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KIJIN- AN AND ELI TILEVICH
SOFTWARE INNOVATIONS LAB




Distribution

 Why Distributed Computing?
 Take advantage of remote computing resources
* Improve performance and/or efficiency
* Distribution Benefits
* Access superior remote resources
* Share the computational load
* Distribution Costs
 Communication Overhead
* Partial failure

* Security
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Distribution (Granularity of Remote Service)
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(Granularity of
Remote Service)

Too Crude!



Distribution (Granularity of Remote Service)

(Asynchronous
Executions)

Too Fine!

(Granularity of

Remote Service)



Too Much Remote Execution not always beneficial
:Nano Service Anti-pattern[Moha 2012 et. al]

Slower Low

Speed Overhead | ‘ ‘ ‘ Bulk

(Granularity of
Remote Service)

Faster High
Speed Overhead | ©© O ~O OIS Nano

“Performance”  “Efficiency”
10



~Motivating Real-world’s

Example: Bo

Client-Side

Bookworm Data insights into classic stories

The Lady with the Pet Dog
by Anton Chekhov

L @

11

okworm

Server-Side
/api/ladydog

—-—-
~

S

/’

’
’
4

Executed Sequentially \\

Initial distribution
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~Motivating Real-world’s
Example: Bookworm

Client-Side Server-Side =
/api/ladydog V

SN
»” =S

,/ Executed Sequentially \\

BOOkWOIm Data insights into classic stories

The Lady with the Pet Dog
by Anton Chekhov

“No Results s Y
Until All tasks >« Exectite in Bulk!

“ ” b TRt
to complete!

Initial distribution
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~Motivating Real-world’s

Example: Bookworm

Client-Side

BOOkWOIm Data insights into classic stories

The Lady with the Pet Dog
by Anton Chekhov

Server-Side
/api/ladydog
GetSen
getUnique
Vocaburary
GetDialog
getColon
getSemiColon

Independent of
each other
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~Motivating Real-world’s

Example: Bookworm

Client-Side

BOOkWOI IY) Datainsightsinto

classic stories
I
with The Dead e of
pog Jamesjoyce o} o
- Poe
°

The Lady with the Pet Dog
by Anton Chekhov

L @

Server-Side
/api/ladydog
-

—-—.N

” ~

PAELN

]

\\ &l .
Splitting into smallest Units
to invoke Remotely
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~Motivating Real-world’s

Example: Bookworm

Client-Side Server-Side

/apl/ladydog

Bookworm Data insights into classic stories

TheLadyWiththePetDog -------------------
by Anton Chekhov P

~.—---u-—’

“It’s Faster Execution!”
By invoking all together,
“Asynchronously”
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Goldilocks Principle

5 4

Too Crude

Too Fine
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Goldilocks Principle

Just the right one!

& By

Too Crude Too Fine



D-Goldilocks

Client-Side Server-Side (/api/ladydog)
Too Small X £/
. . . ‘——---~~ 1] ”
Distribution .7 getVoc  GetC ‘\\ Too Crude
---------- > l\ GetSen GetDial ] & (Long LatencY)
S~ getCol 7
BOOkWOf IX) patainsightsintoclassicstories [ ——————— ———— - —
@
<
@
O
*
Q
-
. Q
- )
The Lady with the Pet Dog %
by Anton Chekhov -~
E!
Too Much 2N TINTIIITN } -,
Distribution ‘\ getVoc /"\C.Sf tc_/ Too Fine
B PO N & (Too much Overheads)
____Commutation __ __ - >, ‘GetDial
Overheads \CietSen,,___\___,,
_________________ > ———_ =~
Sooooooooooooon | Agetcel )




-
D-Goldilocks

Client-Side Server-Side (/api/ladydog)
Too Small B S
Distribution ,” getVoc  GetC ‘\\ “Too Crude”
---------- 2> | Getsen GetDial  J & (Long Latency)
S~o_  getCol ’,¢'
BOOkWOI YY) Data insights into classic stories S

The Cast of
Amontillado

Edgar Alan Poe

S Goldilocks
GetDial Principle

The Lady with the Pet Dog

by Anton Chekhov

Too Much o TSN TN ) o
Distribution (L getvoe i GetC ) Too Fine
S TTIzIIT eTEEe & (Too much Overheads)
_____ ommutation __ o, s, ‘GetDial }

