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INTRODUCTION

In the last three to four years, there has
been increased emphasis on the validation
of queueing network models (QNMs) and
a study of their ranges of applicability. Val-
idations are described in several papers
[(Bask72, Giam76, KIenN77, Lips77,
MooRr71, and SEK172]. Various studies of
ranges of applicability have been reported
by others [Buan74, Buze75, DieT77,
Hucn73, Pric76, REis74, Rosg77, and
Buze77].

QNMs are becoming a more widely used
method for analyzing computer systems;
however, they have not been applied in
many potentially useful cases by data pro-
cessing personnel in the field. Discussions
with computer systems personnel indicate
that there are two primary reasons for this
situation.

* The author 1s now at the Naval Sea Systems Com-
mand, Washington, D. C. 20360.

1) System engineers and system program-
mers who are familiar with the detailed
procedures of the computer’s operating
system and devices sometimes believe
that the behavior of a computer is too
complex to be captured by a QNM (or
an analytical model in general).

2) It is often not apparent to the personnel
in data processing centers how to obtain
the input parameters for these QNMs.

Thus, some personnel in the field who
could benefit from application of a QNM
instead perceive them to be more of aca-
demic interest than a practical and useful
tool. This paper will propose a set of mea-
surement procedures for obtaining the in-
put parameter values and output perform-
ance measures of QNMs. These procedures
are oriented toward a popular class of
QNMs and utilize to the maximum extent
possible the measurement parameters that
are commonly provided by current mea-
surement monitors.
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The organization of this paper is as fol-
lows. Section 1 will discuss types of mea-
surement instrumentation that are of inter-
est to the computer systems analyst, and
Section 2 will present several measurement
monitors available on some of the more
popular families of computers. Section 3
will describe the baseline QNM, stating the
basis for its selection and the measurement
requirements. Section 4 will propose a mea-
surement procedure for satisfying the re-
quirements of this particular QNM. There
will also be a discussion of the applicability
of this procedure for two extensions of the
model. Sections 5 and 6 present examples
of model validations and performance pre-
dictions, which illustrate the measurement
procedures and the class of models.

1. MEASUREMENT MONITORS

Measurement monitors are devices that ob-
serve the operation of a computer system
over a period of time and record the values
of certain variables that are considered to
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be significant for evaluating system opera-
tion. For a description of performance mea-
surement methods and technology, see
[Luca71 and Svor76]. It will prove helpful
at this point to distinguish between the
types of policies and the types of imple-
mentations for measurement monitors.
There are two types of policies, or high
level designs, for monitors: event trace and
sampling. There are three types of imple-
mentations: hardware, software, and hy-
brid. Each type of policy and implementa-
tion will be discussed in the following sub-
sections.

Policies

Both event trace and sampling monitors
record system states from specified regis-
ters and memory locations. They differ in
the way they are invoked. An event trace
monitor records information at the time of
a particular event; a sampling monitor rec-
ords information at specified time intervals.

The event trace mode usually obtains
more detailed information about system op-
eration over a shorter period of time. At
the occurrence of a prescribed event, con-
trol of the computer operating system is
passed to the event trace monitor. Typical
events that could trigger data collection
activities include start of a job, task crea-
tion, main storage allocation, I/O activity,
supervisor interrupt, and job completion.
The event trace monitor will then record
data in buffers that can be written to disk
or tape for subsequent use by data reduc-
tion software. Data recorded consists of
information in predefined register and
memory locations that are of interest at the
time of occurrence of the particular event.
For example, at time of job completion the
event trace monitor might record the
amount of CPU time used by the job, the
number of page faults initiated, the number
of I/0 operations completed, and the num-
ber of tape mounts required. In addition to
the predefined data to be recorded, most
monitors permit the user to specify other
information for collection.

Sampling monitors initiate data collec-
tion activities when a real-time clock sig-
nals the end of an interval. The interval, or
sampling period, is usually constant. This



type of monitor usually provides a less de-
tailed description of system operation over
a longer period of time. Information pro-
vided by sampling monitors typically in-
clude CPU and channel utilizations and the
number of jobs in execution. To obtain
these measurements, the monitor would
sample at prescribed intervals the state of
the processors and the number of jobs in
execution. At the completion of the moni-
toring session, the data reduction routines
for the monitor would typically provide the
percentage of time that the CPU and the
channels were in the busy state, and a table
or graphic plot of the number of jobs exe-
cuting as a function of time during the test
interval.

Implementations

There are three basic implementations of
measurement monitors for computer sys-
tems. Each of the three types of monitors
may use either event trace or sampling
policies. Hardware monitors are devices
that are attached to various points in the
digital circuitry to measure status or to
count events. Software monitors are mea-
surement routines inserted into the system
software that also record prescribed status
and events. Hybrid monitors are combina-
tions of these two types. Measurement in-
formation for hybrid monitors is moved by
system software routines into special mon-
itoring registers, and is then measured by
hardware monitors.

A hardware monitor measures the state
of the computer via electronic sensors, or
probes, which are connected to certain
points in the digital circuitry of the com-
puter. The usual measurements are to
count specified events or to record the
elapsed time that the system is in a certain
state. For example, a hardware monitor can
be used to measure the amount of time that
the CPU was in a busy state, or to count
the number of times that a referenced mem-
ory address was in the high-speed cache
memory. Since the hardware monitor di-
rectly measures the status of registers and
memory locations, system resources (CPU
and I/0 processors) are not diverted from
the workload processing. Thus an impor-
tant advantage of hardware monitors is
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that overhead is not introduced into the
measurement process.

A typical hardware monitor will consist
of between 20 and 150 probes. It will also
include logic modules for performing Boo-
lean operations such as AND and OR, a
collection and distribution plugboard to
count, time, and store the measurements as
defined by the users, and a controller to
coordinate and control the data collection
functions. Many hardware monitors pro-
vide data reduction software for immedi-
ately reducing, tabulating, and displaying
the results. Modern high performance hard-
ware monitors may include a wide range of
peripherals, such as disks, printers, and
graphic displays, all under the control of a
minicomputer. The analyst would interface
with the older hardware monitors through
switches, buttons, or a digital display. Cur-
rent models feature keyboards, printers,
and CRT consoles.

Software monitors in general can record
any information that is available to (or
contained within) an application program
or the operating system. The “probes” for
a software monitor consist of dedicated
code that is executed for the purpose of
recording the desired information. This
code might be called periodically (sampling
mode) or at the occurrence of a particular
event (event trace). Access to both the op-
erating system and the application pro-
grams provides a great deal of flexibility in
the selection of the measurement data. For
example, a software monitor would be able
to access and record interesting information
accumulated by the operating system, in-
cluding resource usage and system tables.

