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Software Is Never Done

Change is inevitable
l[‘;g;mgy Fﬁaiges * Requirements change
 Business priorities change
* Programming languages change
* Deployment environments change
« Technologies and platforms

Software

Ideal Design

‘ | change
requirement
changes requirement | deployment * Interacting systems change
changes environment
changes °
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Periodic Refactoring Is Key to Keeping Code Healthy

Software must be delivered on time and on
budget.

Messy software slows down development
teams' ability to deliver new features or
address existing issues.

Mission-critical software must evolve
over time in response to mission needs.
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Examples of Refactoring Goals that Enable Evolution
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Copal;ifl‘ty reuse

Microservice Architecture

Replicating software capabilities is a
popular technique to scale software (e.g.,
via a microservice architecture).

Abstraction Layer

Isolating capabilities so that they can
later be replaced with a better option.

Software Library

Reusing software to increase software
quality, reduce development times, and
save money (e.g., modular monolith).
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Refactoring Gets Harder at Scale

Large-Scale Refactoring
» Changes require substantial effort
and coordination among multiple
teams of developers
» Measured in staff months to years
* Architecture changes and non-local
effects
cost and schedule
impacts increase
{ | .. likelihood of securing
» Measured in minutes to hours of time I funding decreases
* Local effects
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As scale increases,

m cross-team coordination

,Q\,Q\,Q\ increases

{} technical risk increases

Refactoring Sprints

» Changes made by a single team

 Often time-boxed (e.g., a two-week sprint)
» Effects limited to a single service

* E.g., 20% reserve to remove technical debt

“Floss Refactoring”
» Changes made by a single developer
* Intermingled with feature development



Large-Scale Refactoring (LSR) in Industry

*Most respondents had performed LSR multiple times

*Most systems on which they had performed LSR had
undergone LSR multiple times
* Mean of 1,500 staff days to perform LSR

& & o o o3 'Y)

10 10° 10° 10*

Refactoring Effort (in days)
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We surveyed 107 industry
practitioners to understand
the state of the practice.

J. lvers, R. Nord, I. Ozkaya, C. Seifried, C.
Timperley, M. Kessentini. Industry Experiences
with Large-Scale Refactoring. Foundations of
Software Engineering: Software Engineering in
Practice (ESEC/FSE). November 2022.

J. lvers, R. Nord, I. Ozkaya, C. Seifried, C.
Timperley, M. Kessentini. Industry's Cry for Tools
That Support Large-Scale Refactoring. /ntl.
Conference on Software Engineering: Software
Engineering in Practice (ICSE-SEIP). May 2022.
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Untangling the Knot

The SEI has developed an automated Refactoring Assistant for developers
reduce refactoring costs using a semi-automated approach.

Source Code
Refactoring Recommended
Project-Specific Goal

J. Ivers, C. Seifried, . Ozkaya. Untangling the Knot: Enabling Architecture Evolution with Search-
Based Refactoring. 79th IEEE International Conference on Software Architecture (ICSA 2023). 2023.

Our Refactoring Assistant helps modularize specific capabilities, isolating their
implementations from surrounding code.

It works with C# and Java code bases today, with C/C++ support in the works.
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Software Modularization Is a Recurring Challenge
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Examples include

« strategic reuse

* rehosting on new platforms
* moving to the cloud

There is structure in this data, but that structure
doesn't always let us do what we need to do.

A “simple” view of
only 68K LOC.
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Key Concept — Problematic Couplings
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Only certain software dependencies interfere
with any particular goal.

For example, if we want to harvest a feature:

» The core problem is dependencies (red lines)
from software being harvested to software that is
being left behind.

 All other dependencies are irrelevant to the goal,
allowing us to focus our analysis and search for
solutions.

This insight enables us to apply search-

based software engineering techniques

and treat this as an optimization problem.

[DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution.



SEl's Automated Refactoring Assistant

Search

Algorithm

A multi-objective genetic
algorithm (based on
NSGA-II) that uses ...

... to solve more than 80%
of problematic couplings.

Graph
Representation

Formalized
Refactorings

Fithess
Functions

K. Deb, A. Pratap, S. Agarwal, T. Meyarivan. A Fast and Elitist Multiobjective

Genetic Algorithm: NSGA-Il. I[EEE Transactions on Evolutionary Computation. 2002.
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static code analysis to
generate an intermediate
representation,

Fowler-style refactorings that
have been formalized in terms
of the graph, and

a collection of measures of the
"goodness" of solutions for
different objectives

[DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution.