Overheads \EetSe—n’:___:.___,,
SommIIts | (getCol




Problem Formulation

* Determine which functional distribution from the client’s
standpoint would minimize the cost of distributed execution

Cosoec(r) = a-latency(r) + (1-a): X resource(r)

Execution Time Consumed Resource
(Performance) (Efficiency)
Normalizing

20 Parameter
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Problem Solution Outline

e Redistribution operations:
* Partition
* [ry,...,r ] = partition(r)

e Batch
* r.= batch([r,,...,r.])

(A Remote Execution) (Independently Invocable)

‘ - partition |-p- G Q

(Multiple

Remote Executions) (Greater granularity)

@ -»| batch |9 G
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How to restructure Remote Services

ing

* Client Insourcing Refactor
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* Undoing Distribut
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How to restructure Remote Services

* Client Insourcing Refactoring

* Undoing Distribution
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How to restructure Remote Services

* Client Insourcing Refactoring

* Undoing Distribution

e e e et
F

24



How to restructure Remote Services?

* Client Insourcing Refactoring [\W\W\W "20]

REQ/RES
traffics

Client

Full-Stack
JS App

25

O d

Normalization & < Restoring  Fuzzing
Instrumentation Init State HTTP Cmd

|

Extracted
Remote Func.

Record & Replay
REQ/RES traffics

Server
Dependency |—. ‘
Analysis(z3) r

ia\ Client Position e

_ for Remote Equivalent
Entry/Exit Invocation Centralized

Points AST Rewriter Code

@ Identifying Entry/Exit Points of
Remote Functionality

(@ Constraints Solving &
Code Transformation
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-
How to restructure Remote Services?

* Client Insourcing Refactoring as re-distribution framework

(Original Distribution) (Re-Distribution)
|
Remote \

| ocal et
= r local - r local' -
[WWW °20]

[Any Refactoring] [Any Distributing
For Centralized Apps Frameworks]

[Kwon ICDCS'13,
EXTREMEJS '12,..]




-
Restructuring: Partition

(Original Distribution) (Re-Distribution)

---P[ partition]—--» ! Q

\ (Independent sets
Re mote ‘. (Equivalent Variant) of functions)
: [ r_local, |
. o,
Client C r local, )
Insourcing r local |- = 5
Refactoring — ( r_IocaIk_l]
_r_local, ]

Partitioning



-
Restructuring: Partition

(Original Distribution) (Re-Distribution)

Maximum
# of Distributions

----P[ partition ]—--»

\

\\ (Independent sets ’l
Remote \(Equivalent Varian) of functions) 1]/,
: ( r_local, .- ' ’
. i . (t_local, }-
Insourcing | _|ocal | -S> ..
Refactoring — . r_IocaIk_l] i
_r_local, |-

Partitioning Distribution



-
Restructuring: Partition

(Original Distribution)

--->[ partition ]—--»
\
AN (Independent sets
Remote \(Equivalent Variant) of functions)
: [ r_local, )
LOcaI Client y r ]
: | r local,
Insourcing r local |- > e
Refactoring — - [ r_local,, ]
_r_local,_ ]
Partitioning

29

(Re-Distribution)

Partioning r_local into

independent sets of functions
Initial Candidates: ALL
function decls in r_local

* Find partitions that are
independent each other by
using Dependency analysis for
"Control flows” and "global
variables” between function
decls




—
Restructuring: Partition & Batch

(Original Distribution) (Re-Distribution)

ry
r
Q- -
r
T o

Remote \ \ (Equivalent Variant)

‘ ﬁ
bl [_r_local, ) r_local;
Insour::eiZg _r _local, r_local,,
r_local - B
r_local, </
| r_local, | r_local,

(Inline Function Refactoring)

30 Partitioning Batching



—
Restructuring: Partition & Batch

(Original Distribution) (Re-Distribution)
F
L. I
--->{ partltlon]---b --P{ batch* ]—-»
Fk-1
¢\ rk
Re mote \\ (Equivalent Variant)
\ r local ¢ local. )
008! cpon [ r=local71 ] ngz:l | -
ourcling r local > e r_IocaIk-l distribute?
- _r_localy, | — < ¢ (local->remote)
- i ——->‘
_r_local, | r_local,

(Inline Function Refactoring)

31 Partitioning



—
Restructuring: Partition & Batch

(Original Distribution)

Remote \\ (Equivalent Variant)

Iy

---b[ partition]---»

\
Local  cjient
Insourcing

32

M.