The penalty for this increased flexibility
is the perturbation to system operation.
Execution of this code will place additional
demands on the system resources that are
being measured, e.g., the CPU, peripheral
devices, and memory. The analyst should
insure that the monitor does not introduce
excessive overhead and render the results
meaningless. For certain applications event
trace monitors can record extensive
amounts of data, and in these instances
these monitors have been observed to in-
troduce as much as 20% overhead. Reason-
able selection of the events and the quan-
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tity of data to be recorded for QNM appli-
cations should result in the amount of over-
head caused by event trace monitors to be
limited to approximately 5 to 10%.

The overhead imposed by the software
sampling monitor is controlled by specify-
ing the sampling frequency, with low sam-
pling frequencies resulting in less overhead.
On the other hand, the laws of statistical
sampling apply, so the number of samples
should be large enough to achieve a reason-
able accuracy for the parameters of inter-
est. Therefore what is needed is a sampling
frequency for which the monitor can collect
a representative sample of system opera-
tion without significantly affecting system
performance.

Another factor affecting the accuracy of
software sampling monitors is the priority
of the monitor. The higher the priority of
the sampling monitor, the less likely that it
will be locked out at sampling time and the
more accurate will be the results. The soft-
ware sampling monitor for the 370/0S sys-
tem in [ROSE75] executed as the highest
priority system task and software monitor
measurements were within 3% of hardware
monitor readings. For the 370/VS systems
the monitor executed with the second high-
est priority (paging operation had first
priority) and software measurements were
within 5% of hardware readings.

Hybrid monitors are combinations of
hardware and software monitors. Software
routines are used to move data of interest
into special monitoring registers. The hard-
ware acquisition unit then records the in-
formation from these registers. Ideally, this
approach could reduce the individual dis-
advantages of separate hardware and soft-
ware monitors. A significant disadvantage
of hybrid monitors is that they require spe-
cial hardware in the computer for the mon-
itoring registers, and this requirement is
impractical unless included in the original
system architecture. Hybrid monitors are
therefore very rarely used, although an in-
teresting realization is discussed in
[SEBA74].

In summary, hardware monitors have an
advantage over software monitors in that
they do not interfere or affect system per-
formance by using resources and introduc-
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ing overhead. They can record very high
event rates, and times can be measured
very precisely. The disadvantage of hard-
ware monitors is that although they can
reveal what is happening, they usually can-
not reveal why an event is happening. In
other words, they can record only physical
states of the system, such as register con-
tents; but they cannot measure logical in-
formation, e.g., which program caused an
event to happen.

2. EXAMPLES OF SPECIFIC MEASUREMENT
MONITORS AND SYSTEM ARCHITECTURES

This section will describe a few system de-
pendent measurement monitors for some of
the more popular families of computers.
With the exception of the requirement to
establish a probe point library for each type
of computer, hardware monitors are gen-
erally system independent. All of the spe-
cific monitors to be presented will therefore
be software monitors, and these monitors
will be presented in terms of their capabil-
ities for assisting in the modeling process.
The presentation will be oriented toward
the software monitors supplied by main-
frame vendors. Other software monitors do
exist, and many of these monitors collect
data that, in varying degrees, can be used
to support computer systems modeling. For
the purpose of this tutorial article, however,
the field is too extensive to discuss each
individual monitor. The discussion for each
computer will also highlight any architec-
tural properties that affect modeling, as
well as any particular considerations that
affect hardware monitoring.

The IBM, Honeywell, and Univac moni-
tors that will be discussed are a great im-
provement over those available in 1975, but
prospective analysts should not be deceived
into thinking that they are representative
in all cases. And even these monitors could
be improved in order for the analyst to take
full advantage of some of the recent devel-
opments in analytical QNMs, e.g., the ca-
pability of specifying classes of jobs. In most
other cases, commercially available soft-
ware monitors do not measure all of the
QNM input parameters. In these cases the



analyst will have to write the necessary
software measurement routines. (Similarly,
the necessary probe points that would en-
able hardware monitors to obtain directly
certain model parameters may have not
been researched and documented for some
computers.) It is felt that this situation is
not a reflection on the technical difficulty
in achieving the necessary capabilities, but
rather reflects the absence of such a re-
quirement in the design specifications for
the monitors.

The absence of convenient means and
techniques for obtaining QNM input pa-
rameters for all computers can perhaps be
explained as follows. First, measurement
devices have historically been provided for
the data processing center to determine
system bottlenecks and to balance CPU
and I/0 processor utilizations. Typical
measurements in this environment include
“CPU waiting and only channel 1 busy”
and “CPU busy and no channel busy”. As
will be shown in Section 5, there is abso-
lutely no resemblance between these mea-
surements and what is needed as input
parameters for an analytical model. Second,
because there has been such a broad spec-
trum of computer models, it is perhaps
understandable that modeling require-
ments have not been seriously considered
by designers of monitors. There now ap-
pears to be a perceptible trend toward the
queueing network class of analytical
models, and it is strongly recommended
that future measurement devices should
include the capability for measuring the
required input parameters and output per-
formance measures for this class of models.

IBM 370 Series

IBM'’s introduction of the Resource Mea-
surement Facility (RMF) software in 1976
for computers with the OS/VS2 MVS op-
erating system considerably improved the
capability for modeling IBM computers. In
general, RMF provides all of the necessary
statistics to enable the analyst to compute
the input parameters for QNMs using the
methods of Section 4, Measurement Pro-
cedures. Information collected by RMF is
presented in formatted reports, and in some
instances can be plotted for a graphic ov-
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erview. Information that can be graphically
plotted which is of interest to QNM ana-
lysts includes the number of batch and TSO
users, CPU utilization, channel utilization
for each channel, channel activity rate per
second, mean channel service time, device
activity rate, and mean device service rate.
The graphical plotting feature permits the
analyst to visualize rapidly the dynamics of
system behavior for the particular monitor-
ing session. For example, during a typical
monitoring session of one hour the analyst
might want to plot the above activities at
five minute intervals and obtain a time
history of demand and usage.

RMF gathers data by both event trace
and by sampling methods. The user can
specify when to obtain a trace, and can add
fields to the list of traceable information. In
the sampling method, certain data can be
collected by RMF from the appropriate
system counters at the beginning of the
reporting interval and again at the end of
the session. Since the counters are in-
creased continually as events take place,
RMF can determine an exact count for a
process by caleulating the difference be-
tween the counters at the start and comple-
tion of the interval. In contrast, other data
counts (such as the number of jobs in main
memory) fluctuate over an interval because
of system requirements. This data is ac-
quired by periodically sampling the
counters at user specified intervals during
the reporting period and then calculating
the minimum, mean, and maximum value
of the samples taken.

Another useful item provided by RMF is
the distribution of CPU and I/O queue
lengths. This data might prove useful dur-
ing validation, since the model provides
mean queue lengths by device. Most vali-
dations have been concerned with matching
model device utilizations and throughputs
with measured values. It would also be
helpful to compare model and measured
device mean queue lengths.

One feature not currently in RMF that is
required to support the models of
[CHANT5b, SAUE75, and SHUMT77] is the
capability to compute the standard devia-
tion of device service times. However, even
without this capability, RMF is a consid-
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erable improvement over what was com-
mercially available for the modeling analyst
before 1976.

