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Context
The Debugging Process

Formulate Test the
@ + Hypothesis hypotheSiS [Zeller, 2009]

Repeat

Yes

Fixed!

Good Hypothesis Less lterations W

Zeller, 2009: “Why programs fail: a guide to systematic debugging”



Context
Understanding a program behavior

Lifecycle of a Program %}

Start | <S | Finish

Program Exploration



Manually exploring a program execution

Stepping

ATATATATATATATATATATATATATATA
peeem 5 0 0 0 0 0000 0000000

Step Into start

s: step

Step Over /\/\/\/\/\/\/\/\/\/\/\
prooam [0 0 0O 0O 0O 0O OO 0000 0 0 O QfPprogam

start stop

s: step s-0: step-over
Traverse States Forward in Time /\1

Manual and tedious.



Manually exploring a program execution

Breakpoints
b b b b S s s b
/-\/_\-/V_\ b /\
;’{:r?ram@@GDODDD?DODDDDD;@S’“

@: program state (i) s: step b:breakpoint hit

missed

Traverse States Forward in Time fﬁ:ﬂ

“Missing critical information” problem.



Manually exploring a program execution

Time-Traveling Debuggers

b b b b Sb s s s b
V'Y A/ X N e
Ia@@ooooot?oooooo@
ng)r?ram missed prog;;r;

@: program state (j) s: step b:breakpoint hit  sb: step-back

Traverse States Forward and Backward in Time /‘\ f\

Helps with the “Missing critical information™
problem.

Still tedious.



Exploring a program execution with
Scripts

Scriptable Debuggers
program  cp cb cb cb  program
start stop

0000000000000 0

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

Qs as as as as as as as as as as as as as as

@: program as: scripted cb: custom
state (i) automatic step scripted break

They help with tediousness but, require prior
knowledge of the execution.



Exploring a program execution...

With basic stepping, breakpoints, scriptable debugger,
time-traveling, etc.

/2

i Difficult to
Translate A sequence of

Into debugging actions

Debugging Questions



Problem Summary

Program Exploration is ...

e Manual/Tedious
e Imprecise and miss critical information

e Translating debugging questions -> debugging actions is difficult
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Research Question

“Can we express general program
comprehension questions as queries over
programs executions, and does that improve
program exploration regarding developers'
efforts, time spent and precision, compared to
standard debugging tools?”
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Proposed Solution

Time-Traveling
Queries
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Time-Traveling Queries

-  Programmatic requests for execution data </> = Q

R VA VA A VA VA TA VA TAVATATATATA
-  Automatically traverse program states. | 000000000000 O0O00OO0O

I
- Requesting and collecting relevant data. ~ ............... {00000}
-  Enabling direct time travel to relevant program states. 00000

OO00000O0000O0000 o g
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Time-Traveling Queries

Key supporting components

1. Time-Traveling Debugger

Advances or restores an

2. ProgramStates

An iterable collection of all the

execution to any point in time program states

3. Query

A programmatic request
of execution data

16



1. Time-Traveling Debugger

x -0 [self setUp. self performTest] in RecursionExamples(TestCase)>>runCase
Stack IERT Seeker  Sindarin
Class Method Package ~ Statement Steppping
i i i ¥ 2 ¢ « G G .
RecursionExamples (TestCasi performTest SUnit-Core Iio  Owes PBoddolo BacOver Hestart SetSelecied asStarting Post Markend statement
RecursionExamples (TestCast[self setUp. self performTest]SUnit-Core ¥ ;;
As an extension of Pharo 9 O debugger B b A Pl P~ 3 ch £=3 Q + © 33| seeker stepper stepForwardToStatementImmediatelyAfterM
' Proceed into Over  Through Runto  Restat Retum Whereis? Create  Advanced Step ethodReturn: (Recurs‘ionExampIes»ndirectF‘ibonacci:).l
1| testDirectRecursionConcatenationExample ?;
) . 2 | stringCollection separator result| &
Allows to reverse a program's execution 3| | swicaliction = £t . St Tvest e | 3
- 38
(step backwards) AR b -
5 result := self directForwardConcatenation: stringCol 20
lection separator: separator . i
6 self assert: result equals: 'One,Two,Three,Four' 2
Replay-based Implementation s
44
Current Step: 247.- FullBlockc! rocess] (2) > Morphicl
AStDebuggerContext (Recurs... O & an UndefinedObject (nil) L B
+Type +Variable =Value o Raw  Breakpoints  Meta
implicit © self RecursionExamples>>#testDirectRecur: =
temp { }stringCollection an Array [4 items] ('One' 'Two' ‘Three' 'f ¢Variable :.Value
t 1 separator & © self nil
T result One, Two, Three, Four,
1 testSelector testDirectRecursionConcatenationExan
{ } expectedFails an Array [0 items] () 1 "l

