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Introduction 
Most distributed systems are characterized by distribution of 

both physical and logical features. Distributed systems usually have a 
modular architecture. The system hardware, software, and data and the 
user software and data are distributed across the system. In addition, 
most distributed systems support a varying number of processing ele- 
ments. An arbitrary number of system and user processes can be 
executed on various machines in the system. 

When selecting a machine for process execution, such factors 
as resource availability and optimum use of resources [e.g. ,, central 
processing unit (CPU), disk] must be considered. (Panel 1 identifies 
acronyms used in this paper.) In a distributed system environment, a 
load-balancing algorithm seeks the least busy machine. At the same 
time, the algorithm must not overload the system. Ideally, the algorithm 
uses available information to select the machine for process execution. 

AT&T TECHNICAL JOURNAL - SEFTEMBEWOCTOBER 1988 



Panel 1. Acronyms In This Paper 

ACM Association for Computing Machinery 
css centralized synchronization site 
CPU central processing unit 
FCFS first-come, first-served 
I/O input/output 
LAN local-area network 
SIGMETRICS special interest group on metrics 

I 

~~ ~ 

Approaches to Load Balancing. The paragraphs that 
follow briefly describe several approaches to load balancing 
in a distributed environment. Each approach is further 
defined and described later in this paper. 

In reference 1, Livny and Melman describe a 
homogeneous distributed system that has a high probability 
that at least one node is idle when tasks are queued at the 
other nodes. This example shows that the load-balancing 
algorithm is used less when the system is heavily loaded or 
when nodes are idle. In this paper, a model system with 
several nodes is described; each node has two servers with 
one queue. One communications channel connects the 
nodes. A simulation of this system shows that the load- 
balancing-algorithm process is a heavy user of the commu- 
nications channel. Therefore, the amount of work done by 
the load-balancing algorithm may significantly decrease 
system performance. 

In reference 2, Eager, Lazowska, and Zahorjan 
compare two strategies for adaptive load sharing with dis- 
tributed control. The sender-initiated strategy allows 
congested nodes to search for lightly loaded nodes to which 
to move the processes. The receiver-initiated strategy 
allows lightly loaded nodes to search for congested nodes 
from which to transfer the processes. Ideally, sender- 
initiated strategies should be used in systems with light to 
moderate loads. Receiver-initiated strategies should be 
used in systems with high load, but only if the cost of proc- 
ess transfer is comparable under the two strategies. 

In reference 3, Wang and Moms also compare 
several server-initiative and source-initiative algorithms 
and derive similar conclusions. 

In reference 4, Tantawi and Towsley describe 
algorithms that determine the optimal load in a heteroge- 

neous distributed system and construct a queueing network 
model of a system. In their system, a job may be proc- 
essed at the host or transferred to another host. A job 
transfer causes communications delay and a queueing delay 
at the host that processes the job. However, the decision to 
transfer a job does not depend on the system state. Thus, 
the algorithm allows static load balancing. 

In reference 5, de Souza e Silva and Gerla present 
an algorithm that finds the optimum assignment ofiobs to 
sites in a distributed system. They show this static-load- 
balancing policy on an example of a queueing network 
model6 of the LOCUS distributed ~ y s t e m . ~  

In reference 8, Ha6 shows that file placement and 
process assignment improve system performance. The 
algorithm for a system with distributed concurrency control 
allows a file or process to be moved to the least loaded 
host. This decision is based on the number of read and 
write accesses to files, amount of use of the network 
server, and use of host resources. 

dynamic-load-balancing policy in a distributed system that 
consists of several hosts connected by a local-area network 
(LAN). This study’s file system is modeled on the LOCUS 
distributed ~ y s t e m . ~  The file system allows replicated 
files-that is, copies of each file may exist on several 
hosts-and provides a synchronization policy to update 
remote copies. 

different sites depending on a host’s load. The algorithm 
implemented uses information collected in the system to 
choose a site for process execution and for a file-read 
access. 