Other IBM-supplied software of interest
to the analyst includes the Systems Man-
agement Facility (SMF) and the General-
ized Trace Facility (GTF). SMF is an event
trace monitor that records data at times of
job step termination and job completion.
Designed primarily as an accounting pack-
age, it records resource usage data for ap-
plication programs, such as CPU time used,
number of page faults, and the number of
I/0 operations. SMF does not record op-
erating system statistics; therefore it is not
suitable, in general, as a precise measure-
ment monitor for the queueing analyst.
SMF can, however, provide useful supple-
mentary information if the analyst wishes
to use the model of [Bask75 and CHAN75a]
with timesharing and batch classes of jobs.
Although RMF provides a count of the
number of T'SO and batch jobs, it does not
allocate device utilizations and visit counts
by class for these classes of jobs. Since SMF
collects device utilizations and visit count
data for both timesharing and batch appli-
cation programs, it can be used to approxi-
mate operating system statistics for these
classes. Examples are given in Section 5.

GTF is an event trace monitor for certain
operating systems events, e.g., supervisor
calls, I/0Q activity, paging behavior, and
memory allocation. Information is recorded
with time stamps, task identifiers, and sta-
tus register contents. GTF can record an
extensive amount of data, and, as a conse-
quence, can impose a substantial amount of
overhead. Benchmark experiments in
[K1EN77] showed that GTF can increase
the CPU utilization by a factor of two, not
all of which is identified as such.

At this point it is instructional to discuss
certain features of the IBM architecture of
interest to the computer system analyst.
IBM 370 series computer systems include
either 2314 disks, which are connected to
the channel during rotational latency and
data transfer, or the newer 3330, 3340, and
3350 disks with rotational position sensing,
which are connected to the channel only
during data transfer. Validations can be
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quite easily accomplished for systems with
IBM 2314 disks, using the procedures of
Section 4. Validations may be more difficult
for the systems with the 3330s, and the
operation of the 3330 class of disk will now
be described in detail.

This type of disk, (which also includes
the INTEL 7330), is divided into radial
sectors. An initial seek command positions
a read/write (R/W) head on the desired
track. The channel then provides to the
disk the sector number of the data record
to be accessed. Unlike earlier 1/0 architec-
tures (such as that associated with IBM
2314 disks), the channel can now be re-
leased from this disk to serve some other
disk. The disk starts an offline search to
find the requested sector. When the sector
draws near the R/W head (perhaps two or
three sectors in advance of the desired rec-
ord), the disk sends a ready signal to the
channel. Unless the channel acknowledges
this message during the remaining time it
takes the sector (record) to reach the R/W
head, the sector passes under the R/W
head without connecting, and data transfer
will not occur until at least another full
rotation. The device ready signal is issued
each time the sector approaches the R/W
head, and the action is repeated until the
channel acknowledges and is connected.

Rafii [RaF176] reported hardware mea-
surements on an IBM 3330 spooling disk at
Stanford University during different hours
of the day. The measurement results show
that during peak system usage periods (up
to approximately 50% of the available time),
the initial device ready signal was not re-
ceived in time by the channel because of
the heavy loading. During these time pe-
riods, it was not uncommon to experience
delays of more than one rotational period.
To model computer systems with this type
of peripheral devices accurately, we should
measure the percentage of delayed rota-
tions. This subject will be discussed in more
detail in Section 4.

Probe point libraries for IBM computers
are reasonably complete. Comparisons of
utilizations from hardware monitors and
RMPF indicated readings within 5%. Vali-
dations of QNMs on IBM computers have



been reported in [BHANT4, Gi1aM76,
Kien77, Lirs77, Moor71, PRic76, and
RosET76].

Honeywell 6000 Series

The Generalized Monitor Facility (GMF)
has recently been developed for Honeywell
6000 series computers by the Department
of Defense for computer performance mon-
itoring of these systems in the World Wide
Military Command and Control System.
GMF is an event trace type of software
measurement device and consists of six in-
dividual monitors for main memory, mass
storage, CPU, tape drive, channel, and com-
munications activity. Any combination of
these six monitors can be in operation si-
multaneously; however, if all six are in op-
eration simultaneously the amount of over-
head imposed by the event trace ap-
proaches 10%.

The Memory Utilization Monitor, the
Mass Storage Monitor, and the CPU Mon-
itor measure considerable data of interest
to the analyst. They provide a total of 58
reports, including the number of jobs in
main memory, CPU utilizations, CPU ser-
vice times, and the number of jobs in the
CPU queue. Each report consists of a his-
togram and tabulated values of individual
and cumulative probabilities of the events.
The CPU service time activity is often of
interest to the queueing analyst, since it
will indicate how closely the actual CPU
service time distribution approaches the as-
sumptions of the model. This particular
report gives a plot of the percent probabil-
ity of occurrence for the service times in 1.5
millisecond intervals, as well as the individ-
ual and cumulative probabilities of each
interval.

The Channel Monitor provides histo-
gram and probability data for each 1/0
channel for service times, queue lengths,
and waiting times. There are also reports
for each device showing queue lengths and
waiting times. The Tape Monitor is similar,
with reports for the number of drives in
use, waiting time for each tape drive, and
an activity report by job.

The Communication Monitor provides
information relative to terminal and remote
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job entry activity. A device summary report
shows mean and standard deviation values
for session length, input/output character
length, think times, and terminal response
times for each device. Of particular interest
are reports showing histograms and proba-
bility data for terminal response times,
think times, and session lengths.

There has been a moderate amount of
hardware monitoring of Honeywell 6000
computers, and a reasonably complete li-
brary of probe points exists. The CPU and
channel utilization probe points have been
validated and documented. Comparisons of
results from hardware monitors and GMF
have been conducted and show agreement
within 5% [WENK77].

The most common I/0 disks for Honey-
well 6000 machines are the model 191 and
model 451. Both types of disks remain con-
nected to the channel during data transfer
and rotational latency. (They are similar in
this respect to the IBM 2314s.) For a vali-
dation and study of QNMs on a Honeywell
6000 series computer, see [DIET77].

Univac 1110 Series

The Univac-supplied software monitor is
called the Software Instrumentation Pack-
age (SIP). It is an event-driven monitor
that can be incorporated into the system at
five different levels, as specified by system
generation parameters. The first level of
statistics consists primarily of processor uti-
lizations and I/O summary information.
Overhead introduced by this level is rela-
tively low, e.g., of the order of 5 to 10%.
Information from these reports is normally
used for optimizing peripheral and mass
storage configurations. These reports can
also form the basis for determining QNM
input parameter values.

