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Abstract—Complex networks capture interactions among
entities in various application areas in a graph representation.
Analyzing large scale complex networks often answers impor-
tant questions—e.g. estimate the spread of epidemic diseases—
but also imposes computing challenges mainly due to large
volumes of data and the irregular structure of the graphs.

In this paper, we aim to solve such a challenge: finding
relationships in a subgraph extracted from the data. We solve
this problem using three different platforms: a MapReduce
cluster, a highly multithreaded system, and a hybrid system of
the two. The MapReduce cluster and the highly multithreaded
system reveal limitations in efficiently solving this problem,
whereas the hybrid system exploits the strengths of the two in
a synergistic way and solves the problem at hand. In particular,
once the subgraph is extracted and loaded into memory, the
hybrid system analyzes the subgraph five orders of magnitude
faster than the MapReduce cluster.

Keywords-cloud computing; parallel algorithms; power-law
graphs.

I. INTRODUCTION

Complex Networks [12] abstract interactions among en-
tities in a wide range of domains—including sociology,
biology, transportation, communication, and the Internet—in
a graph representation. Analyzing these complex networks
solves many real-world problems. Watts and Strogatz [18]
find that a small graph diameter, which is a common feature
in many complex networks [18], has a significant impact on
the spread of infectious diseases. Albert et al. [3] study the
impact of a power-law degree distribution [2], [14] on the
vulnerability of the Internet and the efficiency of a search
engine. Bader and Madduri [7] compute the betweenness
centrality of the protein-interaction networks to predict the
lethality of the proteins, and Madduri et al. [17] apply
an approximate betweenness centrality computation to the
IMDb movie-actor network and find the important actors
with only a small number of connections.

Analyzing large scale complex networks, however,
imposes difficult computing challenges. Graphs that
represent complex networks commonly have millions to
billions of vertices and edges. These graphs are often
embedded in the raw (and often streaming) data—e.g. web
documents, e-mails, and published papers—of terabytes
to petabytes. Extracting the compact representation of
a graph or subgraph from large volumes of data is a
significant challenge. The irregular structure of these graphs
stresses traditional hierarchical memory subsystems as

well. These graphs also tend not to partition well for
multiple computing nodes; the partitioning of these graphs
has significantly larger edge cuts than the partitioning of
the traditional graphs which are derived from physical
topologies [8]. This necessitates large volumes of inter-node
communication. In this paper, we study the problem of
extracting a subgraph from a larger graph—to capture the
challenge in processing large volumes of data—and finding
single-pair shortest paths in the subgraph—to capture the
challenge in irregularly traversing complex networks.

Figure 1: The hybrid combination of a MapReduce cluster
and a highly multithreaded system.

We map our problem onto three different platforms: a
MapReduce cluster, a highly multithreaded system, and the
hybrid combination of the two. Cloud computing, using
the MapReduce programming model, is becoming popu-
lar for data-intensive analysis. A Cloud computing system
with the MapReduce programming model—or a MapReduce
cluster—is efficient in extracting a subgraph via filtering.
Finding a single-pair shortest path, however, requires mul-
tiple dependent indirections with irregular data access pat-
terns. As we will show later in this paper, the MapReduce
algorithm to find a single-pair shortest path is not work
optimal and also requires high bisection bandwidth to scale
on large systems. In our experiment, a single-pair shortest
path problem runs five orders of magnitude slower on the
MapReduce cluster than the highly multithreaded system
with the single Sun UltraSparc T2 processor.

A highly multithreaded system—with the shared memory
programming model—is efficient in supporting a large num-
ber of irregular data accesses all across the memory space.
This system, however, often has limited computing power,
memory and disk capacity, and I/O bandwidth and inefficient
or even impossible to process very large graph data. Finding
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a single-pair shortest path in the subgraph, in contrast, fits
well with the programming model and the architecture.

The hybrid system (see Figure 1) exploits the strengths
of the two different architectures in a synergistic way.
A MapReduce cluster extracts a subgraph, and a highly
multithreaded system loads the subgraph from the cluster
and finds single-pair shortest paths. The subgraph loading
time is less significant if the subgraph size is much smaller
than the original data. The hybrid system solves our problem
in the most efficient way in our experimentation.