Multi-objective Optimization

Solutions that solve most of
the problem at the cost of
(- ) adding a lot of code
20000

17500 _ _
Compromise solutions

(solving more than 3/4 of
the problem while less
than doubling code size)

- 15000

C)

12500

Lines of Code (LO

10000

Solutions that add very
little code at the cost of
solving much less of the
problem

7300
5000 % .
( ’

100 200 300
Problematic Couplings
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400

When optimizing for multiple
objectives, there is no single
best answer; instead, we
generate options that represent
trade-offs among competing
objectives.

This allows developers to
choose the trade-offs that best
match their needs.

[DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution



Specific Refactoring Recommendations

ID DESCRIPTION PC

2 MoveClass (org.elasticsearch.Version) 162*

Extractinterface (org.elasticsearch.common.xcontent.XContentBuilder, {endObject(),
startObject(String), field(String,String), humanReadableField(String,String,Object),

52 160*
startArray(String), endArray(), value(String), field(String,int), field(String,long),
array(String,Object...)})
6 MoveClass (org.elasticsearch.cluster.node.DiscoveryNodeRole) 144*
5 MoveClass (org.elasticsearch.cluster.node.DiscoveryNode) 1563*
3 Movelnterface (org.elasticsearch.action.ActionListener) 142
1 MoveClass (org.elasticsearch.common.unit.TimeValue) 145

WORK

0*

r1o0*

0*

o*

0*

0*

LOC

1427

11

7187

1437

1322

1408

SCORE

1123

989

913

888

728

717

Step by step instructions, many of which can be automated by modern IDEs.
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Current Capabilities

Programming languages supported
 Today: Java and C#
* In progress: C/C++

Our refactoring assistant

* scales to at least 2M SLOC

* generates recommendations that solve
the majority of each software isolation
problem
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Case Study
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Elasticsearch Case Study

» Utilize a real-world scenario as use case:

Elasticsearch
* Go end-to-end:
- apply the tool to the problem
- implement refactorings
- confirm success through test

Role of Automation in Reducing Software Refactoring Costs
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Reduce packaged size of sql-cli executable jar
© Open

mark-vieira

dependen
the El.
should lo

the :server project, which is a huge monolith.

https://github.com/elastic/elasticsearct/issues/65030
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https://github.com/elastic/elasticsearch/issues/65030

Elasticsearch Info

Elasticsearch is a distributed, RESTful
search and analytics engine

Over 2M lines of code
Written in Java

Over 13K tests available
Build & test time ~ 2hr

v ((

. <> Java
elasticsearch —
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Anticipated Benefits

Modular code

 Allows for work to be performed more
independently

* Reduces build and test times

» Improves developer productivity (e.g.,
IDEs load and perform better with
smaller code bases)

* Enables agile development and future
improvements

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution.
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Plan of Attack

« Extract a subset of functionality into an
independent library (break the monolith!)
» Use the refactoring assistant to generate
recommendations
- Identify the target (scenario selection)

- Run the tool (took ~21 minutes to generate
solutions)

- Pick a solution (solution selection)
 Follow the refactoring recommendations
« Complete the refactoring (PCs not solved
by the tool)

* Run the tests and confirm that they pass

Role of Automation in Reducing Software Refactoring Costs
© 2023 Carnegie Mellon University

[ libs =
[z cli [elasticsearch-cli]
[7 core [elasticsearch-core]
[z dissect [elasticsearch-dissect]
[ogeo [elasticsearch-geo]

[z grok [elasticsearch-grok]
[T knot [elasticsearch-knot]
build
&7 build.gradle

[z log4j [elasticsearch-log4j]

[51z4 [elasticsearch-1z4]

[z nio [elasticsearch-nio]

[5 plugin-classloader [elasticsearch-plugin-classloader]
[z secure-sm [elasticsearch-secure-sm]

3 ssl-config [elasticsearch-ssl-config]

[z x-content [elasticsearch-x-content]

£7 build.gradle

apl project(”:libs:elasticsearch-secure-sa’)

api project(*:1

[DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution



Scenario Selection

 Scenario selection has a huge impact on

Jurl = https://github.com/elastic/elasticsearch
4 hosh = 5d59614610d66b20Td184c I cadBabicdabcds
5

refactoring activities Lo

& scenardo_type = A
]
18 [candidate

» Start with lowest common denominator i

arch. common
arch. common, i

tream. By teArrayStreaninput
tream, 8y tesuf fer streaninput
tream
treamoutput
ATADUTPUTSTrean0ut put
Delayablewriteable
(Filterstreamlnput
L InputStreanstreantnput
amedWr i teable
amedr i teableawar estreaninput
21 org.elasticsearch. common Hamodwrd teableRegistry
a rves e ror N e rve r 22 org.elasticasarch. comnon. 0. strean. GUEUTSTreARSTroaROULpUT
23 org.elasticsearch.common, io. stream, Posd tionTrackingOutputstreanStreandut put
14 org.elasticsearch.common. ia.strean. ReleasableBytesStreantutput
25 org.elasticsearch.commen. io.stream, Straaninp
26 org.elasticsearch.common. . stream. StreanOutpy
17 org.elasticsearch.common. io. strean. Versionediamedwriteable
18 or, slasticsearch.common, io. strean, Writeable
16 org.#lasticsearch.common. io.Streams
- 38 org.elasticsearch. conmon. geo. GeoBoundingox
! Org.elasticsearch.common.io.stream.StreamInput org.elasticsearch.common, geo.GeoDistance
31 org.elasticsearch. common. geo.GeoFormatterFactory
erg.elasticsearch.commen. geo. Geolson
S 34 org.elasticsearch. commen. geo.Geol ineDeconposer
R 15 erg.elasticsearch.common, geo.GeometryformatterFactory
36 erg.elasticsearch. commen, gea. GeometryId
37 org.elasticsearch. connon. geo. GeometryParser
3B org.elasticsearch. commen, geo. GeonetryParserfFormat
D 39 org.elasticsearch. common. gea.GeoPoint
40 org.#lasticsearch. connon. gea.GeoPolygonDeconposer
41 org.elasticsearch. common. gea. Geoshapeltils
42 org.elasticsearch. comnon. gea. GeoUtils
43 org.elasticsearch.common. gea.Orientation
44 org.elasticsearch.common. gea. ShapeRelation
45 org.elasticsearch. common, geo. SinplefeatureFactory
H 46 org.elasticsearch.commen, geo. SinpleVectorTileFormatter
AT org.elasticsearch. common, geo. SpatialStrategy
48 org.elasticsearch.common, geo. SpherfcalMercatorUtils
45 org.elasticsearch.ElasticsearchException
50
51 [do_not_refactor]

ic

» Selected Streaml/O and GeoUtils to be R

19 org.elasticses
20 org.elastics

ch.conmon
reh. common

>

i+

(9]
\m%ﬁ*

. ! 52 org.elasticsearch.cli . Command
Org.elasticsearch.common.io.stream.StreamOutput i I aEticanrch ot Exitcodss
- 54 org.elasticsearch.cli . Mult {Conmand
=5 -gelasticsearch.cli Sur  ~sForbi-en
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Solution Selection

» Used the refactoring assistant GUI to

% o o | e inspect potential solutions
- Easy comparison of solutions (very useful!)
; — « Compared solutions at the edges of the
| chart (PCs vs Work)
Bl T » Reviewed the types of recommended
_— s steps (e.g., MoveClass vs
Extractinterface)
i » Selected a solution
Overall process took ~15 mins
Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution
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Following Refactoring Steps

Following solution steps generally fell into
one of three categories:

1. Followed refactoring guidance
2. Deviated from refactoring guidance
3. Unresolved Problematic Couplings

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution. 2 2
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Followed Refactoring Guidance

Step 20: MoveClass (org.elasticsearch.common.util.concurrent.EsRejectedExecutionException)

Step 19: MoveClass (org.elasticsearch.common.bytes.PagedBytesReference) b Most SOIution Ste pS fe" in thiS Category

Step 18: MoveClass (org.elasticsearch.ExceptionsHelper
: s e 41/46 or 89%
Step 17: MoveClass (org.elasticsearch.index.fielddata.SortedNumericDoubleValues) 0o

Step 15: MoveClass (org.elasticsearch.common.settings.SecureString)

Step 14: Movelnterface (org.elasticsearch.common.util. BigArray) ° MOSt Of these Steps COUId be
Step 13: MoveClass (org.elasticsearch.action.ShardOperationFailedException) Implemented automatlca”y US|ng the IDE

Step 12: MoveClass (org.elasticsearch.Build)

Step 11: MoveEnum (org.elasticsearch.common.unit.DistanceUnit)

Step 10: MoveEnum (org.elasticsearch.rest.RestStatus) ¢ RefaCtorlng proceeded qUICkly (~45hrs)
Step 9: MoveClass (org.elasticsearch.common.bytes.ReleasableBytesReference) even though We Were neW to the Code

Step 8: MoveClass (org.elasticsearch.common.bytes.BytesArray)

Step 7: MoveClass (org.elasticsearch.common.text.Text)