The second level of statistics furnish the
same information as the first level, plus
additional data on distributions of memory
utilizations and program sizes. Naturally,
this level introduces more CPU, channel,
and I/0 unit overhead. The remaining
three levels provide considerable detail, and
are primarily useful for personnel working
in areas of operating system development
and modification.
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Only the first level SIP statistics will be
discussed here. The processor report pro-
vides CPU utilization data, plus a table
listing the number and source of CPU in-
terrupts. Another report shows the mean
number of jobs executing in main memory
for both batch and timesharing classes.
Channel utilization, number of access con-
trol words, and number of data words trans-
ferred are reported for each channel in an-
other summary. There is also an I/0 trace
monitor available for the 1110 that will
record information on every 1/O transfer.

There does not appear to be any available
data comparing the accuracy of SIP with
appropriate hardware measurements. CPU
and channel utilization probe points have
been documented.

Two types of disks are commonly found
on the 1110 series. The 8414 disks remain
connected to the channel during rotational
latency and data transfer. Model 8433 disks
are similar to IBM 3330s and disconnect
from the channel during rotational latency.
For examples of QNM validations and stud-
ies on Univac 1110s, see [BUzE77 and
KRrzE77]. (See also [HuGH73] for a valida-
tion on a Univac 1108.)

DEC 20 and 11/70 Computers

The analyst will find the modeling process
for these computers more difficult, at least
initially, than for systems previously dis-
cussed because of the absence of readily
available instrumentation capabilities.
There is no dedicated measurement soft-
ware provided by the manufacturer for the
11/70 computer, and the author is not
aware of any available measurement soft-
ware suitable for supporting QNMs. Some
of the information required for modeling is
available in the operating system, but there
are no software routines to read the data,
and there are no data reduction routines
for processing the data. As a result, model-
ing projects for the 11/70 computers should
budget in advance a sufficient amount of
time and money to obtain the required
capabilities. There seems to have been no
hardware monitoring of 11/70 computers,
and consequently probe point libraries are
not available.

The situation is slightly better for the
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DEC 20 series. Software is provided that
measures the number of jobs executing in
main memory and the CPU utilization. Un-
fortunately, there are no provisions for ob-
taining channel utilizations or for obtaining
the number of I/0O operations by channel.
The information seems to be available in
the system, but there is no software for
reading and processing the data. Again, the
analyst should plan a certain amount of
time and money to develop and test the
measurement software. It appears that
there has been little hardware monitoring
of DEC 20 computers, and probe point li-
braries are not available from the vendor or
from measurement groups.

CDC 6600 Series

CDC 6600s generally vary widely from sys-
tem to system. The SCOPE operating sys-
tem is initially provided by the vendor, but
invariably users seem to tailor it to suit
their own particular needs. Thus a com-
mercially available monitor would have to
be modified to some degree for each partic-
ular configuration, and possibly for this rea-
son there appears to be no commercially
available system software measurement
monitor for CDC 6600 computers. There
are some program monitors available
through the user community (e.g., from
NASA'’s Langley Research Center, and Mo-
bil Oil Co., Dallas). Without a commercially
available system software monitor, users
have been forced to develop measurement
routines for their own individual system
and measurement objectives. Developing
system software monitors for CDC 6600s is
generally within the capabilities of good
system programmers, and this approach
has been successful in most cases.

There seems to have been very little
hardware monitoring of CDC 6600s. Sev-
eral years ago the speeds of hardware mon-
itors were no faster than the electronic
speeds of the 6600, and consequently, res-
olution of the monitor was often not suffi-
cient to obtain the necessary readings. As
a result, a reasonably complete library of
validated and documented probe points
was not developed. Today, even though
electronic speeds of hardware monitors
have improved by an order of magnitude,



using hardware monitors on CDC 6600s is
still not common. A possible explanation is
the investment cost of developing the li-
brary, and the fact that there is not a size-
able market to share the costs of the devel-
opment. Validated probe points do exist for
obtaining measurements of CPU and chan-
nel utilizations.

The most common disk for this series of
computers is the CDC 844, which remains
connected to the channel during both ro-
tational latency and data transfer. Good
results in validation have been obtained
using the measurement procedure of Sec-
tion 4. Examples of validations of a QNM
for CDC 6600s are shown in [BAsk72 and
Scaw70].

3. DESCRIPTION OF A QUEUEING
NETWORK MODEL

We illustrate measurement procedures in
general by discussing a measurement pro-
cedure for a specific class of QNMs. This
model will be referred to as the baseline
model. It does not have the full generality
of the model in [Bask75};, for example,
there are no load-dependent devices or
class changes. The particular features of
the model were selected to make it typical
of the class of QNMs that have been vali-
dated for many computers with excellent
results. We describe the model here, and
the measurement procedures in the next
section.

The baseline model is a central server
model with multiple classes of jobs (Figure
1). It is assumed that an integer number of
jobs of each class traverse the closed net-
work consisting of the central server (CPU)
and the peripheral devices (I/0 devices).
Because we are restricting ourselves to a
central server model, a job in the model
alternately receives service from the CPU
and one of the I/0 devices. Most modern
I/0 architectures consist of channels, con-
trollers, and actual I/O units (e.g., disks,
drums, tapes), with the channels and 1/0
units providing service delays. For this
model the analyst must select whether the
1/0 device should be either: 1) a “compos-
ite” channel with its associated I/O units;
or 2) an individual I/O unit, each with an
implicit, “virtual” channel.
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= (TOTAL 1/0 1 SERVICE TIME)/(NO. OF
1/0 1 PROCESSING PERIODS)
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Q () = FREQUENCY THAT A JOB OF CLASS f
WILL BRANCH TO 1/O DEVICE + AFTER A
CPU PROCESSING PERICD
Ficure 1. Closed queueing network model.

Queueing disciplines and service time dis-
tributions must be specified for each device
(we are using the stochastic approach to
QNMs). Certain of the decisions are moti-
vated by the way computer systems ac-
tually operate. Other decisions are forced
by the particular solution technique.

In actual systems, I/O devices are gen-
erally scheduled in a First-Come-First-
Served (FCFS) discipline; therefore this
choice was selected as the model I/0
queueing discipline. Given this choice, how-
ever, the I/0 service time distribution is
restricted: At the ith I/0 device, there is an
exponential service time distribution with
mean I/0 i MST, which is the same for all
classes. Different I/O devices may have
different exponential distributions, how-
ever.

Two common forms of CPU scheduling
in actual systems are FCFS and round-ro-
bin. FCFS scheduling at the CPU has the
same modeling restrictions as that of an
I/0 device. Round-robin scheduling cannot
be modeled exactly, but a close form of it,
processor sharing (PS), can be; see Section
4. PS scheduling at the CPU is not as
restrictive from a modeling viewpoint as
FCFS. The CPU service time distribution
may be class dependent. Also, service time
distributions more general than exponential
are allowed; these distributions are known
to yield utilizations and queue length dis-
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tributions identical to those obtained for
exponential distributions [Bask75].

The routing behavior of jobs may be class
dependent. After completing service at the
CPU, a job of class r selects I/0 device i
according to a routing frequency @.(r), as-
sociated with that device and (possibly)
that class. Figure 1 does not contain a feed-
back loop from the CPU back to itself
[DENN78, see p. 225, in this issue]; system
throughput can still be obtained by know-
ing the CPU throughput and the number of
CPU visits per job.

