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ABSTRACT

Due to an ever-increasing selection of machines and widely
different charging algorithms, the question often arises *on which
machine does a program run most efficiently and/or cheaply". The
program's behavior, i.e. its resource demands, on the machines
under consideration and their impacts on charges have to be
explored. Some basic qualities such as accuracy and correctness
of the program's results and the reliability of the system also
need consideration. Human factors influence decisions as well.
The presentation will discuss a procedure and a system which
evaluates these factors and their relationship with each other.
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INTRODUCTION

A number of studies have described approaches for machine
selection from a computer center management perspective
((2h(6),(lO),(ll),(t8),(19))o Other work has taken the user
point of view, but has only examined measurable technical factors
such as response time and transmission rates ((13),(14)). Our
procedure is unique in that it considers the general "utility" to
the user of each service alternative by assessing a broad class of
measureable and unmeasureable factors.

Morgan and Campbell (17) discuss service selection factors
and the use of a synthetic program model to evaluate the computer
systems, but we are unable to use synthetic models because one of
our selection factors is the correctness of the application
software. In our procedure we run typical production jobs on each
different system.

Bell (1) points out that "experimental comparisons in this
area are bound to be either crude or very expensive." We have
tried to make the comparison sophisticated while keeping the
effort and cost as small as possible.'otUtility theory offers a wide variety of assessment models
(e.g. (5),(7)-(9),(1l),(12),(23)) for multifactor decision
making. For a textbook treatment of the topic see (11). Because
a direct, additive assessment model is generally reliable and easy
to use, we will use it to estimate the "utility" of each
alternative (9).

As an example, the decision making procedure is used during a
study comparing minicomputers and mainframes in the solution of
structural analysis problems. We are interested in the relative
cost/utility of the two types of machines for processing a
representative set of structural analysis problems.

Theouser's goal when comparing service alternatives is to
determine which service is better than the others. This is done
by comparing cost and utility of each of the services. The "best"
alternative will maximize utility while minimizing cost. Our
methodology consists of the following steps:

1) design of the evaluation experiment
2) benchmark
3) cost evaluation
4) evaluation of other performance variables
5) weighting and scoring
6) analysis

In order to measure "utility", the user must determine what
specific performance variables are most important to him. After
the performance variables are selected, benchmark jobs are
prepared and run to measure the cost/utility relationship.
Overall utility is measured by weighting each performance variable
to reflect its relative importance and summing each weighted
variable into a utility index. Once the utility index is
determined for each alternative, the cost/utility relationships of
all alternatives are compared, tradeoffs are made, and the

3



"better" alternative is chosen.
The detailed analysis is centered around benchmark jobs run

at IIT on the UNIVAC 1100/81 mainframe system and on the PRIME 400
minicomputer system. We are not only comparing the two amachinesw
in a limited technical sense, but we are also comparing two
computer service environments. The two computer services used in
the analysis are typical in many respects to what users will find
in local minicomputer or mainframe services because of their
workload, charging algorithms, and support staff.

DESIGN OF THE EVALUATION EXPERIMENT

As part of the design, performance variables must be chosen.
The "utility" of a service to a user is a function of those
performance factors which affect the value and usefulness to the
user. Factors chosen should evaluate the complete computer
service and not just the machine itself. The "utility" may
include measureable factors such as turnaround time, correctness,
and availability, as well as nonmeasureable, subjective factors
such as support and ease of use. A list of possible performance
variables is in Appendix A. For an older checklist of relevant
aspects of a computer see (16). These 84 criteria help in the
value assessment when buying a computer, they are less appropriate
from a user's perspective. In order to keep the evaluation
manageable, the user should keep the number of factors as small as
possible, avoiding irrelevant and marginally important variables.
Also, care should be taken to keep the variables as independent as
possible, i.e. variables should be measuring distinct and
separate performance areas.

We have chosen the following performance variables as being
most important in determining our "utility" of the computer
service alternatives:

1) correctness of results
2) turnaround time
3) system availability or "uptime"
4) support - technical help, documentation

Correctness is important because of its great impact upon
usefulness of the results. Turnaround time is important because
we normally are waiting for results from the job being run and
cannot proceed with further work until the current job is
returned. Availability is also important because of the
importance of the work and the value of time. Support also
affects "utility" because frequently the need for help arises on
problems that cannot readily be solved by the user.