A token periodically entered into the system 
collects information about resource usage (CPU, disk) 
that is then used in the load-balancing strategy. The 
algorithm bases its decisions on various workload and 
system parameters. Because collecting the information 
is time-consuming and can overload the system, the 
algorithm also allows for the use of out-of-date informa- 
tion. The algorithm for dynamic load balancing tries to 
maximize performance in a distributed system by select- 
ing the site for process execution and deciding on the 
read-site placement. 

Dynamic Load Balancing. This paper introduces a 

The simulation model allows process migration to 
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Figure 1. Model of a 
host (a) and of a dis- 
tributed system (b) 
with N hosts. CPU 
means central proc- 
essing unit. 
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Model of a Distributed System 

open queueing LAN that consists of several interconnected 
queued servers. Each CPU has a round-robin service disci- 
pline; each is served in turn, in a fixed sequence. The 
disks and network have a FCFS (first-come, first-served) 
discipline; the first to request service is the first one 
served. 

disks is uniform. The network’s service time distribution is 
deterministic but dependent on the size of the message 
transmitted. A job is entered into the system indepen- 
dently of the number of jobs already in the system. Jobs 
are submitted at a rate of three per second at each host. 
After visiting a sequence of servers, the job terminates. 
We implemented this model as an event-driven simulator, 
where an event in the system corresponds to an event in 
the simulation model. 

The distributed file system is the most explored 
area of concentration in our study. Its synchronous policy 
is the one of multiple reader, single writer. To enforce this 
policy, we use the centralized synchronization site (CSS) 
program (as in the LOCUS operating ~ y s t e m ) . ~  

This policy requires that every file have its own 
CSS. To open a file for access, a user request is sent to 
the file’s CSS. If the request for access does not conflict 
with any current accesses, the request is granted. Other- 
wise, the request is refused. If the request to access has 
been granted, the requesting process may access the file. 
Once a process has finished its file access, the CSS must 
be notified so that it may update its file tables. 

The file system supports replicated files, which 
increases a file’s availability to users on other hosts if a 
host fails. Because a file may be replicated on several 
hosts, we had to implement a multiple-copy update mecha- 
nism so that all copies of a file that was updated could be 
brought into a consistent state. 

For this task, we implemented a “pull” type mech- 
anism; that is, each host with a copy of the file that a 
process altered is responsible for updating that copy When 
a process writes to a file, it directs its updates to the file’s 
primary site. After the file has been closed, all hosts that 

As Figure 1 shows, the system is modeled by an 

Service time distribution for the CPU and the 

Table 1. Service Requirements 

Job service requirements (ms) 

Jobtype CPU Disk Network 

170.6 
281.0 
169.0 
200.0 
336.0 
473.0 
265.0 
414.0 

0.0 
450.0 
225.0 

0.0 
0.0 

900.0 
450.0 

0.0 

0.0 
21.2 
10.7 
0.0 
0.0 

42.2 
21.2 
0.0 

have a copy of this file are notified. They then activate 
update servers to read from the primary site and bring 
their own copies up to date. 

To minimize the period during which copies of a 
file are inconsistent, the update servers run at high prior- 
ity We use dual-priority queues at the CPU and the disk to 
implement high priority for servers. A server with dual- 
priority queues searches the high-priority queue for a job 
before it searches the low-priority queue. The update 
servers use the high-priority queues while all other jobs 
use the low-priority queues. 
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A Workload Model 
Requests for job execution are scheduled for each 

host independent of the request schedule at other hosts. 
Once a job execution request has been sent to a host, the 
next execution request is scheduled to occur after a period 
determined by a sample from a uniform random variable. 

interarrival times. To cover a wide range of possible jobs in a 
real system, we specified eight different job types, each with 
different service requirements. Table I lists the total 
amounts of service time at the CPU, disk, and network for 
each job type. The ratio of read-to-write disk accesses is 1: 1. 

taken by each job type. System workload is specified by 
the probabilities that there are jobs of each job type. We 

We chose an arbitrary uniform distribution for 

The diagrams in Figure 2 illustrate the paths 
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Figure 2. Graphs of 
the workload model 
for remote and local 
file accesses. CPU 
means central proc- 
essing unit; CSS is 
the centralized syn- 
chronization site 
program. (a) Job types 
1 and 5. (b) Remote 
file access for job 
types 2,3,6, and 7. 
(c) Local file access 
for job types 2, 3, 6, 
and 7. (d) Job types 4 
and 8. 
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chose three workloads to cover the range of service 
requirements in a real system: 

