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Abstract

In this paper, we consider the resource allocation prob-
lem for computing a large set of equal-sized independent
tasks on heterogeneous computing systems. This problem
represents the computation paradigm for a wide range of
applications such as SETI@home and Monte Carlo simu-
lations. Compute nodes in the system are heterogeneous
and may communicate with each other at different speeds.
We model such a system as a graph, which is capable of
representing an arbitrary network topology. Our study fo-
cuses on the maximization of the steady state throughput of
such systems. We show that, unlike the surprisingly diffi-
cult makespan minimization problem, the throughput max-
imization problem can be solved through a linear program-
ming formulation. We also show that different operation
scenarios of the compute nodes have intrinsic similarities.
Our approach shows improved performance compared with
the master/worker computation paradigm which assumes a
tree-structured system topology.
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1 Introduction

In this paper, we consider the problem of computing a large
set of equal-sized independent tasks on a heterogeneous
computing system. This problem represents the compu-
tation paradigm for a wide range of applications. Internet
based distributed computing projects are among the most
well-known examples of this computation paradigm. Ex-
amples of such research projects include SETI@home [8],
Folding@home [9], data encryption/decryption [3], etc.
This computation paradigm also applies to other more
tightly coupled computations such as Monte Carlo simu-
lations.

The computing system consists of a heterogeneous
collection of compute nodes, connected via heterogeneous
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network links. The network topology can be arbitrary. We
model the system as an undirected graph, where each node
in the graph represents a compute node and each edge in the
graph represents a network link. A compute node needs to
receive the source data for a task before executing this task.
We assume that the source data for all tasks initially resides
on a single node in the system, which we call the root node.
A compute node can communicate with not only the root
node (if such a network link exists), but also its neighbors.
Every compute node thus needs to determine (1) where to
get the tasks from and how many, (2) how many tasks to
compute locally, and (3) where to transfer the rest of the
tasks that it has received.

This is actually a resource allocation problem that can
be reduced to the scheduling of a set of independent tasks
on heterogeneous computing systems, for which various
methods have been proposed to minimize the overall ex-
ecution time (makespan) of all the tasks. As this makespan
minimization problem is known to be NP-complete [7],
designing effective heuristics and evaluating their perfor-
mance become the key issues (e.g. [2, 10]).

Instead of minimizing the makespan, an alternate op-
timization objective is studied in this paper: maximization
of the steady state system throughput. Maximization of
steady state system throughput is not equivalent to the min-
imization of makespan, since the system may not operate
at full speed during start up and trailing time. However,
if the number of tasks is large, then the start up and the
trailing time become negligible when compared with the
overall computing time of all tasks. For applications that
have a huge number of tasks such as SETI@home, system
throughput, naturally, becomes the major concern.

There are some works that consider system through-
put. Master/Worker paradigm is widely used to schedule
independent tasks in heterogeneous computing systems and
has been exploited by various research groups ([4, 11]) to
maximize the throughput. In [1], a bandwidth-centric ap-
proach was proposed to maximize system throughput when
the nodes are connected via a tree topology and all the
tasks initially reside on the root node. Compared with
these researches, the proposed study in this paper targets
a more general problem that allows an arbitrary network



topology. Not only does this arbitrary network topology
represent a more realistic heterogeneous computing sys-
tem, it can also outperform the tree topology as it provides
more choices to route the tasks through the system. (See
Section 5 for the comparison of graph-structured systems
and the tree-structured systems.) Further, since the tree-
structured topology is a special case of an arbitrary topol-
ogy, algorithms obtained from our study can be directly ap-
plied to those tree structured systems.

We show that, unlike the surprisingly difficult
makespan minimization problem, the throughput maxi-
mization problem can be formulated as a linear program-
ming problem, which can then be solved efficiently. Our
study also shows that different operation scenarios of the
compute nodes (see Section 4 for details of these scenarios)
have intrinsic similarities. All the operation scenarios can
be reduced to a base scenario where the computation and
communication can be overlapped on the compute nodes,
and the compute nodes can either send data to one neighbor
or receive data from one neighbor.

