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“Given an interacting requirements modelling problem 
with a large search space and conflicts, identify key 
decisions in the models such that the subsequent search 
space can be drastically reduced.”

Research Statement
33
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Roadmap
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● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work

4

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Example - CS Department Services 
5

● Decisions:
○ Tech Portal
○ Counselling Section
○ Help Module
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Example - CS Department Services 
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● Decisions:
○ Tech Portal
○ Counselling Section
○ Help Module

● Hard Goals
○ Provide Phone Services?
○ Does tech allow dialogue?
○ Is content public?
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Example - CS Department Services 
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● Decisions:
○ Tech Portal
○ Counselling Section
○ Help Module

● Hard Goals
○ Provide Phone Services?
○ Does tech allow dialogue?
○ Is Content Public?

● Soft Goals:
○ Improve student feedback.
○ Maintain anonymity.
○ Decrease Response Time
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Computer Science

Example - CS Department Services 
8

● Decisions:
○ Tech Portal
○ Counselling Section
○ Help Module

● Hard Goals
○ Provide Phone Services?
○ Does tech allow dialogue?
○ Is Content Public?

● Soft Goals:
○ Improve student feedback.
○ Maintain anonymity.
○ Decrease Response Time

● Conflicts:
○ Encryption but content is public.
○ Tech portal is phone but communication protocol 

is SMTP

8
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● Decisions
● Hard Goals
● Soft Goals
● Conflicts
● Nodes : 351
● Edges : 510
● Conflicts: ??

9

Example - CS Department Services 

Services[horkoff15]
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● Decisions
● Hard Goals
● Soft Goals
● Conflicts
● Nodes : 351
● Edges : 510
● Conflicts: ??

10

Example - CS Department Services 

Services[horkoff15]
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Other Real World Examples
1111

Self Driving Cars[Zibaeenejad17]
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Other Real World Examples
1212

Self Driving Cars

● Appropriate 
resolution for 
interaction within 
a context.

● Contexts to 
consider 
exponentially 
with features
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Other Real World Examples
1313

….. Designing this software involves many choices, 
which can manifest as constants or variables in the 
source code and can range in granularity, from selecting 
between different types of algorithms for a task to 
selecting values for some algorithm’s parameters …..

Software for Robots

[Kawthekar16]
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Computer Science

Other Real World Examples
1414

….. Designing this software involves many choices, 
which can manifest as constants or variables in the 
source code and can range in granularity, from selecting 
between different types of algorithms for a task to 
selecting values for some algorithm’s parameters …..

Software for Robots

[Kawthekar16]

Robot Configuration[Jamshidi17]:
● Thousands to Million config settings
● Config interactions leads to exponential search space
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Shortening Search across CS
1515
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Shortening Search across CS

● Machine Learning:
○ Feature subset selection[Kohavi97]

○ Instance Selection[Wilson00]

○ Principal Component Analysis[Pearson01]

1616

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

● Machine Learning
● Theorem Proving:

○ Narrows[Amarel66]

○ Master Variables[Crawford94]

○ Backdoors[Williams03]

1717

Shortening Search across CS
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● Machine Learning
● Theorem Proving
● Software Engineering:

○ Mutation Testing[Budd81]

○ Software Effort Estimation[Boehm81][Menizes16]

1818

Shortening Search across CS
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In the same world

● Machine Learning
● Theorem Proving
● Software Engineering
● Computer Vision:

[Thiery13]

1919
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● Machine Learning
● Theorem Proving
● Software Engineering
● Computer Vision

2020

“Keys”

Shortening Search across CS
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What are “Keys”?
2121

Decisions that most reduce variance
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What are “Keys”?
2222

Decisions that most reduce variance

Stable model @ optimal value
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What are “Keys”?
2323

Stable model @ optimal value

Once set, other decisions irrelavant

Decisions that most reduce variance
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Computer Science

What are “Keys”?
2424

Stable model @ optimal value

Once set, other decisions irrelavant

Decisions with large effects

Decisions that most reduce variance
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Roadmap
25

● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Related Work
2626

Backward

[Poole85]

Forward

[DeKleer86]

[Menzies96]

+ World Generation
+ Used Forward & Backward
- Scalability Issues

HT4
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Related Work
2727

Backward

[Poole85]

Forward

[DeKleer87]

[Menzies96]

[Bryl07]

+ Planning Based
+ Qualitative & Quantitative
- Limited Notion Support

HT4

Planning
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Related Work
2828

Backward

[Poole85]

Forward

[DeKleer87]

[Menzies96]

[Bryl07]