(Re-Distribution)

r
’ --P[ batch* ]—-»
1 rk

N

r_local

[ r_local, ]

1>

. r local, |

_r_local,, |

—————

| r_local, |

) | X

4

T

r_local,
r_local, ,
| r_local, |

r_local,

(Inline Function Refactoring)

Partitioning

S
Remote - "Remote
i “'Fagad,e;i' Facadeh

’

===

Batching Remote Invocation



Batching Remote Invocation(Batch)

* Distributing Programing Pattern [Fowler '02, Ibrahim et.al ECOOP '09]

M1(p1) f1_f2 f3.f1(p1)
Client Remote
f2(p1) DTO |« »  Facade f1_f2_3.f2(p1)
f1 f2 f3 |DTO_script| f1 f2 f3
f3(p2) f1_f2_f3.f3(p2)
f1_f2 f3(p1, p2, p3)
The Client DTO stub accumulates The remote Facade function sequentially
the fine-grained service invocations invokes the bundled services. Then, it
then, transfers them (parameters) combines their execution results and
in bulk. returns in bulk.

33



-
Process for D-GOLDILOCKS

Initial Distribution
(Full-Stack JS app)

rom————— 1
i ngaf,’ei (Headless
t===X"—=" |Distribution Browser Testing framework)
BRI patterns’j Middleware
[ T |(multi-cored)
1--DIC__!

Client

Insourcing
(z3 Solver)

Partitioning

34

Remote

Independent : ~ ‘ n?W . .
swncion| | Batching Distributions_

(D9, [, DO, [, [ )
YL 111, 12], 191, 15, 71,10, ©]]
(2], [3], [6], [8], [0, 1], [5, 7]
(0], [3], [6], [8], [1, 2], [5, 7]
(0], [1], [2). [6], [8]. [3. 5, 71]
(0], {11, [2]. [3], [6], [5, 7, 8]]
(0], [1], [6], [7], [2, 3], [5, 8lI

011 1238, [5, 8] 6,711,

Measuring
Cost Functions

Batching Parameter Sets



-
Process for D-GOLDILOCKS

om————— 1
i ngafei (Headless
t===%====|Distribution Browser Testing framework)
Initial Distribution BRI patterns 1 . | Middieware
T lt-cored
(Full-Stack JS app) i__._DIQ__.i (multi-cored)
templates -
Client o m sowes)| Batching |
S Insourcing Partitioning Remote ‘
(z3 Solver)

(1001 [1], 16, 8], [2, 3], [5, 711
(0], [1], [2). [3]. [5. 7], [6, 8]]
(2], [3], [6], [8], [0, 1], [5, 7]
[[0], [3], [6], [8]. [1, 2], [5, /1]
1101, 11, 2], 18], 18], 13,5, /JJ
- —

[fa]
LLJLJL "

(0], [1], 161, [7]. [, 3], [5, 8]]
011 1238, [5, 8] 6,711,

Measuring
Cost Functions

Batching Parameter Sets



-
Process for D-GOLDILOCKS

Initial Distribution
(Full-Stack JS app)

———————
| Facade !
I wAA
'----2;---" Distribution
BRI patterns’j Middleware
oA I |(multi-cored)
1--DI0__!

Client

Insourcing
(z3 Solver)

Partitioning

36

m || Batching

Remote

(

(Headless
Browser Testing framework)

[10], [1], [6, 81, 2, 3], [5, 71].))
(0], [1], [2). [3]. [5. 7], [6, 8]]
(2], [3], [6], [8], [0, 1], [5, 7]
(0], [3], [6], [8], [1, 2], [5, 7]
(0], [1], [2). [6], [8]. [3. 5, 71]
(0], {11, [2]. [3], [6], [5, 7, 8]]

(0], [1], [6], [7], [2, 3], [5, 8l]

.