II. COMPLEX NETWORK ANALYSIS

Complex networks are often embedded in large volumes
of real-world data. Extracting a graph representation from
the raw data is a necessary step in solving many com-
plex network analysis problems. Analyzing the subgraphs
of a larger graph is also an interesting problem. Costa
et al. [12] survey measurement parameters for complex
networks and present several examples in this direction.
Subgraphs with the edges created in different time intervals
along the growth of a network reveal the dynamic char-
acteristics of the network. Rich-club coefficient measures
interactions among only highly influential entities—or high
degree vertices using terminologies in graph theory. Filtering
only a certain type of vertices—e.g. finding a network of
Atlantans or computer scientists in the larger Facebook
network—also creates interesting subgraphs to investigate.
A common operation involved in the above cases is filtering
large input data. A large part of the raw data is unnecessary
in generating a graph representation. Extracting a subgraph
involves scanning large volumes of data and filtering out
vertices and edges that are not part of the subgraph.

The size of an extracted graph is often significantly
smaller than the size of the input data, and the mem-
ory requirement is less demanding with the sparse graph
representation—i.e. the adjacency list format which stores
the list of neighbors for every vertex. The sparse graph
representation requires O(n + m) memory space—for n
vertices and m edges—with a small hidden constant. Graphs
with multiple millions to billions of edges fit into the main
memory of moderate size systems—e.g. Madduri et al. [17]
compute the approximate betweenness centrality of the input
graph of 134 million vertices and 1.07 billion edges using
the Sun T5120 server with 32 GB of DRAM. For the graphs
represented in the compact representation, a large fraction
of practical complex networks and subnetworks is likely to
fit into the memory capacity of moderate size systems, and
if this is the case, the match between the graph analysis
problems’ computational requirements and the architectures’
capability becomes more important than the mere capacity.
A Description of Our Problem. We study the problem of
extracting a subgraph from a larger graph and finding single-
pair shortest paths in the subgraph. We find shortest paths
(one shortest path per pair) for up to 30 pairs, which are ran-
domly picked out of the vertices in the subgraph. To extract a
subgraph, we filter the input graph to include only the edges
that connect the vertices in the subnetwork—we experiment
with three subnetworks that cover approximately 10%, 5%,
and 2% of the entire vertices—and create adjacency lists

from the filtered edges. We also assume that the input graph
is generated in advance and stored in the MapReduce cluster.

The input graph is an R-MAT graph [10] with 232 (4.29
billion) vertices and 238 (275 billion) undirected edges.
Sampling from a Kronecker product generates an R-MAT
graph which exhibits several characteristics similar to social
networks such as the power-law degree distribution and the
clustering structure. The graph has an order of magnitude
more vertices than the Facebook network with a comparable
average vertex degree—the Facebook network has over 250
million active users with 120 friends per user in average. We
use the R-MAT parameters a=0.55, b=0.1, c=0.1, d=0.25.
The graph size is 7.4 TB in the text format.

III. MAPREDUCE

A MapReduce cluster is typically composed of a large
number of commodity computers connected with off-the-
shelf interconnection technologies. The MapReduce pro-
gramming model frees programmers from the work of
partitioning, load balancing, explicit communication, and
fault tolerance in using the cluster. Programmers provide
only map and reduce functions (see Figure 2). Then, the
runtime system partitions the input data and spawns mul-
tiple mappers and reducers. The mappers apply the map
function—which generates an output (key, value) pair—to
the partitioned input data. The reducers shuffle and sort the
map function output and invoke the reduce function once
per each key with a key and all values associated with the
key as input arguments.

Figure 2: A MapReduce workflow. A programmer provides
map and reduce functions (gray shading), and the runtime
system is responsible for the remaining parts.

A. Algorithm Level Analysis

In this section, we provide a criterion to test the
optimality of MapReduce algorithms based on a number
of MapReduce iterations and amounts of work in each
MapReduce iteration. Assume an edge list with m edges. To
extract a subgraph from the list, we need to inspect the edges
and include only the edges that belong to the subnetwork
of interest. This is local computation which only uses data
in a single edge representation, and a single invocation of
a map function is sufficient to process one edge. Forming
adjacency lists from the filtered edges requires global
computation which accesses multiple edges at the same



time. All edges incident on a same vertex need to be
co-located. A MapReduce algorithm co-locates the edges
in the shuffle and sort phases via indirections with a key.
This is different from O(1) complexity random accesses, or
indirections with an address, for the random access machine
(RAM) model. One pair of the shuffle and sort phases can
serve all independent indirections. As co-locating incident
edges for one vertex is independent of co-locating incident
vertices for other vertices, a single MapReduce iteration is
sufficient for the subgraph extraction.