Part of the design phase involves planning the benchmarks.
The benchmark data are later used for job cost predictions on the
machines using interpolation and extrapolation of experimental
results. Benchmark data are used to predict job costs on other
mainframes and minicomputers. These various uses for the
benchmark data affects the kind of data we need and how we collect
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A set of experimental variables is required to depict a
typical structural analysis user and his environment. In addition
to varying the machines (mini, mainframe), a representative
workload needs to be defined. For an evaluation of test workload
generation see (15). We use different finite element programs
(SAPIV, SPAR, TWODEL), different problem types (beam, plate, and
cylinder), different analysis methods (displacement and stresses,
buckling loads and vibration modes, large deformations, transient
dynamic analysis), and different problem sizes (varying numbers of
elements). The different programs are used so that several
typical finite element systems can be compared. The different
types and analyses are chosen to represent various problems
typically solved in structural analysis applications. The
different problem sizes are run to allow us to interpolate and
extrapolate results through a broad range of typical problem
sizes. On the UNIVAC, one job is run for each combination of
control variables. On the PRIME, for reasons discussed later,
several jobs are run for each combination.

Only a small part of the benchmark results are presented here
to illustrate our procedure. For complete benchmark results refer
to (22). Users of structural analysis software on minicomputers
have conducted several (more limited) studies that point to the
economic advantages of using such machines (e.g.,(3),(20)).

BENC HMARK

Measurement data collected during the benchmark are used for
job cost prediction and performance comparison of the two
machines. The following statistics are collected for each run:

- CPU time (measured in seconds)
- 10 time (measured in seconds)
- memory used (measured in K bytes)
- turnaround time (measured in seconds)

# of disk 10 operations
-job cost (measured in $)

A comprehensive program performance measurement system was
developed for the data collection and analysis. As part of this
system, a routine called INST will automatically instrument the
FORTRAN source programs by inserting CALL statements at the entry
and exit points of each module in the system. The CALL statements
invoke a routine called REFSTR which will collect performance
data. See Figure I for an instrumented subroutine.
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SUBROUTINE ELT3A4 (A,B)

CALL REFSTR('ELT3A4','ENTRY')

• body of subroutine

IF(ISTOP.EQ.0) GOTO 99999

99999 CALL REFSTR('ELT3A4','EXIT')
RETURN
END

Figure 1 - INST sample output

The REFSTR data collection routine logs entries and exits from
modules in the system, captures the CPU and 10 times at each of
these points, and writes this program trace information out to a
permanent file in very large blocks. A sample of the program
trace data from REFSTR can be seen in Figure 2.

ROUTINE CPU I0
$MAIN$ ENTRY 11.1694 9.1964
FACMGT ENTRY 11.1704 9.1964
FACMGT EXIT 13.0202 9.1964
LODCMN ENTRY 13.0246 9.1992
LODCMN EXIT 13.0252 9.1992
INPUTJ ENTRY 13.0522 9.2172
INPUTJ EXIT 13.3984 9.4172
ELTYPE ENTRY 13.4028 9.4352
PLANE ENTRY 13.4034 9.4352
ELT3A4 ENTRY 13.4098 9.4454
PLNAX ENTRY 13.4104 9.4454

Figure 2 - REFSTR sample output

Calibration studies have been performed on REFSTR to determine the
CPU and 10 overhead which is generated by the data collection
itself. This instrumentation overhead is removed during analysis
by the ANALYZ program. ANALYZ processes the raw data from REFSTR,
removes instrumentation overhead, and prints summary performance
results (see Figure 3).
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MODULE CPU %CPU 10 %IO #CALLS #RETURNS
$MAIN$ 0.065 .08 .007 .04 1 1
FACMGT 1.849 2.38 .0 .0 1 1
ELAW 0.139 .18 .128 .48 546 546
ADDSTF 21.396 27.51 9.023 34.09 1 1

SESOL 31.583 40.61 10.213 38.59 1 1

STRSC .944 1.21 1.255 4.74 1092 1092

TOTAL 77.769 26.467

CPU = amount of CPU time spent in module
%CPU = fraction of total CPU time spent in module
10 = amount of 10 time spent in module
%IO = fraction of total 10 time spent in module
#CALLS = number of entries into module
#RETURNS = number of exits from module

Figure 3 - ANALYZ resource consumption output

ANALYZ also produces a dynamic call matrix to be used for further
analysis or program restructuring for virtual memory systems (see
Figure 4).