Thus, the required input parameters for
this baseline model are:

1) Number of classes of jobs (R).
2) CPU queueing discipline (FCFS or
PS).

C. A. Rose

3) Degree of multiprogramming (N(r)),
by class.

4) I/0 device routing frequencies (Q.(r)),
by device and by class.

5) CPU mean service time
MST(r)), by class if PS.

6) I/0 device i mean service time (I/O i
MST), by device.

The calculated output performance mea-
sures from the model are:

1) Utilization, by device (and by class for

a PS CPU).

2) Throughput, by device (and by class

for a PS CPU).

3) Mean queue length, by device and by

class.

4) Mean waiting time in the queue, by

device and by class.
The model is evaluated using the formulae
in [Bask75], with the normalization con-
stant (for closed networks) determined by
the method in [CHAN75a].

The baseline model is relatively simple;
it reduces to Buzen’s central server model
[Buze71, 73] when there is a single class of
jobs. The baseline model has pedagogical
advantages; once the measurement require-
ments and procedures are understood for
the baseline case, it is relatively easy to
extend them to the more complex cases of
1) QNMs for closed networks that permit
non-exponential service time distributions
(e.g., using the approximate solution tech-
niques in [CHANT75b, SAUE75, SHUMT77]),
and 2) QNMs for mixed (open and closed)

(CPU

Computing Surveys, Vol. 10, No. 3, September 1978

networks that permit arrivals and depar-
tures of jobs, with the normalization con-
stant determined by the method in
[RE1s75].

4. MEASUREMENT PROCEDURES FOR
OBTAINING QUEUEING NETWORK MODEL
INPUT PARAMETERS

This section will present a set of procedures
for obtaining QNM input parameters. This
set of procedures should be thought of as a
structured yet flexible set of guidelines,
since the particulars will vary somewhat
from computer to computer. Also, this set
should be evolutionary to reflect both the
refinement of analytical models of com-
puter systems and the development of in-
strumentation that will more directly sup-
port these models. The measurement pro-
cedure discussed in this paper has been
validated and has resulted in useful appli-
cations of the model. (Some examples will
be shown in the next sections.)

Number of Classes of Jobs

This first parameter is specified according
to the objectives of the analysis, the job
environment, and whether one has the in-
strumentation capability to collect separate
statistics for each class. Assuming that the
necessary instrumentation is available, an
analyst might want to model a computer
system using two classes of jobs, e.g., time-
sharing and batch. Another example might
be to use different classes to model job
priority classes. In general, the difficulty in
using classes of jobs is that measurement
monitors may not provide the necessary
information that will enable the analyst to
compute statistics by class. Thus the ana-
lyst would, in these cases, have to estimate
or approximate class statistics using the
best available information. A procedure for
estimating class statistics for timesharing
and batch jobs when modeling IBM com-
puter systems is described in detail in
[RosE75]. See also [KrzE77] for an exam-
ple with Univac systems.

CPU Queueing Discipline

The CPU queueing discipline may be spec-
ified in the baseline model as either First-



Come-First-Served (FCFS) or Processor
Sharing (PS). PS is a form of “round-robin”
scheduling, in which time-slicing is used to
prevent a task from holding a processor
unduly long. In effect, the scheduler loads
an interval timer clock with a time quan-
tum. If the task has not released the proc-
essor by the expiration of the quantum, the
clock will generate an interrupt that will
cause the task to be preempted and a new
task assigned. In PS, the length of the quan-
tum approaches zero, and each of n jobs
will receive service at (1/n)th the rate that
a single job at the CPU would receive. For
further discussion of the PS discipline, see
[CoFF73 and Lame68].

The CPU queueing discipline is specified
for the model, and ideally is determined
from a knowledge of the workload and com-
puter operating characteristics. As an ex-
ample, for a CDC 6600 at the University of
Texas (Austin), the mean time between
CPU interrupts is about 30 milliseconds
(ms). The CPU quantum is set for 16 ms.;
therefore, most jobs will be preempted be-
fore experiencing a CPU interrupt. Conse-
quently, PS should be a better approxima-
tion for this operation than FCFS.
[Bask72] shows that PS does yield good
results in a validation on this system.

As another example, under the IBM VS2
operating system the CPU quantum is set
for 500 ms. For a workload with a CPU
MST of approximately 20 ms., one would
expect that a job would complete its full
CPU processing before a timer interrupt
occurs. This operation should be more ac-
curately modeled by FCFS than by PS. The
FCFS CPU discipline was in fact more ac-
curate for the experiments on IBM com-
puters in [RosE76], in which the CPU MST
ranged from 10 to 35 ms.

Degree of Multiprogramming

The number of jobs in the closed QNM
of Figure 1 will, in general, relate to the
number of jobs executing in the main mem-
ory. The model assumes that a fixed integer
number N(r) of jobs of class r are in the
closed queueing network. These jobs may
be in one of the following states: 1) in the
CPU queue, 2) receiving service from the
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CPU, 3) in an I/O device queue, or 4)
receiving service from an I/0 device.

To determine N(r), one can normally
measure (using a software monitor) the
time-averaged number of jobs actually in
execution in main memory during the pe-
riod of the test. This information is gener-
ally readily available in the operating sys-
tem, and can be retrieved using either sam-
pling or event trace techniques. When using
a sampling software monitor, it is often
sufficient to measure the number of jobs in
execution at 30-second intervals during the
period of the test and compute the time-
averaged N(r) from this data. Due to the
dynamic behavior of programs, the mea-
sured degree of multiprogramming will usu-
ally not be an integer. Since the computa-
tional algorithms assume integer values of
N(r), the analyst may wish to interpolate
between model output values for the two
closest integer values of N(r). In other in-
stances, if there are many parameters to be
investigated, the analyst may want to round
off N(r) to the nearest integer values.

A Measurement Procedure .

I/0 Device Routing Frequencies

The model assumes that a job receives al-
ternate processing from the CPU and an
I/0 device. The routing frequency from the
CPU to an 1/0 device is defined as the
number of I/0 operations (reads, writes, or
paging operations) for that device divided
by the total number of I/O operations.
There are two possible measurement tech-
niques to obtain this parameter. One ap-
proach is to use a software monitor to count
the number of times that the I/O data
transfer macro was successfully executed.
Another approach is to use a hardware
monitor to count the number of times that
a channel or a peripheral device on a chan-
nel transferred or received a block of data.