Figure 3: A directed acyclic graph (DAG) for MapReduce
computation.

Given a pair of vertices s and t, we find a shortest path
from s to t by running two breadth-first searches from s
and t until the frontiers of the two meet each other. Each
breadth-first search first inspects every vertex one hop away
from the source vertex, then visits the vertices one hop away
from the neighbors of the source vertex, and so on. This
expands the frontier by one hop in each step, and there is
dependency between indirections involved in the successive
steps. Assume a directed acyclic graph (DAG) is constructed
with an element (say A[i]) of the input data (say A) as a
vertex and the indirections as edges (see Figure 3)—one
adjacency list of the input adjacency lists is mapped as
a vertex in our case. Local computation, which accesses
only A[i], is ignored in constructing the DAG. The longest
path of dependent indirections determines the depth of the
DAG and accordingly a number of required MapReduce
iterations. �d/2�, where d denotes the distance from s to t,
sets the minimum number of MapReduce iterations to find
the shortest path in our problem.

Assume the input data A has n elements, and each
element of A is smaller than a certain constant that is much
smaller than the input data size. Then, amounts of work
in the map, shuffle, sort, and reduce phases and a single
MapReduce iteration—Wmap, Wshuffle, Wsort, Wreduce,
and Witeration, respectively—becomes the following.

Wmap = O(n(1 + f))
Wshuffle = O(nf)

Wsort = pr × Sort

(
nf

pr

)

Wreduce = O(nf(1 + r))

Witeration = O(n + nf + nfr) + pr × Sort

(
nf

pr

)

where f = map output size
map input size , pr = a number of reducers,

and r = reduce output size
reduce input size . Each reducer sorts its input

data sequentially, and Sort(n) is O(n)—with bucket sort—
assuming a finite key space and O(n log n) otherwise.
If solving a problem requires k iterations, the amount of
work to solve the problem on a MapReduce cluster, or
WMapReduce becomes

WMapReduce =
k∑

i=1(
O(ni + nifi + nifiri) + pr × Sort

(
nifi

pr

))

where n1 = n and ni+1 = nifiri. fi and ri are
f and r for the ith iteration, respectively. A parallel
random access machine (PRAM) algorithm is optimal
if WPRAM (n) = Θ(T ∗(n)) [16], where WPRAM is an
amount of work for the PRAM algorithm and T ∗ is the
time complexity of the best sequential algorithm assuming
the RAM model [16]. We extend this optimality criterion
for MapReduce algorithms, and a MapReduce algorithm
is optimal if WMapReduce(n) = Θ(T ∗(n)). Every phase
in a MapReduce iteration is trivially parallel, and the time
complexity of MapReduce computation to solve a problem
with p nodes, or TMapReduce(n, p), is WMapReduce(n)/p
assuming p � n. To realize this time complexity in physical
systems, communication in the shuffle phase needs to be
minimized and overlapped with the preceding map phase
unless bisection bandwidth of the MapReduce cluster grows
in proportion to the number of compute nodes.

B. System Level Analysis

Here, we analyze the architectural features of a MapRe-
duce cluster and their impact on MapReduce algorithms’
performance. The MapReduce programming model is obliv-
ious to the mapping of specific computations to specific
computing nodes, and the real-world implementations of the
programming model—Google MapReduce [13] and open-
source Hadoop [1]—provide very limited control over this
mapping. Thus, the communication patterns in the shuf-
fle phase are arbitrary, and with arbitrary communication
patterns, approximately one half of the map phase output
crosses the worst case bisection of a MapReduce cluster. Di-
viding the map phase output by the bisection bandwidth of a
MapReduce cluster calculates execution time for the shuffle
phase, or Tshuffle as a result. The shuffle phase, however,
can be overlapped with the preceding map phase. Say Tmap

is execution time for the map phase. Then, execution time
for the map and shuffle phases is max(Tmap, Tshuffle).
Tshuffle does not affect the overall execution time as long
as Tmap ≥ Tshuffle. Tmap involves only local computations
and scales trivially. Scaling Tshuffle to a large number of
nodes is much more demanding as this requires linear scal-
ing of the bisection bandwidth to the number of nodes—the
network cost increases superlinearly to the number of nodes
to scale the bisection bandwidth proportional to p. Disk I/O
overhead—the representative MapReduce runtime systems
store intermediate data in disks instead of DRAM—increases
Tmap and lowers the bisection bandwidth requirement. If



f � 1, the bisection bandwidth requirement is even lower.
If f is large, however, the bisection bandwidth is likely to
become a bottleneck if the system size becomes very large.