1 _ctarkTan Nina Twin Thraa Faur




2. ProgramStates

-> A generator of ProgramState

€ lterable object that exposes an API to retrieve execution data
from every state of the program (during its iteration)

€ Every iteration of the loop advances execution by one step

€ No trace(recording) is required to answer queries.

program program
start stop

BELO0O000000000000

@: program state () < :automatic step
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3. Query

-> Declared like this
From where to collect?

Which states are relevant?
allReturnValuesQuery := Query /

from: programStates
select: [ :cs | cs disMethodReturn ]
collect: [ :cs |
Dictionary newFrom: {
(#receiverClass -> cs receiver(Class).
(#methodSelector -> cs methodSelectnr)> What to Collect?
(#returnValue -> c¢s methodReturnValue)‘T’TT_—

How to Collect
the data?

19



Time-Traveling Queries usage

x -0

Stack
Class Method
GLineTest testAsGLine
GLineTest (TestCase) performTest

GLineTest (TestCase)
FullBlockClosure (BlockClosuensure:

I G

Over  Through Runto  Restart

L .

Proceed  Into

1| testAsGLine

GlineTest>>testAsGLine
. Seeker
i :
Stepping Control
Package o « 3 1+ o a
Geometry-Tests By Back Up. Byt Restat  ToEn
SUnit-Core

[self setUp. self performTest] SUnit-Core

Kernel

S5 a + e

Retum Whereis? Create  Advanced Step

2 Lin

P Doit ®D
3| sel|§kDebugit %D

& Inspect it ®

P> Printit #P

Op Profile it

§ik Debug itin Seeker 132p

Code search >

<1Runto

4 Next call in receiver

1 Toreturn

4 To method entry
3 Nextcallin class
%F Next instance creation

2 and: 3 , 5.
equals: line

aGLineTest (GLine ©, Find
[l Copy %

[+ Messages.

' Assignments - Object Centric
<> Assignments - General

Query  Scripting
No Query executed

Case sensitive filter... (Press enter to apply)

Showing 0 results.

ExecutedBytecode: 203

Queries the execution, from start to

finish, for every <instance creation
message send>. Every listed result
corresponds to the moment before
performing the object instantiation
(Sender’s point of view)

2 All Instances Creation of class named as selection

2Al X

< Var| &6 Cut FI%

+Type

Query from:
select: X
collect: Y

programStates

(i) : program state (i)

program

program
stop

.]

4. 4

(@]

start
@ Q
d'. 4

O

@0000BO00O0

4« ‘l v q \ /.-l I l 4
.’ S, R e N’