Simulations have been conducted to verify the effec-
tiveness of the proposed linear programming formulation
method. The results show that by considering all the com-
munication links in a system with an arbitrary network
topology, we can improve the throughput by up to 2.92
times than if we restrict the communications to a tree-
structured subset of the communication links. Based on
the optimal solution for the throughput maximization prob-
lem, we have developed a simple bandwidth-aware heuris-
tic to allocate the compute and communication resources.
Simulations show that this heuristic increases the system
throughput by up to 92% when compared with a first come
first serve heuristic.

The rest of the paper is organized as follows. Sec-
tion 2 describes our system model and formally states the
optimization problem. In Section 3, we discuss our lin-
ear programming formulation that maximizes the system
throughput. In Section 4, we show how to reduce other op-
eration scenarios of the compute nodes to the base scenario
discussed in Section 3. Experimental results are shown in
Section 5. Concluding remarks are made in Section 6.

2 System Model and Problem Statement

The system is represented by an undirected graph G(V, E).
Each node V; € V in the graph represents a compute node.
The weight of V;, denoted by w;, represents the processing
power of node V;, i.e. V; can perform one unit of com-
putation in 1/w; time. Each edge E;; € E in the graph
represents a bi-directional network link between V; and V;.
E;; = Ej;. The weight of E;;, denoted by 1;;, represents
the communication bandwidth of link E;;, i.e. link E;; can
transfer one unit of data from V; to V; (or from V; to V;) in
1/1;; time. We use A; to denote the adjacent nodes of V; in
G,ie A; = {Vk|E|E1;k € E}

The compute nodes may work in different scenarios.
First, the computation and the communication may or may

not be overlapped on the compute nodes. There are also
two possible operation scenarios for the network interface
of a compute node: it can be full-duplex or half-duplex. A
compute node can send and receive data concurrently if it
has a full-duplex network interface. A compute node with
a half-duplex network interface can send and receive data,
but the send and receive operations cannot be performed at
the same time. When multiple network links connect to a
single node, this node may receive(send) data through these
links either concurrently or sequentially, i.e. the network
interface of this node may or may not support concurrent
incoming(outgoing) communications with multiple neigh-
bors.

The possible scenarios will be discussed in this pa-
per. For the discussion in this section, we assume for the
time being that all nodes/links operate as follows: (1) com-
putation and communication can be fully overlapped on the
compute nodes, (2) network interface of the compute nodes
are half-duplex, (3) at any time instance, a compute node
can only send data to one of its neighboring nodes and re-
ceive data from one of its neighboring nodes. We denote
this scenario as the base scenario. Other scenarios will be
discussed in Section 4.

Without loss of generality, we assume each task has
one unit of source data and requires one unit of computa-
tion. (We can normalize the values of w; and l;; if the tasks
are not unit-sized. ) So a task is transferred over a network
link means one unit of data is transferred. A task is com-
puted by a compute node means one unit of computation is
performed. A compute node can compute a task only af-
ter receiving the source data. Initially, node V4 holds the
source data for all the tasks. V; is called the root node.
Each node V; in the system receives tasks from a subset
of its neighbors (V4 could be the neighbor of some nodes),
computes a subset of the tasks it received, and sends the re-
maining tasks to (possibly) another subset of its neighbors.
Vb is different from other nodes since it only sends out tasks
and does not receive any tasks from any of its neighbors.

The steady-state throughput of the system is defined
as the maximum number of tasks that can be processed by
the system in one unit of time. We are now interested in
the following problem: given a time interval T, what is
the maximum number of tasks that can be processed by the
system G? Let f(V;,V;) denote the number of tasks to
be transferred from V; to V; during this time interval. To
simplify our discussion, if the actual data transfer is from
Vi to V;, we define f(V;,V;) = —f(V;,V;). We have the
following constraints:

1. |f(Vi, V;)/lij| < T forV edge E;;. This is because

E;; can transfer at most /;; unit of data in one unit of

time.

2. Y viea, f(Ve, Vi) > 0 for Vi € V — {Vp}. This
condition says that no intermediate nodes can generate
tasks. This constraint does not apply to V5.