An I/0 device in the model may repre-
sent either: 1) a channel and its associated
peripherals collectively, or 2) each individ-
ual peripheral unit (without the channel
included explicitly). For the baseline model,
the analyst may select which of these two
representations to use based on such factors
as the objectives of the analysis and the
capabilities of the available measurement
monitors.
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The model permits class-dependent rout-
ing frequencies for R classes of jobs. Refer-
ring to Figure 1 and defining I/0 OP(r), as
the number of I/0 operations for device i
for class r jobs, the routing frequency from
the CPU to device i for class r jobs is:

Qur) = 2P0
T I/0 OP(n),

=1

r=1....,R (1)

CPU Mean Service Time

Conceptually, this parameter can be ob-
tained by dividing the total CPU service
time by the number of CPU processing
periods. Since existing measurement moni-
tors (hardware or software) usually do not
accumulate CPU processing times, it is nec-
essary to derive the total service time for
the CPU by measuring the CPU utilization
(CPU UTIL) and multiplying it by the
length of the test period (T'). (CPU utiliza-
tion is defined as the fraction of time that
the CPU is in either the problem state or
the supervisor state.) Dividing CPU service
time by the number of CPU processing
cycles will yield the CPU Mean Service
Time (CPU MST). The number of CPU
processing cycles in this model is equal to
the total number of 1/0 processing cycles.
Assuming a FCFS scheduling discipline, the
CPU MST is class independent and may be
determined by:

CPU MST = (CP'EJ UTIL) (T)

¥ I/0 OP,

=1

(2a)

For the case of a PS queueing discipline,
the CPU MSTs may be class dependent.
Assuming that f(r) is the fraction of total
CPU utilization used by class r jobs:

CPU MST(r) =
fr) (CPU UTIL) (T)

Y I/O OP(r)

]

=1..,R (2b)

In general, measurement monitors do not
collect information on the amount of super-
visor (operating system) overhead required
for each class of job. Until this capability is
available, one way of handling the overhead
is to allocate it in Equation (2a) across all
jobs. For the validations in [RosE75] it was
shown that using only problem state utili-
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zation gave unsatisfactory results, and mea-
surement data did not provide statistics to
permit assignment of an “operating sys-
tem” job to account for the time spent in
the supervisor state. Similarly in equation
(2b), due to the limitations of current mea-
surement monitors, the overhead is allo-
cated across the classes. It is shown in
[RosE75] how f(r) can be approximated for
IBM machines for classes of timesharing
and batch jobs.

1/0 Device Mean Service Time

It is, in actual practice, very difficult with
current analytical techniques and measure-
ment monitors to model and measure the
1/0 behavior of modern computer systems
exactly. From the analytical aspect, it is
extremely difficult to model the parallelism
of channel operation when several devices
are in various modes of operation, such as
seek, rotational latency, data transfer, wait-
ing for a control unit, and waiting for a
channel. Analytical techniques for model-
ing overlap are not currently available, and
this problem will probably require much
research and effort in the future. (See
[CHANT8] p. 281, in this issue.)

Modern I/0 architecture can also cause
problems from the measurement point of
view. To devise a measurement procedure
for obtaining this input parameter, one
should consider both the operation of the
computer system and the assumptions of
the model. The service time for a I/0 device
is equal to the seek time (if the device is a
disk) plus the time of rotational latency
plus the time of data transfer. Based on
these assumptions of the model, the I/O
MST should be expected to include all of
these components. Define MTDT to be the
mean time for data transfer, MTRL to be
the mean time for rotational latency, and
MTSK to be the mean time for a seek.
Then:

I/O'MST = MTDT + MTRL + MTSK (3)

Equation (3) is the basis for the measure-
ment procedures to obtain the 1/0 device
input parameters. These procedures must
take into account the two alternatives for
modeling the I/0 device, i.e., whether the
device is a composite channel and periph-
eral structure (Case 1) or an individual pe-



ripheral device with a “virtual” channel
(Case 2).

Nearly all hardware monitors and some
software monitors have the capability of
measuring individual disk seek times (Case
2). For Case 1, MTSK can be obtained by
averaging the individual disk MTSKs for
that channel.

The following discussion will be primarily
applicable for Case 1, and it will develop a
measurement procedure that, in effect, av-
erages the individual peripheral units’
MTDTs and MTRLs for a particular chan-
nel. (This procedure is often more conven-
ient to use with current monitors than hav-
ing to measure the individual MTDTs and
MTRLs, and then to compute the average.)
Certain of the principles will also prove
useful for Case 2.

Before developing the procedure, it is
helpful to recall the discussions in Section
2 concerning the various I/0 architectures.
A channel is always required for the trans-
mission of 1/0 data, but some I/0 architec-
tures permit the channel to be released
during rotational latency or seek. For ex-
ample, the IBM 2314, CDC 844, and Hon-
eywell 451 disks are connected to a channel
during data transfer and rotational latency.
The more recent IBM 3330 class of disks
and Univac 8433 disks use rotational posi-
tion sensing (RPS) and are connected to a
channel only during data transfer.

Nearly all monitors provide the capabil-
ity for measuring channel utilization. In a
manner analogous to deriving CPU MST,
the mean service time for channel i (CH i
MST) will be:

. (CH: UTIL) (T)
CH i MST = 7/0 OP, 4)

For the case of disks without RPS, mea-
sured channel utilization will include the
service times for rotational latency and data
transfer. Then:

CH 1 MST = MTDT + MTRL (5a)

Thus Equation (4) and the procedure for
obtaining MTSK provide all of the infor-
mation needed in Equation (3) for disks
without RPS.

For the case of disks with RPS:

CH i MST = MTDT (5b)
For a large sample size, one would expect
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that on the average the MTRL will be
approximately one-half of the full rota-
tional period. For example, the rotational
period of IBM 3330 disks is 16.7 ms. A first
approximation for MTRL would be 8.35 ms.
However, this approximation does not take
into account missed rotations, as discussed
in Section 2. If one could measure or esti-
mate the fraction of missed rotations, the
first order approximation could be im-
proved. Suppose that for an IBM 3330 sys-
tem there were 10% missed rotations. Then
a better approximation for MTRL would be
(8.35) (1.1) = 9.2 ms. This procedure, in
conjunction with Equation (4) and mea-
sured MTSK, completes the information
needed in Equation (3) for disks with RPS.

For Case 2, Equation (3) clearly indicates
the required measurements for MTDT and
MTRL for the individual devices. The
above procedures for deriving MTRLs are
useful here also. Most monitors provide
information that can be used to derive the
individual device MTDTs. Because RPS
operation can pose problems in modeling,
the reader is also referred to [WILH77 and
ZAHO77].

Optional Parameters

The baseline QNM of [Bask75 and
CHANT7b5a] assumes that the service times
of FCFS processors are exponentially dis-
tributed. The models of [CHAN75b,
CHANT8, SAUET75, and SHUM77] relax this
restriction and permit approximate solu-
tions for nonexponential service time dis-
tributions. (The Sauer-Chandy model also
permits CPU priority disciplines.) The in-
put parameters for these models are essen-
tially the same as for the baseline model,
except that the coefficient of variation of
service time is required for the CPU and
I/0 devices. (The coefficient of variation
for a distribution is defined as the ratio of
the standard deviation to the mean.) Meth-
ods for determining the mean of the service
times have already been discussed. Hence
the additional measurement requirement
imposed by these models is to obtain the
standard deviation of service time distri-
butions. Some, but not all, measurement
monitors available today are capable of ob-
taining the standard deviation. Thus if an-
alysts wish to use these more generalized

A Measurement Procedure
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models, they must insure that they can
obtain a monitor with this capability.