®©.8.0..0}

query results
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Query results

= Shown in Ul like this

x -0 GLineTest>>testAsGLine 57
stack | S5
Stepping Control
Class Method Package « 3 1 ! a » ¢}
GLineTest testAsGLine Geometry-Tests PrevBytecode AdvanczDown BackUp NextBytecode Restat  ToEnd  NextIteration
GLineTest (TestCase) performTest SUnit-Core ming
GLineTest (TestCase) [self setUp. self performTes SUnit-Core e B
FullRlnckelosire (RlackClocensire: Kernel jOueryarAl) “5:"1‘““5 Bt l
Case sensitive filter... (Press enter to apply)
Pm:d li: m% “:—:'n m:nﬂh ns(En Ilmnbm vm&m cf:! Mm:l ExecBC About to instantiate a: Sender's Class o~ I
1 1862 GPoint [Geometry] GPoint class
1| testAsGLine 2 1874 G2DCoordinates [Geometry] G2DCoordinates class I
2 line := GLine through: 1, 2 and: 3, 5. I3 1935 GPoint [Geometry] GPoint class
3 self assert: line as6Link equals: line 4 1947 G2DCoordinates [Geometry] G2DCoordinates class
IS 2002 GLine [Geometry] GLine class I
6 2182 OrderedCollection [Collections-Sequence... OrderedCollection clas
7 2270 UndefinedObject [#undefined] Array class
Is 013 i [Collections-Streams] i dass I
9 2391 OrderedCollection [Collections-Sequence... OrderedCollection clas
10 2479 UndefinedObject [#undefined] Array class
Iu 2482 ] [Collections-Stre | i class I

OrderedCollection [Collections-Sequence... OrderedCollection clasy
Showing 0 results. rom a total of 35 unfiltered results, fetched in: 571ms).

ecutedBytecode: 2038 (23.30% of known execution)

(@): program state (j)

program

< : automatic step

 mwoso |
query results

_—_—_J
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ime-Traveling from results

x -0
Stack

Class Method Package
GLineTest testAsGLine Geometry-Tests
GLineTest (TestCase) performTest SUnit-Core

GLineTest (TestCase) [self setUp. self performTes SUnit-Core

GLineTest>>testAsGLine

a

EullRlackClnsura (RinckClosensire: Kernal
P ¥ 2 & I G S5 Q + <
Proceed  into  Over Though FRunto  Restat Retm Whereis? Create  Advance
1| testAsGLine
2 line := GLine through: 1 , 2 and: 3 , 5.
3 self assert: line asGLink equals: line

Seeker
Stepping Control

“ + 1 X a >
PrevBytecode AdvanceDown BackUp NextBytecode Restart  ToEnd  Nextlteration

Query  Scripting
Query for All Instances Creation
Case sensitive filter... (Press enter to apply)

ExecBC About to instantiate a: Sender’s Class Ca
1 1862 GPoint [Geometry] GPoint class
2 1874 G2DCoordinates [Geometry] G2DCoordinates class
3 GPoint [Geometry] GPoint class
4 G2DCoordi [ ¥l G2DCoordi lass
5 GLine [Geometry] GLine class
6 OrderedCollection [Collections-Sequence... OrderedCollection clas
7 UndefinedObject [#undefined] Array class
8 WriteStream [Collections-Streams] WriteStream class
9 OrderedCollection [Collections-Sequence... OrderedCollection clas
10 UndefinedObject [#undefined] Array class
11 WriteStream [Collections-Streams] WriteStream class

N OrderedCollection [Collections-Sequence... OrderedCollection clas,
Showing 0 resuks. rom a total of 35 unfiltered results, fetched in: 571ms).

N
ExecutedBytecode: ng (23.30% of known execution)

~ time-index

query results

{®,®,©,,00}
tt tt tt tt tt
@O PMO0®O0O0@006 00 0

program - program
start e stop
(i) : staté at time-index i from tt: time-travel

where a query result item
,~was collected

Qj : result item
collected at
time-index i
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Queries for program comprehension

List of Time-Traveling queries

I

L1
12
I3

II

IL1
1.2
IL.3

I
.1

1.2
Im.3

v

Iv.1
Iv2
Iv3

Messages.

Find all messages sent during the execution.

Find all messages, with a given selector, sent during the execution.
Find all received messages.

Instances Creation.

Find all instance creations.