3. 2viea, [f(Vi, Vi) /lig] < 1forV; € V. This is be-
cause V; has a half-duplex network interface and all



the send and receive operations have to be performed
serially.

4 > viea FVi, Vi) Jwi < T forV; € V. —{Vp}. We
can see that 3, 4. f(Vi, Vi) is the total number of
tasks that V; has kept locally (tasks received minus
tasks sent out). This condition says that any node V;
should not keep more tasks than it can compute, oth-
erwise the number of un-computed tasks on this node
will increase monotonically as time advances.

The total number of tasks computed by the system is
T xwo+ Y viev—(vor(Xviea, f(Vk, V3)). Since we are
interested in the throughput of the system, we can normal-
ize time interval 7" to 1 and obtain the formal problem state-
ment as follows:

Base Problem: Given an undirected graph G(V, E) where
V is the set of nodes and E is the set of edges. Node V; has
weight w;. Edge E;; connects V; and V;, and has weight
lij. w; > 0. l;; > 0. If there is no edge between node V,
and V,,,, we define I, = 0. We are to find a real-valued
function f : V x V — R that satisfies:
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Since I;; = 0 when edge E;; does not exist, condi-
tions 1 and 2 imply that f(V;,V;) = f(V;,V;) = 0 when
there is no edge between V; and V.

3 A Linear Programming Formulation

In this section, we show that the Base Problem (when all
the compute nodes work in the base scenario) can be re-
duced to a linear programming problem. This is done by
converting graph G(V, E) in the Base Problem using Pro-
cedure 1. We denote the resulting graph of this conversion
asG (V',E).

Procedure 1: For each node V; € V, create a correspond-
ingnode V; € V'. V; has weight w;. For each undirected
edge E;; € E, create two directed edges E' and £

E', where E is from V to V and E is from V to V
Both E;; and E]z have weight l,,.

With this transformation, we have the following linear
programming problem:

Problem 1. Given a directed Graph G(V, E). The weight
of node V; is w;. Edge E;; has weight Z;;. w; > 0. I;; > 0.
Find a real-valued function f : E — R that satisfies:

forvV; e V — {Vy}

O<f( )<l fOI’VEz'jEE
2.3 F(Eir)/lik +Ek F(Eri)/lki <1
forvV; eV

3.0< Y f(Bri) =2 [(Eir) <w;
forvv, e V. —{Vp}

and maximizes

W =wy + Z f(Eor) — Zf(EkO) 2
& 3

The following proposition shows that the Base Prob-
lem and Problem 1 are equivalent. Wg(G, V) represents
the maximum throughput for the base problem, given G as
the input graph and V4 as the root node. Wi (G, Vp) repre-
sents the maximum throughput for Problem 1, given G as
the input graph and Vj as the root node.

Proposition 3.1 If G(V, E) istransformed to G (V', E')
using Procedure 1, then

Wa(G, Vo) = Wi(G', V)

Proof: We use the notation in Procedure 1 to denote the
ngdes/edges in G and their corresponding nodes/edges in
G.

Suppose f : V x V — R is a feasible solution for
the Base Problem instance (G, V). We map it to a feasible
solution ' : E' — R for Problem 1 instance (G, V) as
follows: if f(V;,V;) > 0, then we set

1] ! 1] !

f (Ez])zf(vvz:vvj)a f (Ej,-)=0

It is easy to verify that such an f is a feasible solution for
Problem 1 instance (G, V; ) and that f  leads to the same
throughputas f. (We only need to check condition 1, 2, and
3 of Problem 1. This checking process is straight forward
and hence omitted here.)

Suppose f : E' — R is a feasible solution for an
instance of Problem 1 (G, V;). We map it to a feasible
solution f : V xV — R for Base Problem instance (G, V)
using the following equation:

7

Vi, Vi) = £ (Ey) - f(Ej;)

It is also easy to verify that such an f is a feasible solution
for Base Problem instance (G, V,) and that it has the same
throughput as f .