Workload C describes CPU-intensive jobs and, there- 
fore, a CPU-bound system in both nonsaturation and 
saturation operating modes. The system is in nonsatura- 
tion operating mode if an increase in the number of jobs 
of the same type also increases system throughput. 
Otherwise, the system is in saturation operating mode. 
Workload D describes UO-intensive jobs and, therefore, 
an I/O-bound system in both nonsaturation and satura- 
tion operating modes. 
Workload E describes a mix of jobs that use CPU and 
disk servers equally. 

Table I1 shows the average service requirements of each 
workload type. 

The Simulator 

written in the C programming language. In an event-driven 
simulator, events in the real system-request, allocate, 
and release a resource-are matched by events in the sim- 
ulator. The system is simulated by scheduling the sequence 
of events for each job running in the system. To build the 
simulator, we determined the sequence of servers, or 
chain, that each job type will visit and specified the serv- 
ers to accommodate the chains. 

A simulation run was about 80 seconds long and 
completed 600 to 700 jobs. The confidence level of the 
simulations was 90 percent, and the width of the confi- 
dence interval was plus or minus 10 percent. 

In this study, we used an event-driven simulator 

Implementation of Load Balancing 
For load balancing, we implemented a read-site- 

placement mechanism at the CSS and a process-placement 
mechanism. While the LOCUS architecture manual9 states 
that remote-process placement and process migration are 
implemented, we found no mention of a strategy for doing 
them to balance system loading. 

Our algorithm for load balancing bases its deci- 
sions on information about the distribution of work in the 
system. A token is periodically entered into the system, 
collects workload measurements taken on every host, and 
distributes this information to each host. These measure- 

ments are: queue length of each server, percentage of use, 
and number of jobs using the resource. In addition, CPU 
and disk measurements are taken for each host. 

However, dynamic collection and distribution of 
workload information in a distributed environment uses 
system resources. We took a circulating token approach 
because linear growth in the system’s size (as measured by 
the number of hosts) causes linear growth in the amount of 
overhead for distributing the information. Therefore, there 
is no additional work on a per-host basis. The interval of 
the token-based update mechanism depends on the system 
workload, and is chosen so that the cost of update (as mea- 
sured by CPU and network cost) is negligible. For the 
experiments we present, this interval is about 5 seconds. 

Dynamic load balancing is implemented by choos- 
ing job execution sites and sites for file-read accesses. 
When a request for execution of a job arrives in the distrib- 
uted system, the execution site is selected to balance the 
load on all hosts. If a remote-host site is selected as the 
execution site, a message is sent to the remote host telling 
it to start the job. Otherwise, the job is started on the 
local host. 

When a job sends a request to the CSS to read a 
file, the CSS chooses a read site from among sites where 
the file is replicated. The CSS informs the job to direct its 
read requests to that site. 
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Algorithm for Load Balancing 

read site uses vectors of workloads and host characteris- 
tics for each host. A vector is constructed for each 
possible selection site. The vectors are computed so that 
the longest one indicates the worst selection choice. 
Therefore, the host with the shortest vector is chosen. 
When an execution site is selected, the selection sites 
include all hosts. When a read site is selected, the selec- 
tion sites include all hosts that have a copy of the file to be 
read. However, the algorithm does not check if the read 
site contains the most current version of the file. 

The vector’s dimensions correspond to factors 
that indicate the optimality of that site for selection. These 
dimensions are scaled with weights used to tune the algo- 
rithm. We did this to reflect the relative importance of the 

The algorithm that chooses the execution site and 
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Table II. Average Service Requirements and Average Utilization 

Workload Average service requirement (ms) Average utilization (%) 
CPU Disk Network CPU Disk Network 

C 242.9 141.8 6.8 80 40 5 
D 263.2 405.0 19.1 60 88 14 
E 289.3 270.6 11.9 73 64 9 

dimensions and allow for differences in the ranges of the 
measurements. For example, from our experience with the 
simulator, gercentage ofuse ranges from 0 to 100 percent, 
while quue length rarely exceeds 10 for various types of 
workload. 