Disk I/O overhead is unavoidable for workloads that
overflow the aggregate DRAM capacity of a MapReduce
cluster—e.g. to store the large input graph in our problem.
If workloads’ memory footprint fits into the aggregate
DRAM capacity, however, the relatively low disk I/O
bandwidth compared to the DRAM bandwidth incurs a
significant performance overhead—e.g. finding a shortest
path in the smaller subgraph.

C. Finding Shortest Paths in the Subgraph

To find shortest paths in the subgraph, we first need
to extract the subgraph from the larger input graph (see
Algorithm 1). For the subgraph extraction, f ≤ 0.01 � 1 in
our problem, and a single MapReduce iteration is sufficient
as discussed in Section III-A. Wmap dominates the execution
time as f � 1, and Wmap is O(m), where m is a number of
edges in the input graph. The best sequential algorithm also
requires the asymptotically same amount of work, and the
MapReduce algorithm is optimal under our optimality crite-
rion. The bisection bandwidth requirement is also low as the
volumes of communication in the shuffle phase—O(mf)—
is much smaller than amounts of the disk I/O and the com-
putation in the map phase—O(m). The disk I/O overhead
in reading the input graph is unavoidable, and amounts of
the disk I/O in the following phases are much smaller.

I n p u t : an edge l i s t f o r t h e i n p u t g raph
Outpu t : a d j a c e n c y l i s t s f o r t h e s ubgraph
map (key /∗ unused ∗ / , edge /∗ c o n n e c t s head and tail ∗ / ) {

i f (edge b e l o n g s t o t h e s ubne twork of i n t e r e s t )
o u t p u t (head , tail ) ; / ∗ a ( key , v a l u e ) p a i r ∗ /
o u t p u t ( tail , head ) ;

}
}
r e d u c e (vertex , adjacent vertices ) {

degree = number o f v e r t i c e s i n adjacent vertices ;
o u t p u t (vertex , degree + ‘ ‘ ’ ’ + adjacent vertices ) ;

}
Algorithm 1: Extracting a subgraph using MapReduce.

Once we extract the subgraph, the next step is finding
a single-pair shortest path in the subgraph. This requires
multiple MapReduce iterations (say k iterations) as analyzed
in Section III-A. Our shortest path algorithm extends the
breadth-first search algorithm designed for the MapReduce
programming model (see [9]) and sets initial distances from
the two vertices in the pair (say s and t) first—0 for the
source vertex and ∞ for the others. Then, our implementa-
tion invokes Algorithm 2 repeatedly to expand breadth-first
search frontiers from s and t by one hop in each invocation.

Assume m/n is constant, where n is a number of vertices
and m is a number of edges. Then, setting initial distances
from s and t requires only the map phase and costs O(n)
work. For Algorithm 2, f ≥ 1, fr � 1, and f varies only
slightly during k iterations. Each invocation of Algorithm 2
costs O(n+nf)+p×Sort(nf

p ). An amount of work to find

the shortest path becomes (O(n+nf)+p×Sort(nf
p ))×k.

I n p u t : a d j a c e n c y l i s t s f o r t h e s ubgraph wi th d i s t a n c e s from
s and t ( distance s and distance t ) .
Ou tpu t : a d j a c e n c y l i s t s f o r t h e s ubgraph wi th u p d a t e d
d i s t a n c e s from s and t .
map (key /∗ unused ∗ / , adjacency list ) {

p a r s e adjacency list t o f i n d vertex , adjacenct vertices ,
distance s and distance t ;
remove vertex from adjacency list ;
o u t p u t (vertex , adjacency list ) ;
i f (distance s = iteration number ) {

o u t p u t (neighbor , ‘ s ’ ) f o r e v e r y e l e m e n t neighbor of
adjacenct vertices ;