Problem 1 is an instance of the well-studied linear
programming problem. Various algorithms have been pro-
posed to solve the linear programming problems. These
include the Simplex algorithm that is easy to implement
and has excellent average case performance, and the in-
terior point algorithms that guarantee a polynomial time
complexity. This shows that the throughput maximization
problem can be solved very efficiently when the compute
nodes work in the base scenario. In the next section, we
will show that other operation scenarios of the compute
nodes can be reduced to the base scenario.



4 Other Operation Scenarios of the Com-
pute Nodes

Based on the discussion in Section 2, the operation sce-
nario of a compute node is determined by the following
four criteria: (1) whether computation and communication
can be overlapped, (2) whether the network interface is full-
duplex or half-duplex, (3) whether the network interface
can receive data from multiple neighbors concurrently, and
(4) whether the network interface can send data to multiple
neighbors concurrently. We show that our linear program-
ming formulation captures all the operation scenarios of the
compute nodes.

Possible combinations of the above four criteria give
us 16 operation scenarios. However, many of these sce-
narios do not have practical importance. For example, if
a compute node can receive data from multiple neighbors
concurrently, it is very unlikely that this node can send data
to only one neighbor at a time. When the network interface
of a compute node works in half-duplex mode, it is possi-
bly a legacy device and may not be able to handle multiple
connections concurrently. Therefore, in the discussion be-
low, we will focus on the following four scenarios.

Scenario 1: Overlap-able computation and communica-
tion, half-duplex network interface, serial send, and serial
receive. This is the base scenario and has already been dis-
cussed.

Scenario 2: Overlap-able computation and communica-
tion, full-duplex network interface, serial send, and serial
receive. A compute node working in this scenario can send
and receive data concurrently, although it cannot send to
multiple neighbors concurrently or receive from multiple
neighbors concurrently. A problem formulation for this
scenario can be obtained (the method is similar to that for
the base scenario. Details are omitted here due to space
limitations) as follows:

Problem 2: Given a directed Graph G(V, E). The weight
of node V; is w;. Edge E;; has weight [;;. w; > 0. I;; > 0.
Find a real-valued function f5 : E — R that satisfies:

1.0< fg(Eij) < l” for VE,']' ek
3. Ek f2(Ekl)/lkl <1 for‘v’Vi eV
4.0 <305 f2(Bri) — 204 f2(Eir) < w

forvV; e V — {V}

and maximizes

W=uwo+ ) fo(Bor) =Y f2(Bro) ()
k k

Problem 2 can be reduced to Problem 1. This is done
through the following transformation: for every node V;
in Problem 2, split it into two nodes V;* and V2. V;! has
weight 0 and V;2 has weight w;. For every edge E;; in
Problem 2, replace it with another edge E” that goes from
V2 to V. Ej; has weight ;;. Finally, add a new edge

(denoted as E,) with weight oo from V! to V2. This trans-
formation is illustrated in Figure 1.

(b)

Figure 1. Illustration of reducing Problem 2 to Problem 1.
(@) Node V; in Problem 2. (b) Equivalent mapping of V; to
create an instance of Problem 1.

We use f; to denote the function that we search for
Problem 1. Suppose the transformed graph is the input to
an instance of Problem 1, then the constraints related to
node V;! and V2 are as follows:

0< fi(Ey) <l

0< fi(Ey,) < l”

0 < fi( ,;) ,

Zkfl( 1)/lik + fr(E) /oo <1

h(E )/00+Zkf1( I))/lkzsl
k)

OSZkfl( i) — [i(E
0< fi(E) - Zk fi(E;

Constraint 3 above can be ignored since it is implied by
constraint 1 and 6. In Constraint 4 and 5, co appears
in the denominator solely for the purpose of explanation.
Because the newly added links have weight oo, terms
f(E")/oo and f(E;)/oo are 0. These constraints translate
to:

.\‘G"-"‘b.‘*’!\’!—‘
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) < Lij
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E )/llcz§1
(Bi) — L f1(Ejy) < wi

which are nothing but the constraints for Problem 2 if we let
f2(Eix) = f1(Ey,) and f2(Ek;) = fi1(Ey;). This shows
that Problem 2 is a special case of Problem 1.