balancing algorithm considers two types of dimensions: - Wwkload characterization-These dimensions corre- 
spond to information collected by the circulating token: 
queue length, percentage of use, and number of jobs 
using the resource. To calculate vectors for process 
placement, the algorithm considers measurements made 
on the CPU. For read-site placement, the algorithm con- 
siders disk measurements. After considering these 
dimensions, the algorithm implements load balancing. 
As a placement site, it chooses the host with the lowest 
values of these measurements-thus, the least loaded 
host. 
System-work minimization-These characteristics 
tell whether a local or remote resource is being 
requested. They reduce the amount of work a job 
causes the system, both in reduced network usage and 
fewer requests to remote hosts. Moreover, these char- 
acteristics reduce the number of choices on which to 
base a load-balancing decision. An example of this 
reduction is the restriction: The set of choices for 
process placement is limited to sites that have a copy 
of the file. This restriction keeps the algorithm from 
overloading the resource. However, the algorithm 
bases its decisions on information that does not have 
to be current (e.g., other jobs may have entered that 
site’s queue after the information was collected). 

When calculating the selection site, the load- 
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When making placement decisions, the algorithm 
uses information collected by the system. We had to find a 
balance between more frequent, thus more accurate, data 
collection and the amount of overhead that data collection 
causes. Therefore, we cannot avoid applying the algorithm 
to data that is not the most current. Lightly loaded hosts 
are chosen most often as execution and read sites. If we 
emphasize workload dimensions too much, by the time 
new data arrives for the algorithm to use, these hosts may 
be heavily loaded. An unbalanced load in the system 
results. To avoid this, we use work minimization character- 
istics, described later in this section. 

Process Placement. For process placement, we con- 
sidered CPU queue length, CPU utilization, and number of 
jobs active at a host as the workload characteristics. Our 
study did not consider disk characteristics, because they 
only affect file access. 

The work minimization characteristics for process 
placement are: 
1. Is the host being considered for job placement the host 

that requested the job? 
2. Is the job accessing a file, and is the file stored at the 

host being considered? 
3. Is the job interactive (that is, it accesses a terminal), 

and is the terminal at the host being considered? 
Characteristics 2 and 3 are intended to give greater weight 
to a local host’s resources. Characteristic 1 restricts the 
number of jobs placed at remote hosts. It indicates 
whether a host is local, and sets a level of load unbalance 
that must be attained before a job is placed at a remote 
host. If we set this level too low, hosts that had light loads 
when the system workload data was collected now are 
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Table 111. Turnaround Time and Improvement Using Work Minimization 

Turnaround time (ms) 

No work minimization With work minimization Improvement (%) 

Workload File CPU File CPU File CPU 
type access job access job access job 

C 1578 8508 1465 9410 7.1 -9.5 
D 2936 7669 2892 6702 1.4 12.6 
E 1796 9408 1705 8699 5.0 7.5 

flooded by job requests. If we set the level too high, load 
balancing will not occur. Finding an optimal weight for 
characteristic 1 is a large part of the task of tuning the 
algorithm. 

for read-site placement are: disk queue length, disk utiliza- 
tion, and number of jobs accessing a file on the disk. 
Because a file access takes disk time, for simplicity we do 
not consider CPU characteristics. 

placement checks if the file is stored locally. 

w(h) be the length of the vector of load to be assigned to h. 
Then, the host selection algorithm is: 
1) for every host h being considered as a placement choice, 

2) for every workload characteristic being considered, 
3) then w(h) = w(h) + ((weightfor workload 

characteristic)*(workload characteristic)) t 2 
4) for every work minimization characteristic being 

5) if the host being considered does not meet the 

6) then w(h) = w(h) + (weight for work 
minimization condition) t 2 

Read-Site Placement. The workload characteristics 

The work minimization characteristic for read-site 

Let h define the host being considered, and let 

considered, 

work minimization condition, 

7) choose the host, k, such that k = {k: w(k) = min(w(h))}. 
Steps 2 and 3 consider workload characteristics. The 
length of the vector is increased with the square of the 

value of the workload measurement. Thus, hosts with 
lower workload dimensions are more likely to be chosen. 
Steps 4 through 6 consider work minimization characteris- 
tics. If a host does not meet the work minimization 
condition (for example, if the file is local), the length of the 
host’s vector is increased. Thus, these hosts are less likely 
to be chosen. 