+ Forward & Backward Analysis
+ Conflict resolution via humans 
- Greedy

- Bias to chooser
- Local search

HT4

Planning

[Horkoff16]Human
Resolution
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Related Work
2929

Backward

[Poole85]

Forward

[DeKleer87]

[Menzies96]

[Bryl07]

+ Sample across all decisions
+ ATMS inspired
- Scalability Issues

HT4

Planning

[Horkoff16]Human
Resolution

[Ernst12]
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Related Work
3030

Backward

[Poole85]

Forward

[DeKleer87]

[Menzies96]

[Bryl07]

HT4

Planning

[Horkoff16]Human
Resolution

[Ernst12]

SHORT
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Roadmap
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● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Data
3232

Services[horkoff15]
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Data
3333

Model Nodes Edges # solutions

Services 351 510 > 10M

Marketing 326 422 > 10M

Counselling 350 470 > 10M

Management 206 239 > 4M

ITDepartment 126 162 > 2M

SAProgram 114 168 > 2M

Kids&Youth 81 81 ~ 200K

Modernize 54 92 ~ 1M
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Simpler Example - Modernize
3434

Cost & Benefit

Cumulative 
Cost & Benefit

Cost & Benefit
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Simpler Example - Modernize
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Cost & Benefit

Cumulative 
Cost & Benefit

Cost & Benefit

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Simpler Example - Modernize
3636
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Roadmap
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● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Framework
3838

Optimizer
(DE)

Initial
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Sample Heuristically
3939

Optimizer
(DE)

Initial
Population

P0

Pareto
Front

Pn

Rest
Best

Bayesian 
Ranker

Dec - 1    ON
Dec - 2    OFF
.
.
Dec - N   ON

R
an

k
Most

Least

Test 
Variance

Median 
IQR Charts

Sample 
Heuristically

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Sampling Techniques

● Random Sampling:
○ Set decisions to arbitrary values 
○ Evaluate the goals(hard and soft)
+ Fast Strawman approach
- Fails to generate valid samples in conflicting spaces

4040

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Sampling Techniques

● Random Sampling
● Forward Sampling:

○ Set decisions to arbitrary value.
○ Traverse forward
○ Incase of conflicts 

■ restart all over again 
■ (or) resolve using an expert

+ Guarantees valid samples
- Lack of adequate samples in constrained models
- Biased towards experts

4141
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Sampling Techniques

● Random Sampling
● Forward Sampling
● Backward Sampling:

○ Set root nodes to desired value.
○ Traverse via BFS/DFS
○ Incase of conflicts 

■ restart all over again 
■ (or) resolve using an expert

+ Guarantees valid samples
- Lack of adequate samples in constrained models
- Biased towards experts

4242
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Sampling Techniques

● Random Sampling
● Forward Sampling
● Backward Sampling
● Heuristic Sampling

4343
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Sample Heuristically
4444

Optimizer
(DE)

Initial
Population

P0

Pareto
Front

Pn

Rest
Best

Bayesian 
Ranker

Dec - 1    ON
Dec - 2    OFF
.
.
Dec - N   ON

R
an

k
Most

Least

Test 
Variance

Median 
IQR Charts

Sample 
Heuristically

1. Model as graph.

2. Set Root Node with expected value 

3. Back Propagate.

4. In case of conflict make a random 
choice
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Optimization
4545

Optimizer
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Optimization
4646

Candidature

Recombination

Mutation

Termination?

Evaluation

Selection

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Optimization - Measures
4747

● Convergence: 
○ Distance between obtained 

and theoretical pareto front.
○ Smaller the better.

● Diversity:
○ How well the actual pareto 

front is spread out across the 
theoretical front

○ Larger the better
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http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

Optimization - Meta Heuristic Techniques
4848

Algorithms
Factors

Family Convergence Diversity Runtime

DE[Storn97] Evolutionary ~O(n)           

NSGA-II[Deb02] Evolutionary   O(n2)

MOEA/D[Zhang07

] Evolutionary   O(n3)
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Optimization - Meta Heuristic Techniques
4949

Algorithms
Factors

Family Convergence Diversity Runtime

DE[Storn97] Evolutionary ~O(n)           

NSGA-II[Deb02] Evolutionary   O(n2)

MOEA/D[Zhang07

] Evolutionary   O(n3)

SWAY[Chen16] Sampling ~O(k)*

FLASH[Nair17] Surrogate ~O(kl)*
* k & l are size of sample and surrogate respectively
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Optimization - Meta Heuristic Techniques
5050