Scenario 3: Overlap-able computation and communica-
tion, full-duplex network interface, concurrent multiple
send, and concurrent multiple receive.

We need to further refine our model when a compute
node can communicate with multiple neighboring nodes
concurrently. Suppose a compute node connects to 5 other
nodes, each through a 100 Mb/s link. It would be unrealis-
tic to assume that this node can send or receive data at 500
Mb/s. A more reasonable model is that this node can com-
municate to only one of its neighbors at 100 Mb/s, or to all



five neighbors concurrently, but at 20 Mb/s each. There-
fore, if a compute node V; can communicate with multiple
neighboring nodes concurrently, we introduce another two
parameters ¢ and ¢g“!. These two parameters indicate
the capability of V;’s network interface to send and receive
data: within one unit of time, at most c¢i™(c¢%*) units of data
can flow into (out of) V;.

Similar to Scenario 2, the following problem formu-
lation can be obtained for this scenario:
Problem 3: Given a directed Graph G(V, E). The weight
of node V; is w;. Edge E;; has weight [;;. w; > 0. [;; > 0.
Find a real-valued function f; : E — R that satisfies:

1.0< f3(Ei]') < lz'j for VEij €eFrE
2. Zk f3(Ezk) < C?Ut for YW, eV
3. Zk f3(Ekz) < Cfn forvV; e V
4.0 <32y f3(Bri) — 2op f3(Eir) < wi

forvV; e V — {V}

and maximizes

WZU)()+Zf3(E0k) _Zf3(Ek0) 4)
% %

Problem 3 can be reduced to Problem 2 by using the
following transformation: for every node V; in Problem
3, split it into three nodes V2, V;!, and V2. Both V?
and V;? have weight 0 and V;! has weight w;. Add edge
(V2 — V;') with weight ¢i*. Add edge (V;'! — V) with
weight c¢“*. For every edge E;; in Problem 3, replace it
with the following combined component: edge E}j (weight
oo) — node V;} (weight 0) — edge E7; (weight ;;) —
node V7 (weight 0) — edge E3; (weight 0o). In this com-
bined component, double subscripts are used to denote the
newly inserted nodes V;; and V;3. This transformation is
illustrated in Figure 2. Without introducing any confusion,
names of the nodes and edges are omitted to make Figure 2
more legible.

Figure 2. lllustration of reducing Problem 3 to Problem 2.
(@) Node V; in Problem 3. (b) Equivalent mapping of V; to
create an instance of Problem 2.

Similar to scenario 2, we can show that such a trans-
formation reduces Problem 3 to a special case of problem
2. Details are omitted here due to space limitations.

Scenario 4: Non-overlap-able computation and communi-
cation, half-duplex network interface, serial send, and se-
rial receive.

Similarly, we have the following problem formulation
for this scenario:
Problem 4: Given a directed Graph G(V, E). The weight
of node V; is w;. Edge E;; has weight Z;;. w; > 0. I;; > 0.
Find a real-valued function f; : E — R that satisfies:

1.0 < fu(Eij) < Uy
2.3 fa(Eir) [lir + 2, fo(Era) [ lri+

Xk fa(Eri) = Xp fa(Eir)) /wi < 1forVV; € V
3.2k Ja(BEri) — 2oy fa(Eig) 2 0

and maximizes

W=w0+2f4(E0k) _Zf4(Ek0) 5)
%

k

for VE,']‘ ek

Problem 4 can be reduced to Problem 1. This is done
through the following transformation: for every node V; in
Problem 4, add another node Vi' with weight w; and change
the weight of V; to 0. Add an edge (V; — Vi') with weight
w;. This transformation is illustrated in Figure 1.

Figure 3. Illustration of reducing Problem 4 to Problem 1.
(@) Node V; in Problem 4. (b) Equivalent mapping of V; to
create an instance of Problem 1.

It can be proved that such a transformation reduces
Problem 4 to a special case of Problem 1.

Because our linear programming based approach
takes into account the constraints on both the computation
and the communication capabilities of the resources, it not
only reflects the compute capability of the compute nodes,
but is also bandwidth-aware. We will show in the next sec-
tion how this bandwidth-awareness is important to the sys-
tem performance (in our case, the system throughput).