Step 6: MoveClass (org.elasticsearch.common.io.stream.MNotSerializableExceptionWrapper)
Step 5: MoveClass (org.elasticsearch.ElasticsearchParseException)

Step 4: MoveClass (org.elasticsearch.index.Index)

Step 3: Movelnterface (org.elasticsearch.common.bytes.BytesReference)

Step 2: MoveClass {org.elasticsearch.Version)

Step 1: Movelnterface (ora.elasticsearch.common.util. ByteArray)

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution.
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Deviated from Refactoring Guidance

* Five steps (11%) were less than ideal or
suggested changes the developer did
not agree with R e, e

- The refactoring assistant allows us to
deviate as we see fit e

» For example:

Decided to break the dependency and simply use the string. In the future o string constants can be crested
did this bec " - o t e net LR d

- Some dependencies can be easily broken e s
by calling system methods directly

- Step suggested creating an interface for
static methods; a class is a better option

Step 48: ExtractInterface (org.elasticsearch. .util.PageC ycler, {PageCacheRecycler.PAGE_SIZE_IN_BYTES,
PageCacheRecycler.BYTE_PAGE_SIZE}) -> new_interface_name_2

[Crea‘ted a class instead of an interface]

b8f23b8c Mario Benitez <2215640+zibler@users.noreply.github.com> on 10/17/23 at 4:39 PM

In 2 branches: HEAD, iter2.3-2

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution
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Unresolved Problematic Couplings (Finishing the Job)

« As mentioned before, not all problematic couplings are solved by the tool
* A very small percentage (2.8%) was left up to the developer to resolve

« Al augmented software engineering helps (a lot), but it won’t replace
developers
* Let's see an example...

Role of Automation in Redud ng Software Refactoring Costs [DISTRIBUTION STATEMENT A ] Approved for public release and unlimited distribution
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Uncoupling Parent Class from Child Classes

» The parent class ElasticsearchException
2@ clasticsearchxcention depended on its children (>170 classes)

 This is less than ideal code (i.e., circular

% dependencies are bad!)

Solution: decouple responsibilities by
ActionTransportException BlobStoreException remOV|ng |ndeX |n|t|a||zat|0n ma|nta|ned
for other purposes

Key: UML

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution
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Put In Perspective

Followed refactoring guidance Unresolved Problematic Couplings
* Moved 80 files, created 5 files * Moved 93 files, created 8 files

* Resolved 210 PCs (97%) * Resolved 6 PCs (3%)

* In ~4.5hrs * In ~160hrs

20000
18000
16000
14000
12000
LC-)) 10000
—
8000
6000
4000
2000
0

II I. <o |magine if we did it all by hand?

Solution Steps Unresolved Couplings

Operation

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution.
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Lessons Learned
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Your Refactoring Strategy Matters

» Create a strategy prior to refactoring to
make it easier to implement
,_ « Start with lowest common denominator
// - This example involved creating a library with
< the harvested code
NG

» Suggestions for implementation strategy

- Move code to a new package first. This
helps identify PCs that need to be broken

- Package as a new build unit last

Role of Automation in Reducing Software Refactoring Costs
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IDEs Help

» Use IDEs to automatically implement
simple code changes (e.g., imports and ,

Side-by-sideviewss +  Domotignore v | | Heghiight words +

9c32f843 1e1753e8 (IcuTokenizerFactory.java)

class references
» Keep in mind that IDEs may make |

mistakes (they are still good tools!) =
« Compile and test often to catch any

errors introduced by the IDE. ’

u.segnentation.ICUTokenizer; tmport org.spache.lucene.analysis.icu.seg 1on. ICUTokenizer;

analysis

n.ICUTokenizerconfig;

R analysis.icu.segaentation.ICUTokenizerConfig; import org.apache.lucene.analysis.icu.segne
org.elasticsearch.ElasticsearchException; import org.elasticsearch.knot.ElasticsearchException;

comm

.settings.Settings;

ttings; 1mpo

org.elasticsearch. env.Environmes env.Environment;

search. index.Indexsettings;

org.elasticsearch. index. Indexsettings; im

wrch, chent benchmark main

:search.client.rest-high-level.main

earch.clent rest-high-leveLtest
wh distribution.docker. yamiRestTest
search iibs.elasticsearch-geo.test

wrch. modules.aggs-matrix-stats. main

search. modules ingest-common. main

search.modules.ingest-common.test

search.modules. tang-mustache test

o search. modules. lang-painiess.test

elasticsearch. modules.legacy-geo.main

o wch.modules Jegacy-geo.test

o rch. modules. mapper-extras.internalClusterTest
e

elas

elas

search. modules. percolator.main

wrch.modules. percolator.test

Step 16: Extractinterface (org.elasticsearch.common.util.BigArrays, {BigArrays.NON_RECYCLING_INSTANCE, n
Fix references to moved code in string constants

Fix broken references to new Knot package

Role of Automation in Reducing Software Refactoring Costs [DISTRIBUTION STATEMENT A] Approved for public release and unlimited distribution
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Work Incrementally

Git Log: HEAD
Q- M Cc Sranch: HEAD Date 2aths ’j

Step 34: MoveClass (org.elasticsearch.comman.Numbers)

Branches

Step 33: MoveClass (org.elasticsearch.Assertions)

Step 32: MoveClass (org.elasticsearch.common.bytes.CompositeBytesReference)
Step 31: MoveClass (org.elasticsearch.common.util.set.Sets)

Step 30: MoveClass (org.elasticsearch.comman.ic.FileSystemUtils)

Step 29: MoveClass (org.elasticsearch.index.fielddata.MultiGeoPointValues)
Step 28: Movelnterface (org.elasticsearch.ElasticsearchWrapperException)
Step 27: MoveClass (org.elasticsearch.common.util.CollectionUtils)

Step 26: MoveClass (org.elasticsearch.common.logging.LoggerMessageFormat)
Step 25: MoveClass (org.elasticsearch.index.fielddata.GeoPointValues)

Step 24: MoveClass (org.elasticsearch.common.Strings)

Step 23: MoveClass (org.elasticsearch.comman.bytes.AbstractBytesReference)

Revision control is your friend

Step 22: MoveClass (org.elasticsearch.search.aggregations.bucket.geogrid.GeoTileUtils)

Step 21: MoveClass (org.elasticsearch.index.shard.Shardid)

Step 20: MoveClass (org.elasticsearch.common.util.concurrent.EsRejectedExecutionException)

Step 19: MoveClass (org.elasticsearch.common.bytes.PagedBytesReference)

Create a commit for every step in the
Step 18: MoveClass (org.elasticsearch.ExceptionsHelper) .
Step 17: MaveCl (org.elasti h.index.fielddata.SortedN icDoubleValues) f t g
i 5 M g WA o o D, reractorin

This allows for easy backtracking of
Step 11: MoveEnum (org.elasticsearch.common.unit.DistanceUnit)
Step 10: MoveEnum (org.elasticsearch.rest.RestStatus) C h a n g e S Wh e n n e ed ed

Step 9: MoveClass (org.elasticsearch.comman.bytes.ReleasableBytesReference)

Step 14: Movelnterface (org.elasticsearch.common.util.BigArray)

Step 13: MoveClass (org.elasticsearch.action.ShardOperationFailedException)

Step 12: MoveClass (org.elasticsearch.Build)

Step 8: MoveClass (org.elasticsearch.common.bytes.BytesArray)

Step 7: MoveClass (org.elasticsearch.common.text.Text)

Step B: MoveClass (org.elasticsearch.common.io.stream.NotSerializableExceptionWrapper)
Step 5: MoveClass (org.elasticsearch.ElasticsearchParseException)

Step 4: MoveClass (org.elasticsearch.index.Index)

Step 3: Movelnterface (org.elasticsearch.common.bytes.BytesReference)
Step 2: MoveClass (org.elasticsearch.Version)

Step 1: Movelnterface (org.elasticsearch.common.util.ByteArray)

Change ElasticsearchException member visibility

Candidate SET: ElasticsearchException

Candidate SET: Geo

Candidate SET: Stream

Role of Automation in Redud ng Software Refactoring Costs [Distribution Statement A] Approved for public release and unlimited distribution.

© 2023 Carnegie Mellon University



Conclusions

[DISTRIBUTION STATEMENT A] Approved for public release and

unlimi

ted distri

bution

Carnegie
Mellon
University

Software
Engineering
Institute




Conclusions

» Refactoring large code bases is « Working with modular code is better
beneficial, but it takes time because...

* This is a first step (bug’s been opened - 14K lines of code vs ~1M
for 3 years!) - 120 files vs ~6K

« Automation can speed up this process - Fast IDE operations vs hourglass
greatly

- Refactoring assistant created a plan to
solve 97% of PCs in ~21 minutes

- IDEs automate much of the implementation
» Developers are still needed to review the
plan and complete the work
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Learn More

Learn more about the SEI's work in

software isolation and large-scale
refactoring:

https://sei.cmu.edu/go/knot

Contact us at sei-knot@sei.cmu.edu
if you are interested in collaborating.
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https://sei.cmu.edu/go/knot

THANK YOU!
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