CALL MATRIX
TO: 1 2 3 4 5 6 7 8 9 10

FROM:
I $MAIN$ 0 1 1 1 1 0 0 0 0 0
2 FACMGT 0 0 0 0 0 0 0 0 0 0
3 LODCMN 0 0 0 0 0 0 0 0 0 0
4 INPUTJ 0 0 0 0 0 0 0 0 0 0
5 ELTYPE 0 0 0 0 0 2 0 0 0 0
6 PLANE 0 0 0 0 0 0 1 0 0 0
7 ELT3A4 0 0 0 0 0 0 0 1 0 0
8 PLNAX 0 0 0 0 0 0 0 0 546 0
9 ELAW 0 0 0 0 0 0 0 0 0 546

10 POSINV 0 0 0 0 0 0 0 0 0 0

Figure 4 - ANALYZ call matrix output

A routine called LSP was developed to fit polynomial curves to the
resource consumption and cost data using a least squares
technique. LSP also can plot the data points and fitted curves
(see Figure 5).
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Figure 5 - CPU time vs problem size (PLATE)

The benchmark performance data is collected at the job level
for all jobs, at the program level for all SPAR jobs, and at the
subroutine level for a few selected SAPIV jobs. Since SPAR is a
modular sequence of rather independent tasks, it was not necessary
to collect measurement data at the subroutine level. SAPIV, on
the other hand, is not sequentially structured, but is a
conglomerate of subroutines with frequent interaction. This
necessitates more detailed performance data collection from which
SAPIV's resource consumption models are derived (see Figure 3).
For the purposes of job cost prediction alone, the job level
resource consumption data turned out to be sufficient in either
case.

The resource consumption statistics are collected differently
on each machine. The UNIVAC operating system easily provides the
necessary job level data through job accounting printouts and
system commands. On the PRIME, a FORTRAN program collects program
level data. It uses system subroutines which return CPU and 10
times. To measure performance at the subroutine level, FORTRAN
subroutines which access standard system subroutines collect the
necessary data. Instrumentation overhead is measured and removed
from the data, if it is significant. The 10 counts are provided
by SPAR itself through internal instrumentation already available.

Job costs are computed based upon resource consumption and
are not taken directly from the job accounting output. This is
done so that we can exclude unit record (card reader, line
printer) I0 costs, investigate and compare differential (priority,
time-of-day) rate schedules, and thoroughly understand and
validate the charging algorithm.
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COST EVALUATION

To assess the cost-effectiveness of a machine, it is
necessary to thoroughly understand the charging algorithm used.
The data collected from the benchmark jobs tells us how much of
each resource is used, but it is only after we apply the charging
algorithm that we find which resources most directly affect the
cost of the job. Differences in machines, operating systems,
workloads, management strategies, etc influence how the use of
various resources is charged and explain the wide variation of
charging algorithms. Users will find that some resources are not
charged for directly, such as 10 on the UNIVAC and memory on the
PRIME. This may, although not necessarily so, indicate that use
of that resource is relatively cheap or even free. In many cases
a "free" resource is not really free because it is being charged
for indirectly through the associated use of other "not-so-freem
resources. By knowing the resource consumption characteristics of
one's typical workload, and by understanding what resources are
relatively expensive and which are not, the user should be able to
determine which machine provides the "better", lower overall cost.

By looking at the following two charging algorithms, we can
easily see how CPU, 10, and MEMORY resources are charged. The
following charging algorithms are from (4):

PRIME cost ($) = .02 * (CPU sec) + .02 * (10 sec)
+ 1.00 * (connect hours)

UNIVAC cost ($) = .18 * (CPU sec)
+ .0011 * (#memory blocks) * (CPU + 10 sec)

Because the PRIME charges directly for CPU and 10 resources only,
charges on the PRIME are somewhat insensitive to large memory
requirements (10 for paging offsets this in heavily loaded
environments.) Because the UNIVAC charges directly for CPU and
MEMORY only, charges on the UNIVAC are fairly insensitive to large
10 resource consumption provided that only a small amount of
memory is used. Therefore, the machines are cost-sensitive to
different kinds of resources.