}
i f (distance t = iteration number ) {

o u t p u t (neighbor , ‘ t ’ ) f o r e v e r y e l e m e n t neighbor of
adjacenct vertices ;

}
}
r e d u c e (vertex , values ) {

new distance s = ∞ ;
new distance t = ∞ ;
w h i l e (values i s n o t empty ) {

value = remove values ’ n e x t e l e m e n t ;
i f (value i s ‘ s ’ ) new distance s = iteration number + 1 ;
e l s e i f (value i s ‘ t ’ ) new distance t = iteration number
+ 1 ;
e l s e adjacency list = value ;

}
p a r s e adjacency list t o f i n d distance s and distance t ;
i f (distance s < new distance s ) new distance s = distance s ;
i f (distance t < new distance t ) new distance t = distance t ;
r e p l a c e distance s and distance t i n adjacency list wi th
new distnace s and new distance t ;
o u t p u t (vertex , adjacency list ) ;

}
Algorithm 2: Expanding breadth-first search frontiers from
s and t using MapReduce. iteration number (starts from
0) is passed as a command line argument.

The best sequential algorithm for breadth-first search runs in
O(n), and the work required to find the shortest path—by
running breadth-first searches from both s and t with the
heuristic of expanding the smaller frontier of the two—is
even lower as the algorithm visits only a portion of the graph.

Retrieving the shortest path from the output is also
problematic as the MapReduce programming model lacks
a random access mechanism. In the RAM model, visiting at
most k vertices and their neighbors in a backward direction
towards s and t is sufficient to retrieve the shortest path. In
the MapReduce programming model, in contrast, retrieving
the shortest path requires additional MapReduce iterations
and scanning the entire graph in each iteration. Thus, the
MapReduce algorithm to find a single-pair shortest path is
clearly suboptimal under our optimality criterion.

Bisection bandwidth is likely to become a bottleneck for
large systems as volumes of communication is comparable
or larger than amounts of work in the map phase, or f ≥ 1.
The overhead of the MapReduce runtime system and disk
I/O exacerbates the situation as the workload incurs multiple
MapReduce iterations with large volumes of the intermediate
data. Cohen [11] presents several graph algorithms under
the MapReduce programming model, and these algorithms
also have large f and require multiple MapReduce itera-
tions. Many of the algorithms require more work than the
best sequential algorithm and necessitate a large bisection
bandwidth to scale in large systems. The performance of



these algorithms may not be good on large systems with
limited bisection bandwidth as the author also comments.

IV. A HIGHLY MULTITHREADED SYSTEM

Highly multithreaded systems support the shared memory
programming model with the efficient latency hiding mech-
anism via multithreading and relatively large memory band-
width and network bisection bandwidth for the system size.
The shared memory programming model provides a ran-
domly accessible global address space to the programmers.

A. Algorithm Level Analysis

Highly multithreaded architectures adopt the shared mem-
ory programming model with a randomly accessible global
address space, which matches well with irregular data access
patterns over entire data. A memory reference requires only
a comparable number of instructions to the ideal RAM
model. Memory access latency is higher than the ideal RAM
model, but a large number of threads efficiently hide the
latency assuming sufficient parallelism.

Bader et al. [4] provide a complexity model for highly
multithreaded systems by extending Helman and JáJá’s
work [15] for symmetric multiprocessors (SMPs). This
model encompasses the architectural characteristics of
highly multithreaded systems. For SMPs, running time to
solve a problem of size n with p processors, or T (n, p)
is expressed by the triplet 〈TM (n, p), TC(n, p), B(n, p)〉,
where TM (n, p) is the maximum of a number of non-
contiguous memory accesses by any processor, TC(n, p) is
the maximum of local computational complexity of any pro-
cessor, and B(n, p) is a number of barrier synchronizations.
This model penalizes non-contiguous memory accesses with
higher latency and a large number of barrier synchroniza-
tions. Bader et al. [5] extend this model for multicore
architectures as well. For highly multithreaded architectures,
memory access latency is efficiently hidden, and a non-
contiguous memory access costs O(1). Multithreading also
reduces B(n, p). Bader et al. [4] conclude that considering
only TC(n, p) is sufficient for highly multithreaded systems.
An algorithm with TC(n, p) time complexity has at most
p × TC(n, p) work complexity.