described in this paper because a sum of dimensions is a 
flexible approach that allows us to explore several factors 
important in load balancing. By setting the weight for a 
certain dimension to zero, we remove that factor’s influ- 
ence from the placement decision process. Likewise, an 
increase in the weight assigned to a dimension increases 
the corresponding factor’s influence. In this algorithm, the 
higher workloads correspond to increasingly less likely 
choices for job placement. The values of the workload 
characteristics are squared, so that higher workload mea- 
surements result in longer dimensions, with a quadratic 
increase. 

This algorithm chooses the host for process place- 
ment and the host for read-site placement, but the 
workload characteristics and work minimization character- 
istics are different for process placement and read-site 
placement. In the simulation model, we choose weights for 
each workload and work minimization characteristic to 
tune the algorithm. 

The next section is devoted to studying tuning 
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placement algorithm for workload C. (a) File access time; (b) 
turnaround time for a CPU-intensive job. 

strategies. It concludes with a description of the vector of 
weights that yield the best turnaround times for each 
workload type studied. 

Description of Experiments and Results 
To determine the best placement sites, the load- 

balancing algorithm considers two types of characteristics 
when calculating vectors: work minimization characteris- 
tics and workload characteristics. If it uses only the work 
minimization characteristics, we can achieve performance 
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Figure 4. Access and turnaround times for the process- 
placement algorithm for workload D. (a) File access time; (b) 
turnaround time for a CPU-intensive job. 

improvement for all workload types, a result of job place- 
ment. Placement of job execution reduces work-remote 
resource (file, terminal) accesses and process migration- 
in the system. Table I11 presents a summary of improve- 
ments after work minimization characteristics were used 
in a system that consists of five hosts, where every file is 
replicated on two hosts. 

Load balancing is implemented by using workload 
characteristics. They cause the algorithm to place jobs at 
lightly loaded hosts. This experiment determines a set of 
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placement algorithm for workload E. (a) File access time; (b) 
turnaround time for a CPU-intensive job. 

workload characteristics for the placement algorithm that 
causes performance improvement. 

best method for implementing the load balancing: 
Two questions must be answered to determine the 

For a given type of workload, what is the best workload 
characteristic to use for load balancing? Because differ- 
ent workloads (for example, heavy or light, CPU- 
intensive or UO-intensive) create different operating 
conditions, various workload characteristics may be bet- 
ter suited for certain uses. 

What is the best weights ratio for work minimization 
characteristics and workload characteristics? If we put 
too much emphasis on work minimization characteris- 
tics, the workload characteristics have less effect and 
load balancing is prevented from taking place. Thus, 
system performance on all hosts may not be optimal. 
However, if too much emphasis is put on workload char- 
acteristics, the system load may become unbalanced. 
For example, placing all processes on the least loaded 
host will unbalance the system. As a result, system per- 
formance is not optimized. 

The Experiments. First, we conducted the following 
experiment. We configured a distributed system that con- 
sists of five hosts. In this system, every file is replicated 
on two hosts. 

For study, we selected a particular workload char- 
acteristic (queue length, CPU or disk utilization, number of 
jobs, or queue length and number of jobs) for one of the 
placement types (process placement or read-site place- 
ment). This allowed us to compare the effectiveness of 
different workload characteristics for load balancing. 