For the mixed (open and closed)
queueing network model of [REIs75], the
analyst would need to measure arrival rates
and departure routing frequencies in addi-
tion to the parameters for the baseline
model. Departure routing frequencies can
be obtained in a manner analogous to 1/0
routing frequencies. The exact technique
for obtaining arrival rates will vary depend-
ing upon the particular computer system,
but a possible approach would surely be an
event-driven software probe at the system
job queue.

5. MODEL VALIDATIONS

The previous section presented a suggested
set of procedures for obtaining input pa-
rameter values for a representative QNM.
The output performance measures of the
model are: 1) device (CPU and 1I/0) utili-
zations, 2) device throughputs, 3) device
mean queue lengths (MQL), and 4) device
mean waiting times (MWT).

The objective of the validation process is
to compare calculated performance values
with corresponding measured values and to
resolve any discrepancies. With the cur-
rently available analytical and measure-
ment tools, model validation is still a com-
bination of art and science. The analyst
should keep in mind, however, that QNMs
have produced good results provided that
the input data was both accurate and con-
sistent with the assumptions of the model.

Since virtually all measurement monitors
provide device utilizations, the first step in
the validation process is to compare model
and measured utilization data. The next
step is to compare throughput values. Some
software monitors provide throughput di-
rectly; in other cases it can be calculated
easily. For example, CPU throughput is
simply the number of service requests proc-
essed by the CPU divided by the monitor-
ing interval (T'). Other device throughputs
can be calculated similarly, or by using the
Job Flow Balance equations in [DENNT8].

Hardware monitors record the time that
a device is in a certain state, or the contents
of registers. Neither throughput nor MQL
is normally obtained by hardware monitors.
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Some software monitors do measture data
to compute MQL, in which case the model
MQL can be validated. The measured MQL
can be used in Little’s law [DENN78] to
calculate MWT, thereby validating this
output value.

During the early validation trials it is
strongly recommended that a benchmark,
or fixed jobstream, be used to ensure re-
peatability of the measured data and to
establish the basis for controlled experi-
ments. The experiments described in this
paper were conducted during dedicated
time (with no other users of the system)
and used a benchmark obtained from the
Federal Computer Performance Evaluation
and Simulation Center (FEDSIM). This
particular benchmark is capable of gener-
ating both batch and timesharing job-
streams. It executes 60 job steps for batch
processing during a running time of approx-
imately 20 minutes, and provides a mix of
CPU bound, I/O bound, and balanced
workloads. For timesharing operation, it
executes a circular list of commands for
such typical timesharing tasks as editing,
allocating, and linking.

The validation to be described was made
on an IBM 370 Model 155-2, with virtual
storage operating system VS2, HASP, and
the Time Sharing Option (TSO). The sys-
tem configuration consisted of one CPU,
1.5M bytes of main storage, and four chan-
nels.

For this validation the 370/155-2 system
was instrumented with a hardware monitor
and with a software monitor similar to
RMF. This particular hardware monitor
permitted a maximum of 20 probes in the
computer system. As a result of this limi-
tation, I/0 devices were modeled using the
approach of composite channel and periph-
eral devices. Hardware probes were then
placed to measure CPU and channel utili-
zations, and disk seek times. The software
monitor was used to measure I/0 OP(r),
and N(r).

Referring to the block diagram in Figure
1, channel 1 was a byte multiplexer channel
and provided a data path through a control
unit to a printer and a card punch. Channel
2 was a block multiplexer channel and pro-
vided a path to four 3330 disks via a Disk
Control Unit (DCU). The remaining two



channels were selector channels which con-
nected to independent banks of 2314 disks
via DCUs. There were eight 2314s con-
nected to channel 3. Channel 4 had eight
2314s and eight timesharing terminals.

The objective of these experiments was
to study system behavior rather than to
examine the detailed operation of a partic-
ular subsystem. This objective did not sug-
gest the use of a detailed or an embedded
paging model. Hence, the paging statistics
were included as an integral part of system
I/0 statistics, e.g., the number of page-
in/page-outs were included in the compu-
tation of the routing frequencies for the
channel with the paging pack. Of course,
this simplification may not be valid in all
.ases, but good results using this assump-
tion were achieved for this validation.

For the first experiment, the system was
configured without the IBM 3330 disks, i.e.,
channel 2 was not used. To simplify gener-
ation of the operating system, no timeshar-
ing terminals were used, and only the batch
portion of the benchmark was needed.

The objective of this first experiment was
to validate the model and the measurement
procedures in Section 4 for a single class of
jobs (batch). Model input parameter values
were obtained using the set of procedures
in Section 4. The time-averaged degree of
multiprogramming was measured at 3.7,
and model utilizations were solved for N =
3 and N = 4. Results are shown in Table 1.

The next set of experiments on the
370/155-2 was to investigate the use of job
classes of timesharing and batch. In order
to use the model with multiple classes, the
routing frequencies must be determined for
each class. CPU MSTs may be partitioned
by class if one uses the PS queueing disci-
pline. Recall that channel and CPU MSTs

TABLE 1. MODEL VERSUS MEASURED
UTILIZATIONS FOR THE CASE OF IBM 2314 Disks oN
AN IBM 370/155-2

MODEL MEASURED MODEL

UTILIZA- UTILIZA- UTILIZA-
DEVICE “rprong TIONS TIONS
N=3 N=37 N=4
CPU 0.648 0.696 0.733
CH1 0.544 0.576 0615
CH 3 0.372 0.400 0.421
CH ¢ 0.394 0.422 0445
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with a FCFS queueing discipline use statis-
tics that are independent of class.

The software monitor obtained accurate
counts of total I/0 operations suitable for
Equation (1), but it did not collect these
statistics by class. SMF collects 1/0 statis-
tics for classes of timesharing and batch for
application programs, but not for the op-
erating system tasks. One method of ap-
proximating @.(r) is to modify Equation (1)
to include a weighting factor W,(r), which
is the relative fraction of I/0O OPs for that
channel resulting from TSO and batch ap-
plications programs:

Qu(r) = Wi(r) 'ﬁm
> 1/0 OP,
=1

Suppose that SMF recorded 4000 batch
and 3000 TSO I/0 OPs to the paging pack
during concurrent batch and timesharing
operation, and suppose that the software
monitor recorded 9000 total I/0 OPs to the
paging pack. (These were typical statistics
using this benchmark.) Then the number
of TSO 1I/0 OPs would be approximately
[3000/(3000 + 4000)]9,000.