5 Experimental Results

As we have discussed in Section 4, different operation sce-
narios of the compute nodes can be reduced to the base
scenario. Therefore, we only simulated the base scenario
and the simulation results can be generalized to other sce-
narios. The linear programming formulation discussed in
Section 3 are used in the simulations to find the optimal
resource allocations.

As can be expected, we first show that graph-
structured systems can achieve a higher throughput than
tree-structured systems. We simulated two cases. In case

forvV; e V — {V}



Table 1.  Comparison of graph-structured and tree-
structured systems. A graph is first generated and the tree
is obtained by performing breadth first search.

Wmaz = 0.1
| link density | 0.04 | 0.08 | 0.12 | 0.16 | 0.20
n =20 1.16 | 296 | 2.60 | 2.35 | 3.65
n =40 365|318 | 189|230 | 171
n = 60 209 | 1.72 | 1.49 | 1.74 | 1.55
n =80 219 | 146 | 159 | 146 | 144
Waz = 0.2
| link density | 0.04 | 0.08 | 0.12 | 0.16 | 0.20 |
n =20 1.04 | 1.07 | 205 | 2.20 | 1.52
n =40 186 | 1.25 | 1.71 | 1.24 | 1.55
n = 60 210 | 154 | 161 | 1.37 | 1.37
n = 80 137|121 | 137 | 122 | 1.22

1, we first randomly generate a graph-structured system. A
graph is represented by its adjacency matrix A where each
non-zero entry a;; represents the bandwidth of the corre-
sponding link 7;;. If a;; = 0, then link (V;,V}) does not
exist. The graph is generated as follows: Initially, all en-
tries in A are set to 0. Then a set of entries is randomly
selected. Each selected entry is assigned a value that is
uniformly distributed between 0 and 1. We compare the
performance of the graph-structured system against one of
its spanning trees. Search for a spanning tree that has the
highest system throughput among all the spanning trees is
critical to the system performance. However, to the best of
our knowledge, we are not aware of any efficient algorithms
to solve this problem. In our experiments, we use a breadth
first search (BFS) tree. Intuitively, a BFS tree attempts to
find the shortest path for all the nodes to communicate with
the root node. In case 2, a tree-structured system is first
constructed. For every non-leaf node in the tree, its num-
ber of children is randomly determined between 1 and 5.
We compare the performance of such a tree-structured sys-
tem against a graph-structured system that is constructed
by randomly adding links to the nodes in the tree. We limit
the number of children for the nodes so that the tree can
have multiple levels. In both Case 1 and 2, ;;, ci”, c?“* are
uniformly distributed between 0 and w44, Where 1 /w44
represents the average computation/communication ratio of
the tasks.

The simulation results are shown in Table 1 and 2,
where n is the number of nodes in the system. Data in
the tables shows the ratio between the throughput of graph-
structured systems and the throughput of the corresponding
tree-structured system. Link density in Table 1 and 2 repre-
sents the number of edges in the system and is normalized
as % Each reported data is the average over 100
randomly generated systems. As can be seen from these
results, utilizing communication links in a general graph-
structured system can improve the system throughput as

Table 2.  Comparison of graph-structured and tree-
structured systems. A tree is first generated and the graph
is obtained by randomly adding links to the nodes in the
tree.

Wpnae = 0.1
| link density | 0.04 | 0.08 | 0.12 | 0.16 | 0.20 |
n =20 126|150 | 149 | 1.70 | 1.78
n =40 2.08 | 1.82 | 1.47 | 2.29 | 1.65
n = 60 146 | 1.59 | 1.92 | 2.09 | 1.44
n = 80 157 | 173 1192 | 156 | 2.14
Wmar = 0.2
| link density | 0.04 | 0.08 | 0.12 | 0.16 | 0.20 |
n =20 141 ] 132|165 | 149 | 1.57
n =40 1.60 | 1.56 | 1.71 | 1.28 | 3.92
n = 60 126 | 161|341 | 155 | 2.04
n = 80 1.63 | 162 | 1.60 | 1.57 | 2.58

much as 2.92 times if we are not limited to a tree topology.