The weight for the selected dimensions was held 
constant, and all weights for other workload characteristics 
were set to zero, effectively removing their influence. We 
then varied one work minimization weight over a selected 
range to help determine the level at which to set that 
weight. The work minimization weight we selected for 
process placement was the characteristic: host being con- 
sidered for job placement is the host requesting the job (i. e., 
work minimization characteristic 1, “host is local”). The 
work minimization weight for read-site placement was “file 
is local.” We ran the simulator using weights for these 
characteristics for the placement algorithm, and executed 
the experiments for each type of workload. 

network model, jobs are added to the system regardless of 
how many jobs are already in the system. Turnaround 
times reflect system performance. 

time to make a file access and the time to complete a long 
CPU-intensive job. Table I displays the service require- 
ments for this job type (job type 5). We chose these two 
turnaround times because they indicate performance for 
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Because the simulator uses an open-queueing- 

Results. For each simulator run, we recorded the 
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both CPUs and disks. The time recorded for a file access is 
the time between the file open and close, divided by the 
number of file accesses. The time recorded for a long 
CPU-intensive job is the time between starting and ending 
the job. 

Figures 3 through 5 show the results of the proc- 
ess-placement strategies for workload C (CPU-intensive), 
workload D (YO-intensive), and workload E (mixed work- 
load), respectively. Figures 6 through 8 shows the same 
results for the read-site-placement strategies. For each 
workload type, we plot file access time and turnaround 
time of a CPU-intensive job. 

Process placement. One objective of this experiment 
was to determine the best balance between weights for the 
workload characteristics and weights for the work minimi- 
zation characteristics. As Figures 3 through 5 show, 
turnaround times increase dramatically when the work 
minimization Characteristic is set low. This places too much 
emphasis on the workload characteristics, which causes 
the algorithm to perform poorly. The characteristic that 
turnaround time is plotted against reduces the number of 
remote process placements. The difference between the 
workload measures for a remote host and a local host must 
be larger than the weight given to that characteristic 
before the job is sent to the remote host. If this weight is 
too low, jobs are placed at remote sites, instead of the 
more efficient local site. 

On the other hand, giving too little emphasis to 
the workload characteristics prevents load balancing from 
taking place. Therefore, the difference in workload mea- 
sures must be large enough that a remote job placement 
rarely occurs. In Figures 3 through 5, this occurs when the 
characteristic is set to a very high value. The turnaround 
times generally increase. Usually, turnaround times are an 
absolute minimum at some moderate value of the work 
minimization characteristic. For this value, balance 
between both workload characteristics and work minimiza- 
tion characteristics is the best. 

the YO-intensive workload D (Figure 4). Load balancing 
for workload D is difficult to implement through process 
placement because of the large number of remote file 
accesses that occur in the system. But for workload D, we 
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Figure 6. Access and turnaround times for the read-site algo- 
rithm for workload C. (a) File access time; (b) turnaround 
time for a CPU-intensive job. 

can achieve load balancing through read-site placement 
(Figure 7). 

are nearly equally effective as workload characteristics. 
So, using both of them as workload characteristics is also 
effective. If we apply both characteristics, the algorithm 
becomes less sensitive to the work minimization character- 

In general, queue length and number of active jobs 
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Figure 7. Access and turnaround times for the read-site algo- 
rithm for workload D. (a) File access time; (b) turnaround 
time for a CPU-intensive job. 

istic. In Figure 5, the trough for the plot that corresponds 
to use of both characteristics runs between the troughs for 
plots that correspond to use of each characteristic alone. 

Read-site placement. Figures 6 through 8 show the 
results of read-site placement strategies for workloads C, 
D, and E, respectively. Here, turnaround time of file 
access indicates system performance. Read-site placement 
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Figure 8. Access and turnaround times for the read-site algo- 
rithm for workload E. (a) File access time; (b) turnaround 
time for a CPU-intensive job. 

directly affects file access time, but only indirectly affects 
the turnaround time of a CPU-intensive job. A trough in 
the graph usually appears when the value of the work min- 
imization parameter is set low (for example, see Figures 
6a, 7a, and 8a). This trough occurs because the number of 
read sites already restricts the number of hosts consid- 
ered. We do not need to restrict the choices further 

83 

AT&T TECHNICAL JOURNAL * SEPTEMBEIUOCTOBER 1988 



Table IV. lbrnaround Time and Improvement Using Load Balancing 

Turnaround time (ms) 

No load balancing With load balancing Improvement (%) 

Workload File CPU File CPU File CPU 
type access job access job access job 

1c 1578 8508 1236 7258 21.7 14.7 
1578 8508 1410 7238 10.6 14.9 

2936 7669 2476 6163 15.7 19.6 
2936 7669 2544 7466 13.4 2.6 

5 E  1796 9408 1589 8008 11.5 14.8 
1796 9408 1671 7736 6.9 17.7 

through use of work minimization characteristics. But if we 
remove the effect of the work minimization characteristic 
by setting its weight to zero, we degrade performance. 
The work minimization parameter causes local files to be 
chosen before remote files for read-site placement. If we 
ignore this consideration, we cause unnecessary remote 
file accesses, which degrades performance. 