J

2

Batching Parameter Sets

Measuring
Cost Functions



-
Process for D-GOLDILOCKS

Initial Distribution
(Full-Stack JS app)

AT

t=—=2Z-—== |Distribution
BRI patterns’j Middleware

CTTARTTT |(multi-cored)

Client

Insourcing
(z3 Solver)

Partitioning

37

m || Batching

Remote

(

(Headless
Browser Testing framework)

[10], [1], [6, 81, 2, 3], [5, 71].))
(0], [1], [2). [3]. [5. 7], [6, 8]]
(2], [3], [6], [8], [0, 1], [5, 7]
(0], [3], [6], [8], [1, 2], [5, 7]
(0], [1], [2). [6], [8]. [3. 5, 71]
(0], {11, [2]. [3], [6], [5, 7, 8]]
(0], [1], [6], [7], [2, 3], [5, 8l]

.

J]

Batching Parameter Sets

Measuring
Cost Functions

Instrumenting Time: a couple of
MINs ~ a couple of HOURs for each
subject (DELL-OPTIPLEX5050)
Depending on possible
Combinations to batch them



Evaluation: Research Questions

e« RQ1l:—Value: How much programmer effort is saved by D-GOLDILOCKS’s
automatic redistribution operations?

e RQ2:—Cost Model Correctness: How applying the partition and batch
operations affect the distributed execution’s “latency” and “consumed
resources” attributes?

o RQ3:—Utility of Cost Model for Redistribution: How useful is the cost
function for guiding redistribution decisions?

e« RQ4:—Energy Consumption: What is the effect of redistribution on the
amount of energy consumed by the client?

38



Subject Full-stack JavaScript Apps
:0riginal Performance and Efficiency

Original “Latency” Original ”_”(Resource)

39

Remote Services L(ms) -
/api/ladypet 77.83 337
/api/thedea 164.62 695
/api/bigtrip 42.11 304
... (Total 12 Subjects from 4 Full-Stack Apps)
/string-fasta 29.85 328
/cflow-rec 35.43 326
/prprty/brokers 20.64 323




Subject Full-stack JavaScript Apps

:How many Lines of Code(f’é?c) and Independent sub-functions

are in the original remote functionality(Centralized Variant)?

Remote Services Ié?C [ dec ;’1“%
/api/ladypet 394 9 8
/api/thedea 394 9 8
/api/bigtrip 394 9 8
... (Total 12 Subjects from 4 Full-Stack Apps)
/string-fasta 38 5 2
/cflow-rec 49 4 3
/prprty/brokers 379 3 3




Subject Full-stack JavaScript Apps

:RQ1 Value : How much Programmer Effort is Saved by
D-GOLDILOCKS’s automatic redistribution operations?

Initial Distribution

(Headless 7
Templates Browser Tes’fing framework) é?c f decl ?:“ll’
Ty 394 9 8
l gl - 394 9 8
Clifzn_t B?{i%r;igg Distributions ( 4 9 8
Insourlcl ?r?: _>g?f mvocTation S 39

ity
[12]. [31. 161, [8], [0, 11, [5, 7]] 38 5 2

i
, [11, [2], [6], [8], [3, 5, 7
[[0], [11, [21, [3], [6], [5, 7, 8] 49

[0

N
w

o All combinations of
.

41 Batching of f¢ 379 3 3

sub




Subject Full-stack JavaScript Apps

:RQ1 Value : How much Programmer Effort is Saved by
D-GOLDILOCKS’s automatic redistribution operations?

