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Outlines

• Minimum Dominating Set (MDS) Problem (skipped)

• Approaches

• Optimizing Optimization Problem

• What about Docker?
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Initial Approach: Better brute-force?

• Checking all 2𝑣 combinations linearly has O(𝑣22𝑣) time complexity
• For each 𝑘 ∈ 𝑣: Test 𝑘-chosen vertices

• Fill bitmask of length 𝑣

• Do combinatorial check of 𝐶(𝑣, 𝑘)

• Check 𝑣 vertices

• Checking combinations using binary search uses about O(𝑣21.865𝑣) for 𝑣 
between 0 and 100. (No closed solution for time complexity)
• Search within space of 𝑘 ∈ 𝑣 using binary search:

• Fill bitmask of length 𝑣

• Do combinatorial check of 𝐶(𝑣, 𝑘)

• Check 𝑣 vertices

• Ternary search?, N-ary search?, Offset binary search?
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Initial Approach: Better brute-force?
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1029 combinations
when 𝑣 = 100



New Approach: Integer Programming

• Note 1: It’s an optimization problem, why not use it?

• Note 2: A little bird told me, “Google OR-Tools.”
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Real question: which solver to use?

• OR-Tools provides several solvers to use.

• All ILP solvers I can use without acquiring licenses:
• SCIP: Solving Constraint Integer Programs

• CBC: COIN-OR Branch and Cut

• BOP: Boolean Optimization Problem

• SAT: Satisfiability Problem

• Also, Google’s Constraint Programming solver worth testing
• Google’s CP-SAT Solver
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What language to use OR-Tools?

• OR-Tools is written in C++, but also provides Python wrapper.

• Dry running on Python and C++ to compare speed
• Using CBC Solver and ring-100-100 test input.

• Python: 7000 microseconds average

• C++: 6700 microseconds average

• No surprise, that 300 us is just an overhead calling shared objects.

• I’ll use C++ anyway, why not?
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Time for some benchmarking!

• Script:
• for file in $(ls ./data/input); do ./benchmark ./data/input/$file | tee -a out.txt; done

• Example output:
• Time taken for procedure "I/O & Graph Initialization": 167 microseconds.

• Time taken for procedure "BOP Backend": 24223 microseconds.

• Time taken for procedure "CBC Backend": 5259 microseconds.

• Time taken for procedure "SCIP Backend": 18454 microseconds.

• Time taken for procedure "SAT Backend": 17674 microseconds.

• Time taken for procedure "CP-SAT Model": 8918 microseconds.

• Parse and analyze…
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Benchmark Results
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Real question: which solver to use?

• From the benchmark these are solvers that takes the least time:
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BOP 19

CBC 20

SCIP 2

SAT 2

CP-SAT 10



Candidate Solvers: Good for what graphs?
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BOP CBC CP-SAT

Small

Simple/Complex

Large

Simple

Large

Complex

From my benchmark
Small: 1 to 20
Large: 21 to 100

Simple: not random graph
Complex: Random graph



Simple implementation
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Mystery
Solver

Main Thread

Write and Exit



Why not use all?
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BOP

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

STARTING



Why not use all?
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BOP CBC

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

STARTED STARTING



Why not use all?
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BOP CBC CP-SAT

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

RUNNING STARTED STARTING



Why not use all?
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BOP CBC CP-SAT

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

RUNNING RUNNING STARTED



Why not use all?
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BOP CBC CP-SAT

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

RUNNING RUNNING RUNNING



Why not use all?
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BOP

CBC
CP-SAT

Main Thread Solver Threads

Wait

Write and Exit

Spin up threads of 
solvers in this order

RUNNING

FINISHED RUNNING



Why not use all?
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BOP

CBC
CP-SAT

Main Thread Solver Threads

Wait

Signal & send answer 
atomically

Write and Exit

Spin up threads of 
solvers in this order

RUNNING

FINISHED FINISHED



Why not use all?
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BOP

CBC
CP-SAT

Main Thread Solver Threads

Wait

Detached and finished

Write and Exit

Spin up threads of 
solvers in this order

TERMINATED 
BY OS

FINISHED FINISHED

RUNNING



C++ Compiler Choices

• GNU GCC
• Standard

• LLVM Clang
• A bit fancy (Output program is faster than GCC in some cases.)

• Intel oneAPI DPC++
• A beast for specific hardware target
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What about Docker?
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What about Docker?

• `docker run` will take some time to spin up and tear down the image.

• More accurate measurement of the actual program should be made between 
the spinning up and tearing down process.

• What can reduce this overhead?
• Use small base image

• Want small output image too, how?

• Multi-stage build

• Linux shared objects linking
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Source code

• Docker image: neil4884/mds

• GitHub repository: vtneil/mds
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https://hub.docker.com/r/neil4884/mds
https://github.com/vtneil/mds
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