The second set of simulations show that considering
task transferring cost when allocating the resources leads
to higher system throughput. More importantly, we show
that the proposed resource allocation can be implemented
easily.

By using the information provided by our linear
programming formulation, we design a bandwidth-aware
heuristic.  The performance of this bandwidth-aware
heuristic is compared with that of the first come first serve
(FCFS) heuristic, which is a widely used heuristic to sched-
ule independent tasks to heterogeneous computing sys-
tems. These two heuristic share the same outline: each
node in the system keeps a task buffer. At the beginning
of the computation, only the task buffer at the root node is
non-empty. It contains all the tasks to be computed by the
system. At any time instance, for each node in the system,
(1) if the task buffer is not empty and the compute node is
free, then remove one task from the task buffer and com-
pute the task; (2) if the task buffer is still not empty, check
the neighbors. If any neighbor has an empty task buffer,
make a decision on whether to send a task to that neighbor
or not, and transfer one task if the decision is "yes’.

The two heuristics differ in step 2 in the above outline.
In the first come first serve heuristic, any neighbor with an
empty buffer is a candidate to transfer a task. A compute
node is assigned a task whenever it becomes free. Hence
the more powerful a compute node is, the more tasks it may
get. This heuristic only considers the compute power of the
nodes and ignores the communication bandwidth among
the nodes. In our bandwidth-aware heuristic, a through-
put maximization problem is first solved by using the lin-
ear programming formulation. Neighbor V; of node V; can
receive tasks from V; only if the solution of the through-
put maximization problem shows a positive data flow from
Vi to Vj, i.e. when f(E;;) > 0. This heuristic only se-



lects those nodes and links that can maximize the system
throughput. This selection is determined through the linear
programming formulation.

The graphs were generated as in Case 1 of the fist
set of experiments. Initially, there are 1000 tasks on the
root node. Figure 4 compares the throughput of the two
heuristics. The reported throughput is calculated as the
number of tasks computed in one unit of time (1000/over-
all_execution_time). Each data point in Figure 4 is an aver-
age over 100 randomly generated graphs. As can be seen
from this figure, our bandwidth-aware heuristic increases
the system throughput by up to 92% compared with the
FCFS heuristic.
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Figure 4. Comparison between our bandwidth-aware
heuristic and the first come first serve (FCFS) heuris-
tic. Data points in this figure show the ratio between the
throughput of the bandwidth-aware heuristic and that of the
FCFS heuristic.

6 Conclusion and Discussions

In this paper, we studied the problem of computing a large
set of equal-sized independent tasks on a heterogeneous
computing system. We studied systems with arbitrary
network topology and modeled the systems as undirected
graphs. Instead of minimizing the overall execution time of
all tasks, we focus on the maximization of the steady state
system throughput. We showed that the throughput max-
imization problem can be solved efficiently through a lin-
ear programming formulation. Our study also reveals that
different operation scenarios of the compute nodes have
intrinsic similarities and can be reduced to the base sce-
nario. The effectiveness of the proposed bandwidth-aware
resource allocation approach were verified through simula-
tions.

In [5], we presented our results for the throughput
maximization problem when the compute nodes work in
Scenario 3 discussed in Section 4. We show that in this
scenario, the linear programming formulation discussed in
Section 3 can be further reduced to a network flow maxi-

mization problem, for which we can use various efficient
algorithms. A more interesting result for this scenario is
that we can develop an autonomous and distributed algo-
rithm to maximize the system throughput [6] .

Future studies need to consider the impact of commu-
nication/computation ratios of the tasks. This is because in
real life applications, the size of the tasks is not given, but
needs to be determined to maximize the system through-
put - and the size of the tasks translates to the commu-
nication/computation ratios of the tasks. We also need to
consider the scenario where the initial source data for the
tasks can reside on multiple nodes. We can easily extend
our linear programming formulation by adding a pseudo
root node. However, for this situation, we need to find out
which nodes to use as the initial data pool and how much
data to place on each of these nodes.
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