B. System Level Analysis

Highly multithreaded systems are known to be efficient
for applications with a large number of irregular data ac-
cesses [4], [6], [7], [17] and also lower programming burden
to consider data locality. These are mainly due to relative
large memory bandwidth—for single-node systems—or bi-
section bandwidth—for multi-node systems—to the system
size in addition to the efficient latency hiding mechanism.

Traditional microprocessors with powerful integer and
floating point execution units—but only one thread per
core—suffer from low processor utilization for memory
latency bounded workloads. Highly multithreaded architec-
tures, in contrast, achieve high processor utilization for those
workloads [6]. Thus, highly multithreaded systems can per-
form same amounts of computation using a smaller number
of processors than a system with the traditional micropro-
cessors. A typical highly multithreaded system consists of a
small number of tightly integrated nodes with large memory

bandwidth and network bisection bandwidth, and this ad-
dresses the communication issue in the memory bandwidth
bounded applications with random access patterns as well.
However, these systems have limited aggregate computing
power, memory and disk capacity, and I/O bandwidth as a
downside due to the small number of nodes in the system.

C. Finding Shortest Paths in the Subgraph

In order to extract the subgraph from the multiple ter-
abytes of the input graph, we first need to store the input
graph in a highly multithreaded system. For a single node
system with a small number of disks, even storing the input
data is not possible, and our problem cannot be solved. If the
input graph fits into the capacity, then we can find shortest
paths in the subgraph as the following.

1) Read the graph data from the disks and filter the edges
in parallel and in a streaming fashion, store only the
filtered edges in the main memory.

2) Transform the edge list with the filtered edges to the
adjacency lists.

3) Run the single-pair shortest path algorithm optimized
for highly multithreaded systems and complex net-
works (see [6]).

For the first step, the aggregate disk I/O bandwidth or
the network bandwidth to the file server—when the input
graph is stored in the separate file server—limits the data
read rate. As typical highly multithreaded systems have
limited disk I/O bandwidth or the network bandwidth to
the separate file server, reading the entire input graph data
takes a significant amount of time. Transforming the edge
list to the adjacency lists is straightforward with the random
access capability. Bader and Madduri [6] design an efficient
algorithm to find the shortest path on the Cray MTA,
and the SNAP package [8], which is portable to shared
memory architectures, also provides a breadth-first search
implementation that matches well with highly multithreaded
architectures and complex networks. We tune this breadth-
first search implementation to find a single-pair shortest path
with the heuristic of expanding the smaller frontier (see [6]).
This algorithm has the asymptotically same work complexity
compared to that of the best sequential algorithm.

V. THE HYBRID SYSTEM

Analyzing a large scale complex network imposes distinct
computational challenges (see Section II), which cannot be
efficiently served with a MapReduce cluster or a highly
multithreaded system on its own (see Section III and IV).

We design a novel hybrid system to address the com-
putational challenges in large scale complex network anal-
ysis. Our hybrid system tightly integrates a MapReduce
cluster and a highly multithreaded system and exploits the
strengths of both in a synergistic way. In each step of the
complex network analysis, we select a MapReduce cluster
or a highly multithreaded system—based on the match be-
tween the computational requirements and the architectural
capabilities—and perform the computation for the step. We
transfer the data from one system to the other if we switch
from one to the other in the consecutive steps, and the tight
integration of the two systems reduces the data transfer time.



System MapReduce cluster highly multithreaded hybrid
Nodes (# nodes, type) (4, IBM System x3755) (1, Sun SPARC T5120)

MapReduce cluster +
highly multithreaded

Processors (# processors, type, power) /
node

(4, AMD Opteron 2.4 GHz 8216, 95 W
/ processor)

(1, Sun UltraSparc T2 1.2 GHz, 91 W /
processor)

DRAM size / node 8 GB 32 GB
DRAM bandwidth / node 42.8 GB/s 60+ GB/s
Interconnect Dual-link 1 Gb/s Ethernet N/A
Disk Capacity 96 disks × 1 TB / disk 2 disks × 146 GB / disk
Software Hadoop 0.19.2, Sun JDK 6 Sun Studio C compiler 5.9