Find all instance creations of a class with a given name.
Find all instance creations of exceptions.

Assignments - Object Centric.

Find all assignments of instance variables for the receiver of the
currently executed method.

Find all assignments of instance variables for a particular instance.
Find all assignments of a given instance variable for the receiver
of the currently executed method.

Assignments - General.

Find all assignments of variables with a given name.

Find all assignments of any variable.

Find all assignments of instance variables for instances of a given
class.

24



Queries for program comprehension

Based on questions from the literature Isilito. 2006]
[Kubelka, 2014]

[13.] When during the execution is this method called?

[14.] Where are instances of this class created?

[15.] Where is this variable or data structure being accessed?

[19.] What are the values of these arguments at run time?

[20.] What data is being modified in this code?

[32.] Under what circumstances is this method called or exception
thrown?

Sillito, 2006: “Questions Programmers Ask During Software Evolution Tasks"
Kubelka, 2014: “Asking and Answering Questions during a Programming Change Task in Pharo Language”

25



How they help?

List of queries Translation of questions into scripts/steps

Time-Traveling from results

Less “manual and tedious” traversal

26
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User Study - Queries for Debugging

We evaluated our Queries approach vs Standard Debugging
Techniques, for program comprehension tasks:

Do Time Traveling Queries ...

1. Improve correctness?
2. Reduce the employed time?
3. Reduce the number of debugging actions?

(Versus Standard Debugging Tools)

28



User Study - Experiment Design

Quantitative experiment
Repeated Measures Design (Within-subject)
34 Participants.

A I 7

€ Time-Traveling Queries.
€ Standard Debugging Tools
-  Measure the effect of: “TTQs"

€ On: Participant Score, Time, Debugging Actions

-  Followed by Qualitative Survey

Session of 90 minutes, solving program comprehension tasks, using:

29



Experiment Tasks.
From “simpler” ...

= How many times is the method
#atEnd of the object ‘generator’ is

called? and from which methods?

testAtEnd
| generator |

generator := self numbersBetween: 1 and:

self deny: generator atEnd.
generator next.

self deny: generator atEnd.
generator next.

self deny: generator atEnd.
generator next.

self assert: generator atEnd

30



Experiment Tasks.
To less “simple”..

testSteppingReturnSelfMethod

> What are the different values of |newContext|

aMethodContext := Context
sender: thisContext
receiver: SimulationMock new
method: (SimulationMock >>#exampleSelfReturnCall)

first 'newContext” object during arguments: #() .

the pc’ instance variable of the

this test? aMethodContext step. '
aMethodContext stepIntoQuickMethod: true.

newContext := aMethodContext step.

"We're in the quick method now, it should be steppable"
self assert: newContext sender identicalTo: aMethodContext.
self assert: newContext willReturn.

newContext := newContext step.
self assert: newContext identicalTo: aMethodContext
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icipants Score

Part

B TTQ

[ Control

Score (Moreis better)

Score (More is better)

B 170

& Control

Ze-juedoiped
Lg-juedioed
0g-juedoiped
62-juedoiped
gg-uedioiyed
/g-wedioped
9g-uedioped
Gg-juedioped
yg-uedioped
gg-uedioped
gz-uedoiped
Lg-juedioed
0z-juedoiped
61-uedioped
gl -juedioiped
/1-edioped
91 -juedioiped
Gl-juedioped
1 -juedioied
€l-juedoiped
ZL-uedoped
| L-luedoiped
0l-uedioped
60-juedioied
80-juedioiped
/0-uedioped
90-juedioiped
G0-juedioied
y0-uedioiped
€0-juedoiped
20-juedioped
LO-juedioiped
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ime

tsT

icipan

Part

TTQ

Control

\
)
]

