmap }

6> pulse:run (fun() - > 

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

** exception exit: { application,pulse_not_running }

in function pulse:spawn /2

...



How to use PULSE

8> pulse:start ().

Starting eqc version 1.18 é

9> pulse:run (fun() - >

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

[3,4]

scheduling started

root spawns pmap <0.234.0>

root spawns pmap1 <0.235.0>

root blocks

pmap sends 3 to root

pmap terminated normally

root receives 3

...

return value [3,4]

scheduling finished

10>



?PULSE macro

QuickCheck uses ?PULSE macro:

?PULSE(

<Pattern bound to result of E>,

<Expression E to run in PULSE>,

<Property using result of E>

)

ÅNormal compilation:

Run code normally

ÅCompilation with pulse_instrument, PULSE running:

Run code with PULSE scheduler



How to use PULSE with QuickCheck

ÅUpdate property!

- include_lib (òeqc/include/eqc.hrló).

prop_pmap () - >

?FORALL({ Fun,Items }, {function1( nat ()), nat ()},

begin

Res  = lists:map ( Fun,Items ),

PRes = pmap:pmap ( Fun,Items ),

?WHENFAIL(

io:format (ò~p /= ~p\ nó,[Res,PRes ]),

Res == PRes) 

end).

This is what we want 

to run in PULSE



How to use PULSE with QuickCheck

ÅUpdate property!

- include_lib (òeqc/include/eqc.hrló).

- include_lib (òpulse/include/pulse.hrló).

prop_pmap () - >

?FORALL({ Fun,Items }, {function1( nat ()), nat ()},

begin

Res = lists:map ( Fun,Items ),

?PULSE(

PRes,

pmap:pmap ( Fun,Items ),

?WHENFAIL(

io:format (ò~p /= ~p\ nó,[Res,PRes ]),

Res == PRes))

end).

PULSE macro

PULSE definitions

PRes = pmap:pmap ( Fun,Items )



Verbosity in PULSE

ÅDonôt forget the verbosity: 
Å pulse:verbose /1 .

24> pulse:verbose ([]).

ok

25> pulse:run (fun() - > 

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

[3,4]

26> pulse:verbose ([all]).

ok

27> pulse:run (fun() - >

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

[3,4]

scheduling started

root spawns pmap <0.234.0>

root spawns pmap1 <0.235.0>

...



Verbosity in PULSE

ÅVerbosity options:
Å all ðAll verbosity flags

Å send - Show sending of messages 

Å ôreceiveô- Show delivery and receiving of messages 

Å procs ðShow process events (spawn, link, etc.) 

Å side_effect ðShow (user defined) side effects

ÅOptions are similar to trace patterns



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...(3 times)

{#Fun<eqc_gen.101.34457915>,[0,1]}

{29191,1432,12821}

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

false

ÅFewer test cases needed

ÅShrinking works (for this example)



Understanding the Counterexample

ÅWhat is the error?

ÅWe can use pulse:rerun_counterexample /2 to re-run the 

counterexample with more verbosity

- Gets the last counterexample from eqc:counterexample /0

- Uses eqc:check /2 to re-run the property



35> pulse:rerun_counterexample ([all], pmap_eqc:prop_pmap ()).

scheduling started

root spawns pmap <0.244.0>

root spawns pmap1 <0.245.0>

root blocks

pmap sends 3 to root

pmap terminated normal

pmap1 sends 0 to root

pmap1 terminated normal

pmap1 delivers 0 to root

root receives 0

root blocks

pmap delivers 3 to root

root receives 3

return value [0,3]

scheduling finished

Failed!

{#Fun<eqc_gen.101.34457915>,[0,1]}

{29197,1532,821}

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

false

36>



Visualization

ÅAnother way of understanding an error

ÅWe can visualize the schedule to easier understand it!

ÅRequires pulse_event_graph to be added as event 

handler: pulse_event_graph:start ().

36> pulse_event_graph:start ([]).

ok

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

pulse_event_graph set verbose to []

pulse_event_terminal set verbose to []

Failed!

...

ÅEvery scheduled run now creates a graph.dot file!



Visualization

Requires GraphViz to be installed. In particular the program dot

http://www.graphviz.org/

Work in progress, 

the only thing seen 

is the order of the 

messages.



pmap 2nd attempt

ÅWe 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 < - Ls],

[receive { Pid,Res } - > Res end 

|| Pid <- Pids ].

Tag the messages 

with the Pid of the 

worker process

Use selective 

receive to fetch the 

results in order



Testing the new implementation

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

...........................................................

.........................................

OK, passed 100 tests

true

Good, but again, letôs run some more testsé

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...



Visualization ïA correct run

The messages are 

delivered in the 

wrong order, but 

consumed in the 

right order



Short break!

Try it yourselves!

Next: User defined side effects



Side effects

ÅConcurrency errors can be caused by modules interacting 

with other modules.

ÅExample: writefile

prop_writefile() - >

?FORALL({Text1,Text2},{string(),string()},

begin

ok = file:write_file(?TESTFILE,Text1),

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?



Side effects

ÅWith a simple ?PAR macro we parallelize the writes

- define(PAR(E1,E2),

begin

spawn(fun() - > E1 end),

spawn(fun() - > E2 end)

end).

prop_writefile () - >

?FORALL({Text1,Text2},{string(),string()},

begin

?PAR(file:write_file(?TESTFILE,Text1),

file:write_file(?TESTFILE,Text2)),

{ ok,Bin } = file:read_file(?TESTFILE),

Res = binary_to_list (Bin),

Res == Text1 orelse Res == Text2

end).

Write files in 

parallel

The result should 

be either of the 

strings



...

{ ok,Bin } = file:read_file(?TESTFILE),

Res = binary_to_list (Bin),

?WHENFAIL(

io:format (òRes: ~\ nó,[Res]),

Res == Text1 orelse Res == Text2)

end).

Example: write_file

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

.Failed! After 2 tests.

{òeó,óqó}

false
Strange! Fails almost 

immediately, on very 

short strings.ÅAdd some more output:


