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Customizable Software

Movements in software development
1. All-in-one software suitable for many

purposes
2. Customized software for special

requirements
Software product line (SPL)

I Set of software-intensive systems that
share a common, managed set of
features

I Reuse of development artifacts
I Variability commonly expressed by

feature models
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Customizable Graph Library

I Undirected and directed graphs
I Does the graph contain a cycle?
I What is the number of edges?
I Find a shortest path between two given nodes
I Customers have different needs
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Feature Models

I Features used to distinguish program variants (Kang et al. 90)
I Feature models specify SPL features and their combinations
I Graphically represented by feature diagrams:

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

NewCompound1

Layer1 Layer2

And-groupNewCompound1

Layer1 Layer2

Or-groupNewCompound1

Layer1 Layer2

Alternative-group
NewCompound1

Layer1 Layer2
Mandatory

NewCompound1

Layer1 Layer2
Optional

And-group

Mandatory
Optional

Alternative-group
Or-group

Cross-tree constraints

I Valid feature selections (products):
{G ,E ,D}, {G ,E ,U}, {G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}

I In practice: hundreds of features, millions of products
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Feature Models Evolve

Software product lines and their feature models evolve over time

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

Edit
GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit
GraphLibrary

Edges

Directed

Cycle

Undirected

Algorithms

Number

(Cycle ⇒ Algorithms) ∧ (Algorithms ⇒ Number ∨ Cycle)

Edit

Implementation

Basic edits to feature models:

1. Changing a group type

2. Changing optional feature to
mandatory or vice versa

3. Adding/removing a feature

4. Adding/removing a constraint

5. Moving a feature

Edit categories:
I Support domain engineers when editing feature models
I Guarantee that no products are added or deleted or both
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Generalization

I Adds new products to an SPL
I Examples: new features, less constraints

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit

{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,D,A, S}, {G ,E ,U,A,N},
{G ,E ,U,A,S}, {G ,E ,U,A,N,C},
{G ,E ,D,A,N,S},
{G ,E ,D,A,C , S},
{G ,E ,U,A,N, S},
{G ,E ,D,A,N,C , S}

⊂
{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}
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Specialization

I Removes products from an SPL
I Examples: removed features, additional constraints, staged

configuration
GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit

{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}

⊃
{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}
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Refactoring

I Changes the feature model without affecting the SPL
I Useful to improve readability, maintainability, and extensibility
I Examples: moving features, rewriting constraints

GraphLibrary

Edges

Directed

Cycle

Undirected

Algorithms

Number

(Cycle ⇒ Algorithms) ∧ (Algorithms ⇒ Number ∨ Cycle)

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit

{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}

=
{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}
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Categories of Edits

No Products Added Products Added

No Products Deleted
Refactoring Generalization

Products Deleted
Specialization Arbitrary Edit
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Our Goal

1. Automatically categorize an edit even for large feature models
2. Calculate examples for added and deleted products if available

eShop

Store_front

Home_page

sg_Home_page6

Static_content_7 Dynamic_content8

Content_type9

sg_Content_type910

Welcome_message11 Special_offers

Variation_source13

sg_Variation_source1314

Time_dependent15 Personalized16

Registration

Registration_enforcement

sg_Registration_enforcement19

Register_to_browse20 Register_to_buy None22

Registration_information23

Login_credentials24 Shipping_address

Multiple_shipping_addresses26

Billing_address27

Multiple_billing_addresses28

Credit_card_information29

Card_holder_name30 Card_number31 Expiry_date32 Security_information33

Demographics34

sg_Demographics3435

Age36 Income37 Education38 Custom_Demographic_field39

Personal_Information40 Preferences

sg_Preferences42

Site_layout43 List_size44 Language45

Reminders46 Quick_checkout_profile Custom_fields48

User_behaviour_tracking_information

Catalog

Product_Information

Product_type

sg_Product_type53

Eletronic_goods Physical_goods Services

Basic_information Detailed_information Warranty_information Customer_reviews Associated_assets

sg_Associated_assets62

Documents63 Media_files64

sg_Media_files6465

Image66

sg_Image6667

Thumbnail68 a2D_image69 a3D_image70 a360_degrees_image71 Different_perspectives72 Gallery73

Video74 Sound75

Product_variants

Complex_product_configuration77

Size Weight Availability Custom_fields

Categories

categories_catalog

Categories84

Multi_level85 Multiple_classification86

Multiple_catalogs87 Searching88

sg_Searching8889

Basic_search90 Advanced_search91

Browsing92

Product_page93 Category_page Index_page95

Sorting_filters96

sg_Sorting_filters9697

Price98 Quality99 Price_Quality_ratio_100 Manufacturer_name101 Custom_filter102

Custom_views103

Seasonal_product_views104 Personalized_views105

Wish_list

Wish_list_save_after_session E_mail_wish_list Multiple_wish_lists109 Permissions
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Quick_checkout
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Guest_checkout127

Shipping_options

Quality_of_service_selection129 Carrier_selection130 Gift_options131 Multiple_shipments132 Shipping_cost_calculation133

Taxation_options134

sg_Taxation_options134135

Custom_taxation136

Type137

sg_Type137138

Fixed_rate_taxation139 Rule_based_taxation140

Tax_codes141 Address142

Shipping Billing144

Resolution145

sg_Resolution145146

Country147 Region148 City149

Ammount_specification150

sg_Ammount_specification150151

Surcharge152 Percentage153

Tax_gateways154

sg_Tax_gateways154155

CertiTAX156 CyberSource157 Custom_tax_gateway158

Payment_options159

Payment_types160

sg_Payment_types160161

COD162 Credit_card163 Debit_card164 Eletronic_cheque165 Fax_mail_order166 Purchase_order167 Gift_certificate168 Phone_order169 Custom_payment_type170

Fraud_detection171 Payment_gateways172

sg_Payment_gateways172173

Authorize_Net174 CyberSource175 LinkPoint176 Paradata177 SkipJack178 Verisign_Payflow_Pro179 Custom_payment_gateway180

Order_confirmation181

sg_Order_confirmation181182

Eletronic_page183 E_mail184 Phone185 Mail186

Customer_service

sg_Customer_service188

Question_and_feedback_forms189

Question_and_feedback_tracking190

Product_returns191 Order_status_review192

Filtering_criteria193

sg_Filtering_criteria193194

Order_number195 Order_date196 Order_status197

Request_order_hardcopy198

Shipment_status_tracking_199

sg_Shipment_status_tracking_199200

Internal_tracking201 Partner_tracking202

User_behaviour_tracking

Behaviour_tracked204

sg_Behaviour_tracked204205
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Fulfillment211
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Physical_goods_fulfillment

Warehouse_management shipping
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Custom_shipping_method217

Pricing218
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Quantity_purchased222 Order_total223 Weight224 Product_classification225
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FedEX228 UPS229 USPS230 Canada_Post231 Custom_shipping_gateway232
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File_repository234 License_management235

Services_fulfillment

Appointment_scheduling237 Resource_planning238

Targeting239

Targeting_criteria240

sg_Targeting_criteria240241

Customer_preferences Personal_information243 Demographics244 targeting_criteria_previous_purchases Shopping_cart_content246 Wish_list_content Previously_visited_pages Date_and_time249 Custom_target_criteria250

Targeting_mechanisms251

sg_Targeting_mechanisms251252

Advertisements253

Advertisement_types254

sg_Advertisement_types254255

Banner_ads256 Pop_up_ads257

Advertisement_sources258

sg_Advertisement_sources258259

House_advertisements260 Paid_advertisements261

Advertisement_management_interface262

Advertisement_response_tracking263 Context_sensitive_ads264

Discounts

Discount_conditions266

Product_and_quantity_scope267 Time_scope268 Purchase_value_scope269

Award270

sg_Award270271

Percentage_discount272 Fixed_discount273 Free_item274

Eligibility_requirements275

Customer_segments276 Shipping_address277

Graduation_by278

sg_Graduation_by278279

Purchase_value280 Quantity281

Coupons282 Handling_multiple_discounts283

Sell_strategies284

sg_Sell_strategies284285

Product_kitting286 Up_selling287

Substitute_products288

Cross_selling289

Past_customers_also_bought290

Display_and_notification291

sg_Display_and_notification291292

Assignment_to_page_types_for_display293 Product_flagging294 E_mails295
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Affiliate_registration300 Commission_tracking301
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Allow_backorders303

Procurement

Stock_replenishment305
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Reporting_and_analysis

Report_types310 Report_formats_311 Level_of_detail312
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¬Special_offers∨Discounts

¬Registered_checkout∨Registration_enforcement

¬Registered_checkout∨Register_to_buy

¬Customer_preferences∨Preferences

¬Quick_checkout∨Quick_checkout_profile

¬User_behaviour_tracking_information∨User_behaviour_tracking

¬Eletronic_goods∨Eletronic_goods_fulfillment

¬Physical_goods∨Physical_goods_fulfillment

¬Services∨Services_fulfillment

¬Physical_goods∨Size

¬Eletronic_goods∨Size

¬Physical_goods∨Weight

¬Availability∨Inventory_tracking

¬Category_page∨Categories

¬Wish_list∨Wish_list_save_after_session

Registration∨Wish_list_save_after_session

¬E_mail_wish_list∨Registration

¬Permissions∨Registration

¬Shipping_options∨shipping

¬Wish_list_content∨Wish_list

¬Previously_visited_pages∨Locally_visited_pages∨External_referring_pagesMendonca, University of Waterloo

Easy to determine for small feature models, but a matter of scale!
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1. Enumeration

Determine and compare the set of all products for both software
product lines

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit

{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,D,A, S}, {G ,E ,U,A,N},
{G ,E ,U,A,S}, {G ,E ,U,A,N,C},
{G ,E ,D,A,N,S},
{G ,E ,D,A,C , S},
{G ,E ,U,A,N, S},
{G ,E ,D,A,N,C , S}

?
{G ,E ,D}, {G ,E ,U},
{G ,E ,D,A,N}, {G ,E ,D,A,C},
{G ,E ,U,A,N}, {G ,E ,D,A,N,C}

Enumeration does not scale!
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2. Sound Operations

I Introduced by Alves et al. in 2006
I Catalogue of operations that are known to be a refactoring
I Catalogues for generalization and specialization

(a) Replace Alternative Refactoring (b) Replace Or Refactoring
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2. Sound Operations
Advantages:

I Intuitive: only special operations are allowed
Disadvantages:

I How to compare feature models build from scratch?
I What if we want to use edits not in the operation set, e.g.,

moving a feature?
I Requires hard-to-use structural editors or path-finder

algorithms
I Different catalogues necessary for other variability models
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3. Reasoning using Propositional Formulas

I Proposed by Sun et al. in 2005, Janota and Kiniri in 2007
I Are all products from feature model f available in g?

Feature model f Feature model g

Propositional formula P(f ) Propositional formula P(g)

P(f )⇒ P(g) is a tautology

P(f ) ∧ ¬P(g) is unsatisfiable

Solver (SAT, BDD, CSP, . . . )
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3. Reasoning using Propositional Formulas

Standard translation into a propositional formula (Batory 05)
GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

(G ∧
(E ⇒ G) ∧ (A⇒ G) ∧ (G ⇒ E) ∧
(E ⇒ D ∨ U) ∧ (¬D ∨ ¬U) ∧
(A⇒ N ∨ C ∨ S) ∧ (N ⇒ A) ∧
(C ⇒ A) ∧ (S ⇒ A) ∧
(C ⇒ D))

∧¬

(G ∧
(E ⇒ G) ∧ (A⇒ G) ∧ (G ⇒ E) ∧
(E ⇒ D ∨ U) ∧ (¬D ∨ ¬U) ∧
(A⇒ N ∨ C) ∧ (N ⇒ A) ∧
(C ⇒ A) ∧
(C ⇒ D))

The propositional formula above is satisfiable if and only if the edit
deletes products
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3. Reasoning using Propositional Formulas
Advantages:

I Cross-tree constraints can be altered arbitrary
I Edits might be unknown
I All edits can be classified
I Applicable to all variability models that can be represented as

a propositional formula
I Variability models of different types can be compared

Disadvantages:
I Restricted to feature models with the same feature set
I Performance!
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3. Reasoning using Propositional Formulas
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I Off-the-shelf solvers need propositional formulas to be in
conjunctive normal form (CNF)

I P(f ) ∧ ¬P(g) needs to be converted into CNF
I Converting P(f ) is easy because the structure of feature

models is CNF-like
I But: the negation of P(g) is very time consuming
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Simplified Reasoning - First Optimization
Removing identical constraints:

I P(f ) ∧ ¬P(g) ≡ P(f ) ∧ ¬pg , where P(g) = pg ∧ c and c are
unchanged rules

I The formula to solve is smaller
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Simplified Reasoning - Second Optimization
Single testing:

I P(f ) ∧ ¬pg ≡ P(f ) ∧ ¬
∧

1≤i≤n′ Ri ≡
∨

1≤i≤n′(P(f ) ∧ ¬Ri)
I Splitting formula in multiple small SAT problems reduces

calculation time
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Simplified Reasoning - Third Optimization
Stop early:

I Stop if a satisfiable formula P(f ) ∧ ¬Ri is found
I Saves calculation time when many edits were applied
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Simplified Reasoning - Extensions

Special handling for added/removed features
I Added features are not selectable in the old feature model

version
I Removed features are not selectable in the new feature model

version
Special handling for abstract features

I Abstract features are features that do not change the
implementation

I Example: removing an abstract feature is a refactoring
I See the paper for details
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Implemented in FeatureIDE

Formal tool demonstration tomorrow at 4:30pm
Available open source at http://www.fosd.de/featureide
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Does Our Approach Scale?

I Do our optimizations allow reasoning about large feature
models within reasonable time?