(Less is better

Time

200

Time

a6

33

TTQ

Control

150

10 -

o o
{seinuy) awn |

100
50

Ze-juedioped
lg-juedioiped
0g-juedioed
6z-juedioped
g¢-juedioed
/g-uedioed
9g-juedioed
GZ-juedioned
¥¢-juedioed
€g-juedioned
ge-wuedoied
lg-uedioped
0z-juedioned
6l-juedioped
gl-juedioed
/\-juedionped
9l-juedioped
Gl-juedioned
¥1-juedioed
¢l-juedioped
Zl-juedionred
| L-juedioiped
0}-juedioiped
60-1uedioed
80-juedioed
/0-juedioed
90-juedioed
G0-juedioed
y0-juedionsed
€0-juedioed
20-juedioned
L0-juedioied

Time to complete all ‘Control’ and 'TTQs' tasks.
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ing Actions

ts Debugg

icipan

Part

17Q

Control

Debugging Actions (Less is better)

800

Debugging Actions

200

125

T7Q

Control

200

600

I !
T T
= =
= w

150

suoloy BuibBngag

400
200

o

ge-juedoned
Lg-juedioed
0g-juedioied
6¢-juedioied
g¢-juedioned
/g-luedped
9g-juedioed
Gg-juedioned
yg-wediped
gg-juedioiped
gz-juedioped
| g-juedioied
0g-juedioiyed
6-luedioed
8| -juedioied
/1-juedpped
9 |-juedioped
G|-luedioied
 |-juedioiyed
€-luedioiped
Z L-juedioiued
| L-juedioiped
0 -juedioned
60-1uedioed
80-juedioned
/0-juedioiped
90-juedioied
G0-luedioied
¥0-juedioiyed
€0-1uedioied
20-juedioied
L0-juediored

Count of debugging actions of participants
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Results Summary

Score (More s better) Time (Less is better) Debugging Actions (Less is better)
> T 50 T 200
4 + 4
40 150
B 2
03T 530 1 S
) 5 2100
8 2.9 20, - )
£ 850
14 10 K
[
[a)
0 - 0 - 0 -
[ control [ TTQ [ Control [ TTQ [ Control [ TTQ
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Post-Experiment Survey

Perceived tasks difficulty

Confidence in answers

15 s
13 (40.6%)
° 10 11 (34.4%)
Control T 8 (25%)
5
4(12.5%) 5 6 (18.8%)
010%) 4(12.5%)
ST e
1 2 &) 4 5 0
1 2 3 4 5
. Not sure at all They are for sure
= Difficutt trie correct
answers
15
15
13 (40.6%)
10 0 10 (31.3%)
9(28.1%
By 8 (25%)
TT QS 5 5
0 ! o — I
1 2 3 4 5 1 2 3 4 5
Easy Difficult Not sure at all They are for sure

the correct
answers

37



Post-Experiment Survey

Time-Traveling Queries evaluation

I Poor M Fair [0 Satisfactory M Very good M Excellent
15

10

0 I
Usefulness of the tool Intuitive usage



Experiment Conclusion

e e can express general program comprehension questions as
queries over programs executions.

e Results show that TTQs improve program exploration regarding
developers' efforts, time spent and precision, compared to
standard debugging tools.

e Even with little instruction time for participants, the results were
positive.

e Current TTQs don't cover the complete set of problems
developers face during their debugging sessions.
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Summary

Different tools and methodologies for program understanding.

Program exploration using interactive debuggers remains difficult and
tedious.

Proposed TTQs to improve exploration and comprehension.

Controlled experiment to evaluate our solution.

With TTQs, developers perform program comprehension tasks
more accurately, faster, and with less effort than with standard

debugging tools.

We will continue the Time-Traveling Queries work on:
o Researching new relevant queries.
o Researching the supporting infrastructure for TTQs.

Score
N w N o
1 1 1 ]

Score

3.88

N w N o
o o o =]
! I |

Time (Minutes)

o

r 238
|+ PRECIS
T

Control TTQ
Time
46

33

0

T
Control TTQ

Debugging Actions

200 -

o
=]

o
S

3]
o

Debugging Actions

200

125

o

Control T7Q
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