A noteworthy effect of the algorithm is that the 
plots level out when the work minimization characteristic 
is set high (Figures 6a, 7a, and 8a). For these high 
weights, the read sites become the local sites (Figure 6a). 
When we set the weight of the work minimization charac- 
teristic to 150, the workload characteristic affects 
placement if the read site is not local. File access times for 
high work minimization weights are usually not the most 
efficient times, because turnaround time for a CPU- 
intensive job is high. On the other hand, if the work min- 
imization parameter is set too low, it can cause significant 
system performance degradation. As a result, at troughs in 
the plots for the time of a file access, the amount of time 
to complete a CPU-intensive job is usually high. (For 
example, look at the plot for the workload characteristic 
“number of jobs” in Figure 7 where the weight is set to 
10.) Optimizing the turnaround time for one type of job at 
the expense of another is not usually acceptable. Here, the 
best choice for a work minimization weight is in the plot’s 
flat area. 

If disk usage is low, then disk utilization is the 
best choice as a workload dimension (e. g., for workload C, 
Figure 6, disk use is about 35 percent). For workload D, 
number of jobs and queue length are the best workload 
dimensions (Figure 7). For workload E, queue length and 
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number of jobs are both reasonable selections. While using 
number of jobs instead of queue length results in a lower 
file access time, it causes a higher turnaround time for 
CPU-intensive jobs (Figure 8). 

Tuning the placement algorithm. TO obtain the results 
in Figures 3 through 8, we used load balancing for process 
placement or for read-site placement. So, to produce the 
best tuning strategy for the placement algorithm, we also 
executed experiments that use load balancing for both 
process and read-site placement. 

Table IV presents the two most favorable results 
for each workload type, and Table V lists the weights used 
to obtain these results. 

Conclusion 

balancing in a distributed system. This algorithm bases its 
decisions on the system’s work minimization characteris- 
tics and workload characteristics. It uses vectors of loads 
on the hosts to choose the best host for process placement 
or read-site placement. 

We executed several experiments to show applica- 
tions of the algorithm for various workloads. These 
experiments show that different workload dimensions for 
the load balancing algorithm can be used to optimize sys- 
tem performance. Also, consideration of different process 
placement dimensions and read-site placement dimensions 
may improve system performance. The dimensions that 
promote the best performance for various workload types 
were chosen. 

The experiments show that we can improve per- 
formance by using the load balancing algorithm. But if the 

The algorithm presented here allows dynamic load 
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Table V. Weights for Workload Types in Table IV 

Workload type 
Workload 

Dimensions 1c 2c 3 D  4 D  5 E  6 E  

Process placement dimensions: 
Host is local 100 100 75 25 125 60 
Job is interactive 0 0 0 0 10 10 
File is local 150 150 150 150 150 150 
CPU queue length 0 0 0 13 13 13 
CPU utilization 0 0 1 0 0 0 
Number of jobs at CPU 7 7 0 0 0 7 

Read-site placement dimensions: 
File is local 100 10 150 100 15 100 
Disk queue length 0 0 0 20 0 20 
Disk utilization 1 0 0 0 0 0 
Number of jobs at disk 0 5 5 0 5 0 

algorithm is improperly tuned, system performance may 
suffer. For example, this occurs when the work minimiza- 
tion weights are set too low Fortunately, performance 
improvement can be achieved over a wide range of 
weights. We were able to improve the system’s perform- 
ance up to 21.7 percent for file access, and up to 19.6 
percent for CPU-intensive jobs. These results provide 
incentive for implementing the load balancing algorithm. 
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