I Unable to aquire sufficient amount of large feature models
I We generated 2000 feature models resembling feature models

from practice

A1

A2

C5 C6 C7 A8

C13 A14

C19 C20

C15 A16

C17 C18

C9 C10 C11 C12

C3 C4

¬(¬A2 ⇒ ¬C20 ⇔ C18)

C19 ∧ ¬C7 ⇒ ¬C10

Feature diagram probabilities:
* And-group: 50%
* Or-group: 25%
* Alternative-group: 25%
* Optional child: 50%
* Maximum number of children: 10

Cross-tree constraints:
* 10% from number of features
* Between 2 and 5 variables

All 2000 generated feature models are avaible on FeatureIDE’s website for comparative studies.
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Scalability - Number of Features

●

●

●

●

●

●

●

●

●

●

Number of Features

C
al

cu
la

tio
n 

T
im

e 
(m

s)

●

Standard Reasoning
Simplified Reasoning

10 20 50 100 200 500 1000 2000 5000 10000

10
10

0
10

00
10

00
0

I We applied 10 edits to each feature model
I Calculation time to classify edits increases almost linearly
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Scalability - Number of Edits
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● Refactoring
Generalization
Arbitrary Edit
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I Edits applied to feature models with 1000 features
I Nearly constant time, independent of amount of edits
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Threats to Validity

Internal validity
I Influence of computing power

- Windows XP lab PC with 2.4GHz and 2GB RAM
I Calculation time may depend on certain shapes of feature

models or edits
- Known feature models statistically resembled
- Edits taken from prior work

External validity
I Generated feature models may not represent industrial models

- Survey of feature models
- Generated feature models by others lead to similar results

I Edits might be incomplete or untypical in practice
- No significant difference for independently generated models
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Related Work

Cardinality-based feature models (Czarnecki et al. 2005)

Extended feature models (Benavides et al. 2005)

Other variability models
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Related Work

Automated analyses of feature models
I Count derivable products / detect void feature model
I Check if a combination is valid
I Detect dead features (not contained in any product)
I . . .

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed
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Related Work

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

Edit
GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Edit
GraphLibrary

Edges

Directed

Cycle

Undirected

Algorithms

Number

(Cycle ⇒ Algorithms) ∧ (Algorithms ⇒ Number ∨ Cycle)

Edit

Implementation

Check consistency of feature model and
implementation (Safe composition, type
checking)

I Metzger et al. 2007
I Thaker et al. 2007
I Kästner and Apel 2008
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Conclusion & Future Work

Conclusion
I Edits on feature models can be categorized in refactorings,

generalizations, specializations and arbitrary edits
I Reasoning with propositional formula calculates the category

of an edit
I Our optimizations scale this approach for feature models

I with more than 1000 features
I with more than 100 edits on a feature model

Future work
I Generalizing analysis to other variability models
I Finer distinctions of categories
I Compact visual representation of all added and removed

products
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Thank You

Sponsored in part by:

FeatureIDE: http://www.fosd.de/featureide

E-Mail: tthuem@st.ovgu.de
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Scalability - Distribution
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● Simplified Reasoning
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Scalability - Categories
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● Refactoring
Generalization
Arbitrary Edit
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Problem with Different Feature Sets
GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle ShortestPath

Cycle ⇒ Directed

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

(G ∧
(E ⇒ G) ∧ (A⇒ G) ∧ (G ⇒ E) ∧
(E ⇒ D ∨ U) ∧ (¬D ∨ ¬U) ∧
(A⇒ N ∨ C ∨ S) ∧ (N ⇒ A) ∧
(C ⇒ A) ∧ (S ⇒ A) ∧
(C ⇒ D))

∧¬

(G ∧
(E ⇒ G) ∧ (A⇒ G) ∧ (G ⇒ E) ∧
(E ⇒ D ∨ U) ∧ (¬D ∨ ¬U) ∧
(A⇒ N ∨ C) ∧ (N ⇒ A) ∧
(C ⇒ A) ∧
(C ⇒ D))

The propositional formula above is satisfiable if and only if the edit
deletes products

I Unfortunately, it is satisfiable: {G ,E ,D,S}
I The idea is to add a constraint ¬S to the left formula
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Basic and Compound Edits

1. Changing a group type, e.g., an Or- to an Alternative-group
2. Changing optional feature to mandatory or vice versa
3. Adding/removing a feature without children
4. Adding/removing a constraint
5. Moving a feature including child features if existent

GraphLibrary

Edges

Directed Undirected

Algorithms

Number Cycle

Cycle ⇒ Directed

Compound edit examples:
I Removing a feature

with children
I Altering a constraint
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Sound Operations - Refactorings

(a) Replace Alternative (b) Replace Or

(c) Replace Mandatory (d) Replace Optional
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Sound Operations - Generalizations

(a) Alternative to Or (b) Collapse Optional and Or

(c) Collapse Optional and Alternative (d) Add Or between Mandatory
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Sound Operations - Generalizations

(e) Add New Alternative (f) Or to Optional

(g) Mandatory to Optional (h) Alternative to Optional
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Sound Operations - Generalizations

(i) Pull Up Node (j) Push Down Node

(k) Remove Formula (l) Add Optional Node
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