For each job, the resource consumption data are combined with
the charging algorithm for the machine and resulting costs are
determined. The relationship between cost and problem size is
important because this relationship will predict jobs costs over a
wide range of problem sizes. Through least squares fitting of a
polynomial curve, we are able to determine and plot the functional
relationship between cost and problem size for each combination of
machine, program, and problem type. Curve fitting and curve
plotting is done for each combination using the LSP curve fitting
routine in our system. When cost vs problem size fitting is done
most of the beam cost functions turned out to be highly linear,
while the plate and cylinder problems exhibited slight quadratic
and cubic tendencies. Figure 6 is an example of the curve fit for
SPAR beam problems on the PRIME. For a particular problem,
benchmark results and fitted curves can be combined for comparison
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of the same program on different machines (Figure 7) or different
programs on the same machine (Figure 8).

( dollars )

2W 4" Md s 9" IG 12

Figure 6 -Cost vs problem size (BEAM)
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Figure 7 -Cost vs problem size (BEAM)
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Figure 8 - Cost vs problem size (PLATE)

On the UNIVAC, resource consumption and job cost are
reproducible because OS1100 does not charge the user for memory
management overhead due to swapping.

On the PRIME, resource consumption and job cost varies widely
for different runs of the same job. In situations where memory
contention is high, 10 time increases greatly due to paging. In
other cases, when processor contention is high, CPU times increase
significantly. In extreme cases the resource consumption (and job
cost) varies by a factor of 3:1. This is due to the fact that
PRIMOS charges the user for all 10 operations including paging and

.1for certain CPU overhead due to processor scheduling. To make
matters worse, there is no differentiation in job accounting data
to indicate which resources are for actual user work and which are
for overhead. At least three jobs are run on the PRIME for each
combination of variables. The three jobs are run in low, medium,
and high system load environments in order to identify a range of
performance characteristics approximating best and worst cases.
The curve fitting is done using all data points, thereby averaging
the results.

The outcome of the cost analysis indicates that the PRIME
costs about half as much as the UNIVAC for small, simple problems
such as the beam (see Figure 7.) However, for larger, more complex
problems (plate) the PRIME costs as much as 35% more than the
UNIVAC when the SPAR package is used (see Figure 9.)
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Figure 9 -Cost vs problem size (PLATE)

OTHER PERFORMANCE VARIABLES

Correctness of results is so important that most people
assume it. There are several reasons why assuming correct results
may be dangerous. In certain problems which require high
precision floating point values to be stored and manipulated, the
minicomputer may store and manipulate fewer significant digits
than the mainframe because of smaller word sizes and floating
point operand sizes. This may produce completely incorrect
results or poor results at best. Another potential problem is the
correctness of the application program. Packages that have been
developed on one machine and subsequently transported to another
may have been converted improperly. We found several problem
types that we could not run correctly on the PRIME due to those
problems. About 30% of the beam runs and 50% of the plate runs
were completely correct when run on the PRIME. The most important
thing that a user can do to protect himself is to check results
carefully and validate them if possible.

Turnaround time is important to most users and is measured as
part of the data collection for each job. See Figures 10 and 11.
Turnaround times on the UNIVAC vary from about 5 minutes to about
60 minutes for the various jobs. The turnaround times on the
PRIME vary from 3 minutes to about 10 hours. Small jobs run
quickly on both machines, but large jobs tend to take much longer
on the PRIME than on the UNIVAC. As an example, the 594 node SPAR
Plate Problem took between 20 and 70 minutes on the PRIME and
about 5 minutes on the UNIVAC.
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Availability or "uptime" is important to us and is determined

based upon data provided by the two centers. They are:

UNIVAC PRIME

UPTIME %98.9 96.7
MTBF (hours) 56.79 87.98
MTTR (minutes) 34.7 178.2

The UNIVAC data is taken from published figures for January 1980
through December 1980. The PRIME data could only be obtained for
the months of October through December 1980. The PRIME system is
down fewer times than the UNIVAC, but is down for extended periods
of time. The overall uptime of the UNIVAC is somewhat better than
the PRIME.

Support is a very important performance factor for many
users. Support includes availability and quality of technical
help and documentation. We found both the UNIVAC and PRIME
centers to be somewhat deficient in support. We found the UNIVAC
documentation to be fairly good, the access to documentation to be
good, but the access to technical help to be poor (due to contract
between service bureau and university). We found the PRIME
documentation to be weak and unavailable for reference except by
purchase. Particularities of the IIT PRIME 400 system are not
documented at all in the standard manuals and are only
communicated by word of mouth. Although the technical people are
fairly competent, they are far overburdened and unable to provide
a consistent level of support.

