
Scaling the Web

Allocating Applications
in Distributed Computing

We can use grid computing1 and virtualiza-
tion2 to distribute computing applications
on the Internet, letting a collection of

interconnected servers host a set of applications
to balance the processing load and improve per-
formance. An important question is which appli-
cations to assign to which servers so we can meet
the applications’ quality of service (QoS) goals,
given the servers’ bandwidth and capacity con-
straints. In this column, I precisely define the
problem and discuss a solution through a moti-
vating numerical example.

Basic Model
Consider a set A = {a1, …, aM} of M applications
and a set S = {s1, …, sK} of K servers. The band-
width of the network connection for each server
sj in S is Bj bits per second. We can deploy more
than one application to any server, but a given
application runs entirely on a single server (see
Figure 1). Applications 1 through 3 share server
1’s resources, including its bandwidth; applica-
tions 4 and 5 share server 2; and server 3 is ded-
icated to running application 6. Contention for
server resources increases as more applications are
deployed to a server, degrading each application’s
performance. The number of possible allocations
of servers to applications grows fast with M and
K. In fact, the number of all possible allocations
is equal to KM because we can independently allo-
cate each of the M applications to one of the K
servers. There are 729 (= 36) possible allocations
for the example in Figure 1. However, not all pos-
sible allocations are feasible due to bandwidth and
QoS constraints.

QoS goals are associated with each applica-
tion. Such goals for application ai include its
maximum average execution time ri

max and its
minimum throughput xi

min. The workload inten-
sity associated with application ai is equal to �i

requests per second. The resource demand of
application ai is characterized by the tuple (pi, di,
ni), where pi is the application’s processing time
at one of the servers in S, taken as a reference
server; di is the application’s I/O demand mea-
sured in seconds of disk service time; and ni is
the application’s network demand measured in
bps. Let’s consider that all servers have the same
capacity. Relaxing this condition is pretty
straightforward.

Not all possible allocations are feasible. If the
network demands of the applications allocated to a
given server exceed that server’s bandwidth, for
example, the allocation isn’t feasible. We express
this constraint as

, (1)

where �(sj) is the set of applications allocated to
server sj.

An allocation isn’t feasible if at least one of the
applications’ QoS goals is violated. Let ri be the
average response time of application ai. Then, for
any feasible allocation, the following relationship
must hold:

ri � ri
max i = 1, …, M . (2)

The average response time ri of application ai
depends on its resource demands, its workload
intensity, and the resource demands pi and di and
workload intensities of all applications allocat-
ed to the same server as ai. We can use a multi-
class open queuing network model3 to compute
the average response time for each application
in a given allocation. To do so, we must first cre-
ate a queuing network model for each server,
with the applications allocated to that server for
a given allocation constituting the model’s var-
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ious classes. In the case of Figure 1,
for instance, we must solve three
queuing network models, one for
each server. The model for server 1
has three classes, one for each of the
three applications allocated to that
server.

Numerical Example
Let’s look at an example with two
servers and four applications: it has
16 (= 24) possible allocations. Table 1
shows the four applications’ process-
ing, disk, and network demands, as
well as their workload intensity and
maximum response times. The
servers have the following band-
widths: B1 = 100,000 bps and B2 =
150,000 bps.

Table 2 shows all 16 allocations.
The first four columns show the allo-
cations of the two servers to the four
applications, and the next two
columns indicate each allocation’s
resulting bandwidth requirements.
Equation 1 compares these require-
ments to the server bandwidth. If the
bandwidth requirement due to an allo-
cation exceeds the server’s bandwidth,
the allocation isn’t feasible, which col-
umn seven indicates.

We compute the average response
time for each application only for
the allocations that pass the band-
width feasibility test and record the
results in columns 8 through 11. We
can then compare these response
time values for each application to
the respective maximum response
times shown in Table 1 (see Equation
2). The last column of Table 2 shows
that only two allocations are feasible

at this point: place applications 1
and 3 in server 1 and applications 2
and 4 in server 2; or place applica-
tion 1 on server 1 and the other three
applications on server 2. We could
use other criteria (such as cost or
availability) to select one of these
two allocations.