Algorithms
Factors

Family Convergence Diversity Runtime

DE[Storn97] Evolutionary ~O(n)           

NSGA-II[Deb02] Evolutionary   O(n2)

MOEA/D[Zhang07

] Evolutionary   O(n3)

SWAY[Chen16] Sampling ~O(k)*

FLASH[Nair17] Surrogate ~O(kl)*
* k & l are size of sample and surrogate respectively

FUTURE WORK
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Bayesian Ranking
5151
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Bayesian Ranking[Menzies07]

5252

● Rank decisions in decreasing order of support
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Variance Testing
5353
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Variance Testing
5454

Optimizer
(DE)

Initial
Population

P0

Pareto
Front

Pn

Rest
Best

Bayesian 
Ranker

Dec - 1    ON
Dec - 2    OFF
.
.
Dec - N   ON

R
an

k
Most

Least

Test 
Variance

Median 
IQR Charts

Sample 
Heuristically

1. Random Population(P)
2. Iterate x b/w 1 … N

a. Decisions 1 … x to opt. value
b. Decisions x+1 … N to random
c. Plot median and IQR of each goal 

in the population
3. Examine the point of greatest change.
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Example Workflow - Modernize
5555

Ranking Decisions
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Example Workflow - Modernize
5656

Variance Testing
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Example Workflow - Modernize
5757

Identifying Keys
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Example Workflow - Modernize
5858

Identifying Keys
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SHORT - Retrospect
5959

1. Random Population(P)
2. Iterate x b/w 1 … N

a. Decisions 1 … x to opt. value
b. Decisions x+1 … N to random
c. Plot median and IQR of each 

goal in the population
3. Examine the point of greatest 

change.

Rank a decision ‘E’ using the below measure

Optimizer
(DE)

Initial
Population

P0

Pareto
Front

Pn

Rest
Best

Bayesian 
Ranker

Dec - 1    ON
Dec - 2    OFF
.
.
Dec - N   ON

Test 
Variance

Median 
IQR Charts

Sample 
Heuristically

1. Model as graph.
2. Set Root Node with 
expected value
3. Back Propagate.
4. In case of conflict make a 
random choice
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Roadmap
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● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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RQ1: Can heuristic sampling be used in RE models?
6161

Model
Runtime in seconds per 100 samples

Random Forward Backward Hueristic

Services 0.21 121 106 0.9

Marketing 0.2 101 101 0.8

Counselling 0.22 104 112 0.9

Management 0.18 52 48 0.5

ITDepartment 0.15 64 65 0.6

SAProgram 0.14 71 67 0.5

Kids&Youth 0.12 42 38 0.3

Modernize 0.1 40 40 0.25
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Computer Science

RQ1: Can heuristic sampling be used in RE models?
6262

Model
# of valid samples in 100 samples

Random Forward Backward Hueristic

Services 3 100 100 84

Marketing 7 100 100 89

Counselling 1 100 100 65

Management 21 100 100 92

ITDepartment 8 100 100 79

SAProgram 14 100 100 75

Kids&Youth 80 100 100 100

Modernize 30 100 100 100
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Computer Science

RQ1: Can heuristic sampling be used in RE models?

● As fast as random sampling.

● > 75% valid solutions in ⅞ models

6363
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RQ2: Can DE optimize RE models?
6464
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RQ2: Can DE optimize RE models?
6565

Model
Convergence Diversity

softgoals % hard goals % softgoals % hard goals %

NSGA-II DE NSGA-II DE NSGA-II DE NSGA-II DE

Services 46.77 46.24 65.22 65.22 0 0 0 0

Marketing 32.47 32.47 34.38 34.38 0 0 0 0

Counselling 54.29 53.29 44.83 44.83 1.41 2.76 3.45 3.45

Management 44.63 42.98 61.11 61.11 0.82 1.65 2.78 2.78

ITDepartment 68.42 68.42 69.57 73.91 2.63 2.63 0 8.69

SAProgram 78.69 78.69 66.67 66.67 1.64 1.64 0 0

Kids&Youth 22.86 22.86 100 100 0 0 0 0
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RQ3: Do “Keys” exist in RE models
6666

For Modernize
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Computer Science

RQ3: Do “Keys” exist in RE models
6767

What about larger Models?

Objectives:
● Min Root Cost
● Max Root Benefit
● Max Softgoals satisfied
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RQ3: Do “Keys” exist in RE models
6868

What about larger Models?

Objectives:
● Min Root Cost
● Max Root Benefit
● Max Softgoals satisfied
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Computer Science

RQ3: Do “Keys” exist in RE models
6969

What about larger Models?