WEIGHTING AND SCORING

The relative importance of the performance variables is
reflected by assigning weights to each variable. The weight
values are arbitrary in absolute magnitude but extremely important
with respect to relative magnitude when compared to each other. A
possible weighting scale is shown in Appendix B. We have assigned
the following weights to our four performance variables:

correctness of results 5
turnaround time 3
system availability 3
support 2

Each of the raw performance observations should be converted
to a performance score for each particular variable. The
performance score should reflect the relative value to the user of
that particular raw score for the variable. The conversion is
done by direct transformation of raw data or by subjective
evaluation and grouping of results. Example scoring scales are

* shown in Appendix C.
The weights and scores are tabulated and evaluated to

*determine the utility index. We can easily compare the UNIVAC and
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PRIME if we choose a particular program, problem type, and size.
For a comparison of utility vs cost for the two machines running
SPAR beam and plate problems see Figures 12 and 13. These figures
show that, although the PRIME may be cheaper in many situations,
the utility of the PRIME is significantly lower than that of the
UNIVAC. In addition to comparing the relative utilities of
alternatives, it is also interesting to compare each utility with
the maximum possible utility (in our case 65).

/ - %1 
UNIVAC

40-- -

UTILI 
TY -

* 2 4 6 8 Is LZ 14
(dollars)

Figure 12 - Utility vs problem size (BEAM)
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Figure 13 - Utility vs problem size (PLATE)

ANALYSIS

For beam problems the PRIME is about 50% the cost of the
UNIVAC. However, due to problems with correctness of the SPAR
package on the PRIKE, the utility of the PRIME system is much
lower than the UNIVAC which makes the UNIVAC the better system to
use.

For plate problems, the costs are similar with the UNIVAC
being somewhat (35%) cheaper on the larger problems. The UNIVAC
is again the best system to use because of the similar cost and
much higher utility.

We can see from the examples that the type of problem and
software may be an important factor in determining which machine
is'"better" to use. Users will have to project the frequency with
which they use certain software, problem types, and problem sizes
to combine the costs and utilities for their particular profile of
use. The cost and utility figures should be weighted by the
frequency with which they occur and combined into an aggregate
cost and utility measurement for the projected workload.

CONCLUSION

We have described a comprehensive approach to evaluate the
cost and utility of alternative computer services. The utility is
evaluated by using technical and human factors. This approach
will provide the user with a much better base of information for
making a choice between alternatives than provided by traditional
cost vs throughput studies. The strength of this approach is that
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it considers a broad range of relevant factors, it is simple to
understand and use, and it allows the user to compare the
cost/utility relationships of computing alternatives so that
tradeoffs can be considered.

As in most complex decision making processes, several majgr
aspects of our methodology are necessarily subjective. The
selection of performance factors is subjective and could be the
subject of considerable discussion, analysis, and review. We have
not dealt with various methods for experimentally identifying
factors and their interdependence because of the tremendous amount
of effort involved.

The selection of relative weights and scoring levels is also
subjective. The weights and scores should be carefully chosen by
the user so that they reflect the needs and requirements for that
user. The weighting and scoring can only be as good as the
judgement of the user who is evaluating a given situation.

Using experimental techniques to select factors, weights, and
scores goes far beyond the scope of our paper. The combination of
expert judgement for decision making parameters with an objective
decision making procedure results in a practicable comprehensive
evaluation approach.
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APPENDIX A

PERFORMANCE VARIABLES
availibility
reliability
capacity
compatibility
documentation
languages
operating system features
response time
turnaround time
technical staff
ease of use
access (batch, interactive)
correctness of results
availability of applications software

APPENDIX B

PERFORMANCE VARIABLE WEIGHTING

5 - critical
4 - very important
3 - important
2 - somewhat important
1 - slightly important
0 - unimportant

APPENDIX C

PERFORMANCE VARIABLE SCORING

Correctness of Results
100% correct 5
80% correct 4
60% correct 3
40% correct 2
20% correct 1

18



Turnaround Time
15 minutes 5
30 minutes 4
45 minutes 3
60 minutes 2
-60 minutes 1

System Availability
99% - 100% 5
98% - 99% 4
95% - 97% 3
91% - 94% 1
less than 91% 0

Support
excellent 5
good 4
fair 3
poor 1
none 0
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