In other instances, using the above ap-
proach for obtaining the weighting factor
W.(r) in Equation (6) will not be possible.
An alternative method that is feasible when
using a benchmark is to first collect I/0
statistics when the system is executing just
the batch component of the benchmark.
Next, I/0 statistics can be measured when
the system is executing the timesharing
component of the benchmark. The weight-
ing factor for concurrent batch and time-
sharing operation is the relative fraction
derived from these two sets of data. This
particular approach for obtaining W,(r) was
used for the system job queue, because
SMF does not count any I/0O OPs to that
data set. For additional details concerning
these estimation techniques, see [ROsET75].

SMF data was used to determine f,(r} in
Equation (2b). CPU MSTs for timesharing
and batch were 35 ms. and 11 ms., respec-
tively. Recall from Section 4 that for these
values of CPU MST (r), one would expect
FCFS to be more accurate for IBM com-
puters than PS. A comparison of both CPU
queueing disciplines using these classes in
the model is shown in Table II.

r=1...,R (6)
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TABLE II. A COMPARISON OF MODEL AND
MEASURED UTILIZATIONS FOR AN IBM 370/155-2
UsiNG FCFS anp PS CPU DiscIPLINES

MODEL MEASURED MODEL

UTILIZA- UTILIZA-
DEVICE UTILIZA-

TIONS TIONS TIONS
CPU:FCFS CPU:PS

CPU 0.890 0.893 0.865
CH1 0.433 0.449 0.517
CH2 0.209 0.211 0.203
CH3, 0.318 0.320 0.355
CH4 0.476 0.478 0.518

6. PERFORMANCE PREDICTIONS

Queueing network models are a useful class
of models to analyze computer systems, but
more studies are needed to determine their
ranges of applicability. There have been
surprisingly few studies in which computer
performance predictions from an analytical
model have been compared with actual
measurements. The concept of using an
analytical model to predict performance
after a reconfiguration, performing the re-
configuration, and comparing model and
measured utilizations was the basic theme
of the projects reported in [HuGH73 and
Rosg77]. Their approach was to run a
benchmark program on the baseline system
and to obtain the model parameter values.
After validation, new model input parame-
ter values were estimated in order to pre-
dict CPU and 1/0 channel utilizations for
the upgraded or reconfigured system.
Lastly, the benchmark was rerun on the
reconfigured system and measured utiliza-
tions were compared with predicted values
from the model. Reconfigurations reported
by [HucH73] included reallocating files and
increasing main memory on a Univac 1108
with EXEC OS. Reconfigurations reported
by [RosE77] included these same two ex-
periments, plus a reconfiguration involving
an increase in the number of channels for
a system. These experiments were con-
ducted on an IBM 370/155 with OS/MVT,
370/155-2 with OS/VS2, and 370/168-1
with OS/VS2. Only the experiment for in-
creasing the number of channels on the
370/155-2 will be discussed here.

The model had been validated on the
370/155-2 with four channels as shown in
Table II in the previous section. To predict
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the performance of a six-channel configu-
ration, the analyst must estimate new input
parameter values for the model. The esti-
mation procedure uses the equations of
Section 4, in conjunction with a knowledge
of the principles of operation of the system
hardware and software.

For example, the first step was to esti-
mate new routing frequencies for the
model. The channel allocation algorithm
operating in the 370/155-2 VS2 system
seeks to distribute equally across the chan-
nels the I/O OPs from the batch portion of
the benchmark. Channels 5 and 6 for the
reconfigured system did not have TSO ter-
minals. Using this information and mea-
sured data from the four-channel valida-
tion, a table of estimated number of I/0
OPs by channel and by class can be con-
structed, based on the following invariant
assumptions:

1) The number of batch and TSO I/0
OPs remain the same.

2) The number of batch I7/O OPs are
equally distributed across the chan-
nels.

Using this table and Equation (1), new
device routing frequencies can be esti-
mated. This table, in conjunction with mea-
sured data from the validation, will also
permit new channel MSTs to be estimated,
using Equation (4). Detailed procedures are
described in [ROSE75]. It was assumed that
the CPU MST and degree of multiprogram-
ming remained unchanged. Predicted utili-
zations for the six channel system were then
computed using the model. Model predic-
tions can be compared in Table III with
data actually measured.

SUMMARY AND CONCLUSIONS

To encourage increased use of analytical
models, this paper has presented a mea-
surement procedure for obtaining model
input parameter values and output per-
formance measures that is oriented toward
a popular class of QNMs for computer sys-
tems. The approach utilizes to the maxi-
mum extent possible the parameters that
are commonly provided by current mea-
surement monitors.

Effective computer performance evalua-
tion requires a reasonable understanding of



TABLE 1II. PREDICTED VERSUS MEASURED
UriLizations wiTH Two CLAsSES OF JoBs DURING
CONCURRENT TIMESHARING AND BATCH OPERATION
FOR ADDING Two CHANNELS To AN IBM 370/155-2

MEASURED
bk UTILIZA- RELATIVE
DE- T TIONS  DIFFER-
VICE 5 N(TSO)=08 ENCE
NTSO) =1 NpATCH) = (%)
N(BATCH) = 4 28 ©
CPU 0.929 0914 16
CH1 0.482 0.484 04
CH2 0.522 0.510 24
CH3 0.140 0.143 2.1
CH 4 0.311 0.315 13
CH5 0.074 0.083 10.8
CH6 0.074 0.071 42

the assumptions of the model and a famil-
iarity with the basic operation of the mea-
surement monitor. The reason that both
modeling and measurement disciplines are
involved is that when one is interested in
applications of QNMs for computer sys-
tems, the first problem to be solved is to
determine what measurable quantities for
the particular computer system most nearly
correspond to the parameters in the model.
Correct solution of this problem is of crucial
importance in the validation. The model
validation process will require: 1) under-
standing the assumptions and fundamental
properties of the model; 2) understanding
the architecture and operating system for
the particular computer system; 3) verify-
ing that the proper quantities are being
correctly measured by the monitor; and 4)
comparing calculated performance values
with corresponding measured data and re-
solving any discrepancies.

This paper has presented the two basic
approaches to monitoring computer sys-
tems (event trace and sampling), and the
three types of measurement monitors
(hardware, software, and hybrid). Also in-
cluded is a detailed discussion of current
measurement capability (as it applies to
QNMs) for IBM 370, Honeywell 6000, Uni-
vac 1110, DEC 20 and 11/70, and CDC 6000
computer systems.

Many current commercially available or
vendor-supplied measurement monitors do
not permit the proper QNM input param-
eter values to be obtained readily. This
situation does not result from the technical
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difficulty in achieving the necessary capa-
bility, but rather reflects the absence of
such a requirement in the design specifica-
tions for the monitors. It is hoped that this
paper will create the motivation necessary
to have the required capabilities included
in future measurement monitors.

With state-of-the-art analytical and mea-
surement tools, model validation and per-
formance prediction is a combination of art
and science. The analyst should keep in
mind, however, that QNMs have produced
good results provided that the input data
was accurate and consistent with the as-
sumptions of the model.

A Measurement Procedure .
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