Initial Distribution

Headl
Browser '(I'ezfi]nge?rsamework) Loc f ind | D|
Templates CI decl sub
394 | 9 8 | 1.6M
new | D | 394 9 8 1 -6 M
Client Batching Distril
Insou ricing& —_— Remo’Fe 39 4 9 8 1 . 6 M
Partitioning LOC Invocation
CI T 2\
( [[8], [1], [g, 8% [2,53]7, [5,672 :
(2] (3} o (15, 1. 5 7] 394 x 4139 38 5 2 76
bheaiandl ~=16x10°
ﬁg_]i [1], [21, 131, 161, [5, 7, 8] ULOCs 49 4 3 245
- All combinations of
[0, ;
47 - Batching of fi4 379 3 3 1.5K




Laten cy o« RQ2: Model Correctness(latency)
e The larger the number of new

Latency[ms] remote functionalities, the smaller
70 is the aggregate average latency
1
60 (latency(r) = - Xi=1 T(r))
50 o Splitting a single long-running

remote function into a small
40 number of asynchronously invoked

30
20

10
1 2 3 4 5 6 7 8

Asynchronously

# of Remote Executions Invoking parts

43



Latency

50
40

30 \ /api/thereadroom 30

50
40

/api/thebigtrip 60

100
80

20 20 40
10 10 20
0 0 0
1 2345678 1223458678 1
200 40 25
. 35 | .
150 /api/the_d 5 /api/thegift 20
25 15
100 20
50 10 5
5
0 0 0

1 2 3 45 6 7 8 1

60
50
40
30
20
10

y

/api/wallpaper

2 3 4 5 6 7 8

2 3 4 5 6 7 8 1

260
210
160
110
60
10

/api/oftshore

2 3 4 5 6 7 8

/api/ladypet

2 3 4 5 6 7 8

/api/thecask

2 3 4 5 6 7 8



Resource(CPU Utilization)
zTCPU

46

950
850
750
650
550
450
350
250

.

2 3 4 5 6 7 8

# of Remote Executions

RQ2: Model Correctness (Resources)

We measured total CPU Utilization to invoke a
remote service r: resource(r) =)=, CPU(1;)

Consuming Client’s Resource a lot to invoke
multiple remote executions, propositionally
to # of invocations




Cost Function

« Scaling Factor a

o We empirically determined the required normalizing factor for the
latency(milliseconds) and sum of CPU usages terms by scaling the observed
latency/CPU usage ratios across all measurements o = L/s7,,., = 0.9281

Coweec(r) = a-latency(r) + (1-a) -2resource(r)

Consumed Resource

Execution Time

(Performance) (Efficiency)
70 .
o Latency(ms) 1050 Sigma(Tcpy)
50 850
40 650
Normalizing 3 450
47 factor % 23 45678 12345678

# of Remote Invocations # of Remote Invocations

T 7



Cost
Function

RQ3:—Utility of
Cost Model

48

80
70
60
50
40
30

80
70
60
50
40
30

]

]

/api/thereadroom

2 3 4 5 6 7 8

/api/thegift

2 3 4 5 6 7 8

00
90

80
70

/api/thebigtrip 80
60 70
50 60
40 >0
40
30 30
12 3 4 5 6 7 8 1
180 80
170 20
160 .
150 /api/the_d 50
140
130 50
110
100 30
1 2 3 4 5 6 7 8
90 P 260
80 api/wallpaper
210
70
60 160
50 110
40

1234567860

]

/api/ladypet

2 3 4 5 6 7 8

/api/thecask

2 3 4 5 6 7 8

/api/offshore

1 2 3 4 5 6 7 8



80
70

/api/thereadroom

80
70

00
90
80

/api/thebigtrip

60 60
Cost 70
50 50 60
I 50
Function « 4 o
30 30 30
1 2 3 456 7 8 1 2 3 456 7 8 1
80 180 80
RQ3:—Utility of Jthegi e
‘ y Of 70 /api/thegift 160 e 70
api/the_
CostModel " pommmmems , < '« .
50 130 50
40 120 40
110
30 100 30
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
190 260
30 /api/wallpaper Do
Too Small Too Much 70
Distribution  Distribution 60 160
50 110
43 40

1234567860

]

/api/ladypet

2 3 4 5 6 7 8

]

/api/thecask

2 3 4 5 6 7 8

/api/offshore

2 3 4 5 6 7 8



Energy Consumption

o« RQ4: What is the effect of redistribution on the amount of energy
consumed by the client?