Table I: Technical specifications for the test platforms

A. Algorithm Level Analysis
Solving our problem, which finds single-pair shortest

paths in the subgraph, requires filtering the larger input
graph; transforming the edge list with the filtered edges to
the adjacency lists; and running the shortest path algorithm
on the subgraph. The MapReduce algorithm in Section III-C
finishes the first two steps in a single MapReduce iteration,
and this algorithm is optimal (under our optimality criterion
for MapReduce algorithms) assuming f � 1. A highly
multithreaded system, in contrast, suffers from limited disk
capacity and the disk I/O bandwidth to finish the first step.
For the last step, the MapReduce algorithm necessitates a
significantly larger amount of work than the best sequential
algorithm, and the disk I/O and runtime system overhead fur-
ther exacerbates the performance. The extracted subgraph—
in the compact representation—has higher chance to fit into
the main memory of a highly multithreaded system, and if
this is the case, a highly multithreaded system can find short-
est paths in an efficient way. Using a MapReduce cluster for
the first two steps and a highly multithreaded system for the
last step exploits the strengths of both architectures, and we
need to transfer the output of the second step from a MapRe-
duce cluster to a highly multithreaded system in this case.

We generalize the above discussion to design a model that
estimates the time complexity on the hybrid system. Assume
the computation requires l steps. Then, execution time on the
hybrid system is

Thybrid = Σi=1 to l min(Ti, MapReduce + Δ, Ti, hmt + Δ)
where Δ = ni

BW inter
×δ(i−1, i). Ti, MapReduce and Ti, hmt

are time complexities for the ith step on a MapReduce
cluster and a highly multithreaded system, respectively. ni

is input data size for the ith step, and BWinter is bandwidth
between a MapReduce cluster and a highly multithreaded
system. δ(i−1, i) is 1 if selected platforms for the (i−1)th
and ith steps are different and 0 otherwise. As the input
data resides in a MapReduce cluster, δ(0, 1) is 0 for a
MapReduce cluster and 1 for a highly multithreaded system.

B. System Level Analysis
In the hybrid system, data transfer between a MapReduce

cluster and a highly multithreaded system is necessary in
addition to the computation on each. The hybrid system be-
comes more effective if this data transfer time is minimized,
and the data transfer time reduces as BWinter increases.
Minimizing the distance between a MapReduce cluster and
a highly multithreaded system and tightly coupling the two
is important to provide large BWinter and to maximize the
effectiveness of the hybrid system.

C. Finding Shortest Paths in the Subgraph

We find shortest paths in the subgraph using the hybrid
system through the following steps.

1) Extract the subgraph using the MapReduce cluster
with the algorithms described in Section III-C.

2) Switch to the highly multithreaded system, and load
the extracted graph from the MapReduce cluster to the
highly multithreaded system’s main memory.

3) Find shortest paths using the highly mutltithreaded
system by running the algorithm described in Sec-
tion IV-C multiple times.

As f � 1 in our problem, the size of the extracted graph
is much smaller than the input graph. Thus, the subgraph
has higher chance to fit into the main memory of a highly
multithreaded system. The MapReduce algorithm to solve
the shortest path problem incurs significantly more work
than the best sequential algorithm while the algorithm for
a highly multithreaded system incurs only a comparable
amount of work to the best sequential algorithm. For the
graph that fits into the main memory, the disk I/O and run-
time system overhead even widens performance gap between
a MapReduce cluster and a highly multithreaded system.
If the difference between execution time on a MapReduce
cluster and a highly multithreaded system to find single-pair
shortest paths is larger than the subgraph loading time, using
a highly multithreaded system for the third step reduces the
execution time to solve our problem.

VI. EXPERIMENTAL RESULTS

Table I summarizes the test platforms. Hadoop is con-
figured to spawn up to 8 mapper processes and 3 reducer
processes per node. Hadoop Distributed File System (HDFS)
is configured to create one replica per block. We add an ad-
ditional system with the Intel Xeon processors to coordinate
the map and reduce processes for the MapReduce cluster.

Figures 4, 5, and 6 summarize the experimental results in
finding shortest paths in the subgraphs which cover 10%,
5%, and 2% of the vertices in the input graph, respec-
tively. The extracted subgraphs have 351 million vertices
and 2.75 billion undirected edges, 178 million vertices and
1.49 billion undirected edges, and 44.9 million vertices and
109 million undirected edges (excluding isolated vertices),
respectively. We find single-pair shortest paths in the sub-
graphs for up to 30 pairs.

The MapReduce cluster successfully extracts the sub-
graphs, while the UltraSparc T2 blade fails to solve the prob-
lems on its own as the input graph size overflows the sys-
tem’s disk capacity. Using a network file system with a larger
disk capacity is another option for the highly multithreaded



MapReduce
cluster
(hours)

hybrid (hours)

subgraph extraction 23.9 23.9
memory loading - 0.832
shortest paths (for 30
pairs)

103 0.000727

Figure 4: The execution time to extract the subgraph (which covers 10% of the vertices) and find single-pair shortest paths
(left) and the decompositions of the execution time on the MapReduce cluster and the hybrid system (right). The highly
multithreaded system fails to solve the problem on its own as the input graph overflows its disk capacity.

MapReduce
cluster
(hours)

hybrid (hours)

subgraph extraction 22.0 22.0
memory loading - 0.418
shortest paths (for 30
pairs)

61.1 0.000467

Figure 5: The execution time to extract the subgraph (which covers 5% of the vertices) and find single-pair shortest paths
(left) and the decompositions of the execution time on the MapReduce cluster and the hybrid system (right). The highly
multithreaded system fails to solve the problem on its own as the input graph overflows its disk capacity.

MapReduce
cluster
(hours)

hybrid (hours)

subgraph extraction 20.5 20.5
memory loading - 0.0381
shortest paths (for 30
pairs)

5.22 0.000191

Figure 6: The execution time to extract the subgraph (which covers 2% of the vertices) and find single-pair shortest paths
(left) and the decompositions of the execution time on the MapReduce cluster and the hybrid system (right). The highly
multithreaded system fails to solve the problem on its own as the input graph overflows its disk capacity.

system, but even in this case, the network bandwidth to the
file system or the limited computing power of the highly
multithreaded system is likely to become a performance
bottleneck. Pre-processing the data before the transfer using
a file system with a filtering capability—as is the case of the
hybrid system—provides a better mechanism to work around
these limitations. Finding single-pair shortest paths in the ex-

tracted subgraphs is significantly slower on the MapReduce
cluster than the shared memory system. The hybrid system
outperforms the MapReduce cluster in overall throughout the
experiments. The performance gap widens as the subgraph
size or a number of the input pairs to find a shortest path
increases. Adopting a faster interconnection technology be-
tween the MapReduce cluster and the highly multithreaded



system will further widen the gap. This justifies the use
of the hybrid system, especially when the analysis of the
extracted subgraph requires a large amount of work.

The MapReduce cluster runs significantly slower than
the highly multithreaded system in finding shortest paths.
This performance gap is mainly due to the match between
computational requirements of the problem and the pro-
gramming model and the architectural capability of the
two different systems. The MapReduce algorithm for the
problem is clearly suboptimal under our optimality criterion
while the algorithm for the highly multithreaded system
executes only a comparable number of operations to the
best sequential algorithm. The input pairs to find shortest
paths are 6.04 hops away from each other in average (in
the case of the 10% subnetwork, excluding the disconnected
pairs) and the UltraSparc T2 blade visits approximately
100 thousand vertices in average—owing to the random
access mechanism—with the heuristic of expanding the
smaller frontier. The MapReduce algorithm needs to visit
the entire vertices multiple times. The tightly connected
network for the highly multithreaded system and the highly
multithreaded system’s latency hiding mechanism naturally
match with the workload’s irregular data access patterns,
while the disk I/O and the runtime system overhead of the
MapReduce cluster becomes more prominent with the graph
data that fits within the main memory capacity.

VII. CONCLUSIONS AND FUTURE WORK

Performance and programming complexity is highly cor-
related with the match between the workload’s computa-
tional requirements and the programming model and the
architecture. Thus, a careful analysis of the workload’s com-
putational requirements and using the right tool in the right
place have significant importance. We study the synergy of
the hybrid system in the context of complex network analysis
and show that the hybrid system can efficiently address
these challenges, while a MapReduce cluster and a highly
multithreaded system reveals the limitations on its own.

In this work, we use the highly multithreaded machine
with a Sun UltraSparc processor and the 32 GB main
memory. Even though we successfully fit the graph with
2.75 billion undirected edges into the 32 GB memory, there
are larger complex networks that require more than 32 GB
of the main memory—such as the entire Facebook network.
Another massively multithreaded platform, the Cray XMT,
provides terabytes of the main memory which is large
enough to handle most practical complex networks. As
future work, we will use the Cray XMT to analyze extreme
scale complex networks.
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