Objectives:
● Min Root Cost
● Max Root Benefit
● Max Softgoals satisfied

Objectives:
● Max Hard Goals Satisfied
● Max SoftGoals Satisfied
● Min Decisions Set
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RQ3: Do “Keys” exist in RE models
7070
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RQ3: Do “Keys” exist in RE models
7171
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RQ3: Do “Keys” exist in RE models
7272

Model Counselling Management Marketing SAProgram Kids&Youth

Keys@ 12% 25% 12% 12% 12%
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Roadmap
73

● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Computer Science

Conclusion

● Heuristic sampling can be used to sample solutions from 
RE models.
Open Problems:
○ Can we get 100% valid samples?
○ How does it scale to much larger models?

7474
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Computer Science

Conclusion

● Heuristic sampling can be used to sample solutions from 
RE models.

● Fast and diverse optimization of RE models can be 
performed using DE.
Open Problems:
○ Can we get better quality solutions?
○ Is evolutionary the only way forward?
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Computer Science

Conclusion

● Heuristic sampling can be used to sample solutions from 
RE models.

● Fast and diverse optimization of RE models can be 
performed using DE.

● “Keys” can be found in RE models which
○ are easy to find
○ help reason about the model

Open Problems:
○ But what about non RE models?
○ What if the top decisions contradict each other?
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Roadmap
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● Background

● Related Work

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Future Work 1
78

● Largest model in this study 
○ Services : 351 Nodes & 510 Edges
○ Synthetic models demonstrating scale

● Currently on i* based softgoal models. Extend to
○ NFR
○ TROPOS
○ KAOS
○ UML e.t.c

● GUI based tool.

78

Other RE Models
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Future Work 2
79

● Autonomous Vehicles[Zibaeenejad17]:
○ Appropriate resolution for interaction within a context.
○ Contexts to consider exponentially with features

● Robot Configuration[Jamshidi17]:
○ Thousands to Million config settings
○ Config interactions leads to exponential search space

79

Other Real World Models
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Future Work 3
80

● MOEA/D[Zhang07]

● SWAY[Chen16]

● FLASH[Nair17]

80

Sophisticated optimization algorithms
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Future Work 4
8181

● Estimation of Effort in modern agile SE

● Text summarization part of prior work[Mathew17ICSE].

● Featurization via Vectorizing

● Identifying prominent features via SHORT

Storypoint Estimation[Choetkiertikul16]
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Questions?
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Backups
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“SHORT” Encounters
9292

Software Effort 
Estimation

[Menzies16]
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How these models are created
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How these models are created
9696

● Techniques for interacting 
requirements

● Consolidated into a tool 
(Defect Detection & 
Prevention)

● Used by NASA - JPL

[Feather00]
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We’re not alone

● (~ 100 Nodes)[Feather00]:
○ Techniques for interacting requirements
○ Consolidated into a tool (Defect Detection & 

Prevention)
○ Used by NASA - JPL
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We’re not alone

● (~ 100 Nodes)[Feather00]:
○ Techniques for interacting requirements
○ Tool (Defect Detection & Prevention)
○ Used by NASA - JPL

● (~ 500 Nodes) “Engineering Baselines”[Park98]:
○ Machine processing of requirements statements.
○ Correlation b/w requirements and system elements
○ Toggle elements and control.

9898

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

We’re not alone

● (~ 100 Nodes)[Feather00]:
○ Techniques for interacting requirements
○ Tool (Defect Detection & Prevention)
○ Used by NASA - JPL

● (~ 500 Nodes) “Engineering Baselines”[Park98]:
○ Machine processing of requirements statements.
○ Correlation b/w requirements and system elements
○ Toggle elements and control.

● (~ 1000 Nodes)[Regnell06]:
○ Asses RE collaboration of SOC negotiation in mobile 

platform subcontracting. 
○ Classification of platform compliance scenarios
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We’re not alone

● (~ 100 Nodes)[Feather2000]:
○ Scalable techniques for interacting requirements
○ Tool (Defect Detection & Prevention)
○ Used by NASA - JPL

● (~ 500 Nodes) “Engineering Baselines”[Park98]:
○ Machine processing of requirements statements.
○ Correlation b/w requirements and system elements
○ Toggle elements and control.