The analysis I just described con-
sists of three steps:

1. Enumerate all possible allocations.
2. Eliminate the allocations that aren’t

feasible due to the bandwidth
constraint.

3. Compute the average response
time for each application for the
allocations remaining from step 2

and eliminate those that violate
the response time constraint.

We can optimize step 1 by avoid-
ing the enumeration of all possible
allocations. First, order all applications
in decreasing order of network
demand. Thus, application 1 is the one
with the highest network demand, and
application M is the one with the low-
est. Start assigning servers to applica-
tions from a1 to aM. Then, after each
allocation, update the total required
bandwidth for the server just allocat-
ed. If it exceeds the server’s bandwidth,
stop that allocation and ignore all allo-
cations with the same prefix. Consider
the numerical example just described,

Figure 1. Example of application allocation to servers. Applications 1 through 3
share the resources of server 1, applications 4 and 5 are allocated to server 2,
and server 3 is dedicated to running application 6.
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Table 1. Application characteristics.

Applications Processing Disk Network Workload Maximum
demand demand demand intensity response

(sec) (sec) (bps) (tps) time (sec)
1 0.7 0.9 50,000 0.4 3.0
2 0.3 0.45 25,000 0.3 1.2
3 0.2 0.18 30,000 0.4 1.0
4 0.25 0.35 80,000 0.55 1.0



but with the applications sorted as 4,
1, 3, 2 in decreasing order of band-
width demand. For example, all allo-
cations that start with 1, 1 (that is,
server 1 allocated to applications 4 and
1) aren’t feasible because the required
bandwidth on server 1 would be
130,000 bps, which exceeds its band-
width of 100,000 bps. Thus, we don’t
need to consider allocations such as 1,
1, 2, 1 or 1, 1, 2, 2. This observation
can significantly reduce the number of
allocations we need to analyze.

We might have to consider other
issues when deciding where to

run applications in a distributed sys-
tem, including the cost of running an
application on a given machine, the
cost of shipping the data an applica-
tion needs to a given machine, each
machine’s availability, and an appli-
cation’s affinity for a given machine’s
architecture. Taking all these factors
into account might significantly
increase the complexity of the 
application-allocation problem. If the
number of allocations to consider is
too high, we might think about using

heuristics that don’t cover all possible
allocations but don’t necessarily find
the optimal allocation.
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Table 2. List of allocations and feasibility analysis.

Application                            Bandwidth Requirements Response time (sec)
1 2 3 4 Server 1 Server 2 Feasible 1 2 3 4 Feasible response time?

bandwidth (bps) bandwidth (bps) bandwidth?
1 1 1 1 185,000                 — No
1 1 1 2 105,000 80,000 No
1 1 2 1 155,000 30,000 No
1 1 2 2 75,000 110,000 Yes 2.89 1.37 0.50 0.80 No
1 2 1 1 160,000 25,000 No
1 2 1 2 80,000 105,000 Yes 2.68 1.06 0.63 0.84 Yes
1 2 2 1 130,000 55,000 No
1 2 2 2 50,000 135,000 Yes 2.38 1.18 0.59 0.94 Yes
2 1 1 1 135,000 50,000 No
2 1 1 2 55,000 130,000 Yes 3.21 0.93 0.47 1.21 No
2 1 2 1 105,000 80,000 No
2 1 2 2 25,000 160,000 No
2 2 1 1 110,000 75,000 No
2 2 1 2 30,000 155,000 No
2 2 2 1 80,000 105,000 Yes 3.35 1.58 0.78 0.72 No
2 2 2 2              — 185,000 No

Peer-Reviewed 
Theme & Feature Articles

2 0 0 5

The magazine 
that helps 
scientists to 
apply high-
end software
in their research!

New Directions

Multiphysics Modeling

Cluster Computing

Earth System Research

Grid Computing

Monte Carlo methods

Jan/Feb

Mar/Apr

May/Jun

Jul/Aug

Sep/Oct

Nov/Dec

Subscribe to CiSE online at
http://cise.aip.org and
www.computer.org/cise