- We natively build the subject app (BookWorm) by using Apache Cordova
- PowerTutor [L Zhang et.al]: a model-based energy profiler for mobile apps

- Energy Consumptions (EC) for Original, Worse, and Best

A
Subject App 4
* HTML
% » — | Android | —»
JavasScript,
*.CSS
l—l-

Apache Cordova QISKIW-L24-HUAWEI PowerTutor
>0 (Marshmallow)



Energy Consumption(Original)

« Cost Function Versus. Energy Consumption

51

ECoriginaI_dist Original 8.4mJ
ECbeSt_diSt MIN Cost 13.4mJ
ECuworst dist | MAX Cost 47.4mJ

/api/thereadroom
Lowest Energy
Consume But
Highest Latency!
& Y getSentence
getDialog
getPeriods

getVocabulary

getQuestions

getColons
getCommas

/ getSemiColons

i



Energy Consumption(Worst)

« Cost Function Versus. Energy Consumption

ECoriginal_dist

Original

8.4md

ECbest_dist

ECworst_dist

52

MIN Cost

MAX Cost

13.4mJ

47 .4md

/api/thereadroom
600% More Energy

~ Consumption! e,

:,. getSentence .

L 4
vy
suEm -
....... ‘!'=ll-‘l. Tu,

;. getDialog

lllllllll ey en, .
....... “‘ ‘..llli."‘
%4 e

*, v.getPeriods

------
"""""""
** 1]

~getQuestions, :

e i D

/ v, getCommas Fxeueeauuenane
........ :;;g;ifu‘---.---......

////’ ', getSemiColons >



Energy Consumption(Best Dist. by D-Goldilocks)
« Cost Function Versus. Energy Consumption

50% More Energy e
Consumption o* R

o .
* I..
b,
.,

getSentence—> 5
- getVocabuIary *a ,ge

.
.
a
N
.
* * '. .
LETTTTETL e munm -5-"‘
‘-‘ ba,
%

o* getQuestlons—> R
- getCoIons—»

/ getCommas_> .
/y % getSemiColons ‘,0'

L Ak b 2N

ECoriginal_dist Original

— getDialog— =

“II..

tPeriods ’.'

L 2

ECworst_dist MAX Cost

*
0



Conclusion

. A set of domain-specific automatic refactorings for
reshaping and redistribution.

« A cost function-based heuristic for identifying how to
improve the performance and efficiency of distributed apps
by reshaping the original distribution, which was too crude.

« A systematic evaluation of our approach’s value, utility, and
efficiency for our reference implementation “D-Golilocks”

o @ i



Future Work

« Problem Formulation & Solution for different Capacity of
Clients and Servers including Network condition

. Adaptation to Edge Computing for addressing their resource
constraints and execution volatility

« Other types of Software Evolution Scenarios

55
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Appendix-1: Can multiple Executions reduce the aggregate

. 1
average latency non-linearly?: latency(r) = ~ i—1T(1r)

Executed a heavy

Execated 5 sub-tasks , _ Executed 4 sub-tasks
’ . - processing function -
,Sequentially for 1000ms, Segdentially for 150ms
\ for 950ms= == ’ N
04

/ 5
! I
' /

\ V4
~ V4
~~-_”

y processing
function

~.-——”

Latency_1 Latency_2
- =1/5 (1000+1000+ =1/5 (950+150+
1000+1000+1000) = 1000 (ms) 150+150+150) = 310 (ms)



Appendix-2: Code-Base Example

//original Server:server.js
function getSenAvg(array){...};

function getVoca(str){...}; __//after Client Insourcing:app.js //after Redistribution:index.html
//Insourced remote functions <IDOCTYPE html>
e , . , function getSenAvg(array){...}; <script src="./app.js">
app.i:g(-:'t( '/api/ladypet’, function getVoca(str){...}; P PP~
unction(req, res){...}); o ClientDTO.b_param = BATCH_PARAM;
function ladypet_local(){ //Batched Invocations:
L oriainal Client . _ //1;Y°ke SR SIS —>  getSenAvg=ClientDTO(getSenAvg);
origina ient:app.js O : —C14 .
$scope.getLadyWithPetDog = $scope.getLadyWithPetDog = getVoca=ClientDTO(getVoca);

function() {... e
//from remote to local </script>
var text = ladypet_local();

function() {...
$http.get(’/api/ladypet’).then(
function(response){ )
var text = response.data; ..
});/*remote invocationx/ }

Client Batching fine-grained

cg Insourcing service invocations