● (~ 1000 Nodes):
○ Asses RE collaboration of SOC negotiation in mobile platform 

subcontracting. 
○ Classification of platform compliance scenarios

10
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Large Effort / Time Ignore / Fail Conflicts
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Roadmap

10
1

● Background

● Related Work
○ Reasoning in RE
○ “Keys” in AI

● Data

● SHORT

● Research Questions

● Conclusions

● Future Work
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Related Work

10
2

10
2

Backward

[Poole85]

Forward

[DeKleer87]

● Backward Chaining
● Depth First Search

● Forward Chaining
● Assumption Based Truth 

Maintainance(ATMS)[DeKleer8

6]
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“Keys” in Artificial Intelligence

10
3

10
3

[Amarel86]

Narrows

[Crawford94]

ISAMP

● Tiny sets of variable settings 
● Macros = path b/w narrows
+ Aids jumping b/w solutions

● Iterative Sampler
● Random search with retries 

when stuck
+ Faster than full search
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“Keys” in Artificial Intelligence

10
4

10
4

[Amarel86]

Narrows

[Crawford94]

ISAMP

[Williams03]● Few variable settings 
shared by all solutions

+ Reduce complexity

Backdoors
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“Keys” in Artificial Intelligence

10
5

10
5

[Amarel86]

Narrows

[Crawford94]

ISAMP

[Williams03]

● Keys in single goal
- Multi goal to single 

goal via aggregation
- Weak optimizer

[Menzies07]

Backdoors

http://ai4se.net
http://tiny.cc/bfn17re


NC State University ai4se.net       tiny.cc/bfn17exam

Computer Science

“Keys” in Artificial Intelligence

10
6

10
6

[Amarel86]

Narrows

[Crawford94]

ISAMP

[Williams03]

[Menzies07]

Backdoors

SHORT
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Optimization
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Optimization - Meta Heuristic Techniques

● NSGA-II[2Deb01]:
○ Non-dominated Sorting Genetic Algorithm
○ Most used Evolutionary Meta Heuristic
+ Relatively fast(~ O(n2))
 - Poor diversity of solutions

10
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Optimization - Meta Heuristic Techniques

● NSGA-II[Deb01]

● MOEA/D[Zhang05]

○ Multi-Objective Evolutionary Algorithm via 
Decomposition

○ Clusters population and evolves them independently
+ Large diversity
- Extremely slow(~ O(n3))
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Optimization - Meta Heuristic Techniques

● NSGA-II[Deb01]

● MOEA/D[Zhang07]

● Modern Techniques:
○ SWAY[Chen16]: Sampling based
○ FLASH[Nair17]: Surrogate based
○ Part of future work.
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Optimization - Meta Heuristic Techniques

● NSGA-II[Deb01]

● MOEA/D[Zhang07]

● Modern Techniques
● DE[Storn97]

○ Differential Evolution
○ Extrapolation based evolution.
○ Near Linear time(~ O(n))

11
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Optimization - Differential Evolution(DE)

11
2

11
2

● Candidature: Randomly select 4 candidates x, a, b, c
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Optimization - Differential Evolution

11
3

11
3

● Candidature: Randomly select 4 candidates x, a, b, c
● Reproduction + Mutation:

y = a + F*(b - c)

F = Mutation Rate ∈ [0, 1]
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Optimization - Differential Evolution 

11
4

11
4

● Candidature: Randomly select 4 candidates x, a, b, c
● Reproduction + Mutation:

y = a U F ∩ (b / c)
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Optimization - Differential Evolution 

11
5

11
5

● Candidature: Randomly select 4 candidates x, a, b, c
● Reproduction + Mutation:

y = a U F ∩ (b / c)
● Evaluation
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Optimization - Differential Evolution 

11
6

11
6

● Candidature: Randomly select 4 candidates x, a, b, c
● Reproduction + Mutation:

y = a U F ∩ (b / c)
● Evaluation
● Selection:

if y “dominates” x then
   replace x with y ∀i fi(y) ≥ fi(x)

∃j fj(y) > fj(x)

Domination[Storn97

]
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Optimization - Differential Evolution 

11
7

11
7

● Candidature: Randomly select 4 candidates x, a, b, c
● Reproduction + Mutation:

y = a U F ∩ (b / c)
● Evaluation
● Selection:

● Termination

if y “dominates” x then
   replace x with y ∀i fi(y) ≥ fi(x)

∃i fi(y) > fj(x)

Domination
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Bayesian Ranking
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Best Rest
Pts with E

Pts with F
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Bayesian Ranking
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Best Rest
Pts with E

Pts with F
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Bayesian Ranking
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Bayesian Ranking

12
1

12
1

Best Rest
Pts with E

Pts with F

● Rank decisions in decreasing order of support
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RQ3: Do “Keys” exist in RE models

12
2

12
2

http://ai4se.net
http://tiny.cc/bfn17re

