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Introduction 
Large-scale combinatorial optimization problems are increasingly 
common with the increase in data availability and the advances in 
effective optimization algorithms. Optimization techniques that may 
have been insightful for smaller scale data sets may no longer be 
feasible for larger data sets. These problems, while substantively 
distinct, are notably related in that their solution spaces are heroically 
large, resulting in an extreme-scale optimization problem. More 
importantly, their solution spaces are so vast, they are not rugged in 
the traditional sense. The usual peaks and valleys present themselves 
as a series of vast plateaus rather than a rapid succession of 
precipices. 
 
We demonstrate how a high performance computing environment 
allows us to extract insights into these important problems that would 
otherwise not be possible. The goal is not to find one optimum but to 
characterize the underlying distribution of all solutions beyond a 
threshold of goodness. 
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Application – Causal Inference 
Let C be a set of control group units, and T be a set of treatment units. 
The goal is to determine a subset of controls, SC, and a subset of 
treatments, ST , so that the ratio of the sizes of the subsets of controls 
and treatments is fixed,                          , where Z+ is the set of positive 
integers. Given any subset of C and T, define                    to be a 
measure of balance between any subset            and any subset          . 
The goal is to determine subsets SC and ST and            , such that h is 
minimized (Cho et al. 2013). 
 
The Subset Balancing problem is NP-Complete (through a polynomial 
time transformation function from the Partition problem. 
 
•  Solution space is large. For example, choosing subset of 10 from 100 

units has 1.73×1013 possible solutions 
•  Need to identify all independent solutions over goodness threshold 
•  Optimization must employ diversification operator (to ensure 

adequate traversal of enormous solution space) as well as 
intensification operator (to climb difficult peaks and identify all 
solutions) 

Optimization Algorithm 
Genetic Algorithm (GA) is a generic heuristic method for finding near-
optimal or optimal solutions to difficult search and optimization problems. 
 
Principles 
• Evolutionary process 

•  “Survival of the fittest” 
•  Iterative algorithm 

• Solution population: a diverse set of initial solutions 
• GA operators 

•  Selection, crossover, mutation, replacement 
• Stopping criteria 

•  Solution quality 
•  Time or the number of iterations 

Distributed Diversification and Intensification 
•  Parallelization of GA using the island model 
•  Diversified search at the beginning 

•  Guaranteed by the use of parallel random number generator (SPRNG) 
•  Peaks of vast plateaus are identified by running massive islands on supercomputer 

•  Intensified search on promising peaks 
•  Islands with promising peaks request helpers to help climb the identified peaks 
•  Requests are sent using non-blocking calls to direct neighbors and propagated to all islands 
•  An island turns into a helper following a probabilistic model 

•  The number of helpers for a single requestor (m) << the number of islands (n) 
• Currently, a helping candidate flips a coin with probability m/n 
• Alternative: taking snapshots of existing helpers and decide m 

•  The total number of helpers at any time < α * n, 
•   A helper sends back a better solution if found; resumes its local search 

Scalability 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusion 
•  Massive computing power is necessary to enable the traversal of 

solution spaces that exhibit wide-ranging plateaus, which are common 
as optimization problem size becomes large 

•  Simulation on large causal inference problems confirmed our 
hypothesis: using a larger number of processors could recover true 
distribution of peaks more accurately, leaving fewer unexplored 
plateaus 

•  Non-blocking-based asynchronous message passing significantly 
improves the numerical efficiency of search algorithms by eliminating 
the increasing synchronization cost on larger number of processors 
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Parallelization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Simulation of Solution Space Traversal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Time taken to reach multiple solution quality thresholds. 
With the global synchronization, the message passing time 
ranged from 42% on 240 cores to 72% on 960 cores. The 
message passing cost declined considerably with 
asynchronous communication (0.007% on 240 cores and 
0.01% on 960 cores). 

SC / ST = β ∈ Z +

h : 2C × 2T → 0,1[ ]

β ∈ Z +
SC ⊆C ST ⊆ T

The simulation focuses on finding independent 
peaks across the solution space. Each of these 
peaks is an indistinguishably good and valid 
solution to our problem. The true underlying 
distribution has a mean of 9092.0. The recovered 
distribution mean approaches the true mean as the 
number of processors increases. 

(a) Synchronous (b) Asynchronous 

•  MPI non-blocking calls 
•  Application-level send/

receive buffers 
•  Propagated broadcasts 
•  Parallel random number 

generator 
•  M e s s a g i n g s y s t e m 

extensib le for other 
heuristic strategies (e.g., 
Tabu search) 
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α ∈ 0,1[ ]


