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SUMMARY

This paper is a conceptual description
of a GPSS simulation model employed to inves-
tigate the transfer of data from a rotating
storage device to a high speed communications
channel. The hardware characteristics are
studied within the framework of the total
system.

INTRODUCTION

The growth of the computer industry
over the last two decades has created an
ability to solve problems several magnitudes
of complexity beyond those even definable
prior to the sixties. These technological
advancements have at the same time introduced
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more challenging problem areas, not the least .

of which is the actual design of computer
systems. Justification is found in that with
the increase in sophistication has come a
corresponding increase in the risk of design-
ing terminal-type periphery independent of
major performance considerations. Signifi-
cant emphasis is currently being placed on
the concept of product design for optimum in-
tegration into a total systems environment.
It is conceivable, for example, that several
clusters of expertly designed terminals

could actually degrade overall systems per-
formance because of unforseen bottlenecks
created elsewhere in the computer network.

Coupled with the need to investigate the
performance of complex systems is the fact
that detailed evaluations are not easily
provided within the constraints of probaba-
listic or queueing theoretic analytics. Fre-
quently, analysts require a more in-depth
description of complicated interrelationships
than existing analytical methods can provide.
Of fundamental interest is the effect of
congestion resulting from the flow of many
interacting entities throughout the system.
It is becoming increasingly important to
understand variations of individual parame-
ters as they relate torcritical system re-~
sponse variables.

Simulation languages such as GPSS/360
provide the capability to represent such sys-
tems at almost any required level of detail
within the constraints of time and cost.
These high—~level, event-oriented languages
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permit analysts to define a network in terms
of its shared resources, transactions to be
serviced, and the queueing disciplines by
which the transactions contend for service.
Together with the sequential flow of one
transaction through the system, pseudo-random
number generation allows the analyst to vary
critical parameters .and study important re-
sponse variables under stochastic fluctu-
ations. Complex convolutions of dissimilar
statistical distributions may be represented
easily without the constraints inherent in
the underlying assumptions of most analyti-
cal techniques. This alone takes the analy-
sis one meaningful step beyond usual worst
case approximations.

One major consideration in a simulation
effort of this type is identification of
those system components demanding the closest
scrutiny. In most cases, a detailed descrip-~
tion of computer software would add little
to a study of device-to-control unit data
transfer. Conversly, it would make little
sense to implement a detailed representa-
tion of peripheral devices in a study of
task switching in a multi-programmed opera-
ting system. A determination must be made
at the outset to pinpoint the potentially
crucial areas and to avoid the allocation
of expensive resources to detailed inves—
tigations of non-related aspects.

Once questions of technique and/or
language, level of detail, and critical com-
ponents are answered, the system must be
learned in depth. Clearly, any simulation
effort will net results only as reliable as
its descriptive input. The analyst should
eventually come to khow as much or more about
total systems performance than any single de-
sign engineer., This also leads to increased
personnel with a working knowledge of the
system and expediency in addressing future
design questions.

Several referenced papers[l]' f21, 3l
discuss the use of some software simulation

tools[4]’ [5] in the investigation of total
system performance. Reference [2] concen-
trates chiefly on line control characteris-
tics and involves only the most necessary
representations of system software. Refer-
ence [1l], on the other hand, deals exten-



sively with both software and hardware as-
pects of complex teleprocessing systems.
These two approaches to the analysis of
similar computer systems demonstrate the im-
portance of focus, each max1mlzlng attention
on the subject of interest.

Through the use of a particular simula-
tion study and descriptions of a generalized
system, we shall attempt to demonstrate the
effectiveness of simulation in the field of
computer systems design. The investigation
of performance implications of data transfer
from a shared rotating storage device should
serve to indicate the addressable scope of
such simulation studies. As examples,
read/write time, resource utilizations, and
throughput are assessed as functions of chan-
nel type and system configuration. Since
device-channel data transfer was the key
issue of interest, system software merited
only minor consideration. Central processing
time was therefore represented as a uniform
random variate over a specified range and
focus was on the rotating storage device it-
self., Included herein is a brief description
of a hypothetical rotating device, a discus-
sion of two GPSS simulation models, and some
comments on output analyses.

SYSTEM DESCRIPTION

The basic sturcture of the interactive
system under study consisted of a SYSTEM/360
Processing Unit and multiple control units
attached via either a selector or multiplexor
channel, Clustered subdevices communicated
with the processor through a rotating storage
device and a l6-byte common storage buffer
housed in each control unit. (See Figure 1)
Major variables of interest were read/write
(response) time, resource utilization, and
throughput as a function of channel type,
buffer size, and system configuration. Of
specific concern was performance degradation
as related to synchronization loss during
control unit-channel data transfer oper-
ations.

The following sections describe the
major facets of the computer network: All
timings, channel interference factors, and
operational sequences pertain to the SYSTEM/
360 céntral processor.

A. The Rotating Storage Device

For brevity of description, consider
a rotating storage device (RSD) with several
tracks, each having a specific storage area
allocated to multiple subdevices. Assume
further that one byte of data may be trans-
ferred from the RSD to the 16 byte common-
storage buffer at a peak rate of llus per
byte. Since data storage is sequential in
nature, message length and location of the
data on the RSD are critical to the data
transfer operation. It is also conceivable
that a single message may be broken into seg-
ments and be assigned to several disconnected
storage locations. The implications will be-
come obvious later.
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B. Déta,Channels

For this investigation three related
simulation models were developed: (1) a
multiplexor channel, RSD model, (2) a selec-
tor channel, RSD model, and (3) a subset of
(2) with a hypothetical "look ahead" feature.
Operational characteristics of these systems
are described below.

Multiplexor and selector channel opera-
tions differ in that the former is shared
(withiinterleaved service) by multiple con-
trol Units and the latter is dedicated to one
contrgl unit for an entire data transfer.

In sugh a system, the selector channel will
operate in synchronization with the rotating
device and be independent of the intermediate
buffer. Data Transfer over the Multiplexor,
by its wvery nature, is highly dependent upon
buffer speed, buffer capacity, and message
conflguratlon on the RSD.

A complete interactive read/write se-
quence between a control unit and the central
processor consists of an attention interrupt,
a read from the control unit to the processor,
and a write from the processor following
application program processing. A typical
non~-preemptive priority scheme for locally
attached devices is depicted by Figure 2 for
the cdse of eight control units. Note that
the attention interrupt and read operations
are assigned a priority relative to their
control unit number.

A normal selector channel operation
allows the data transfer to begin only after
the synchronlzatlon position (storage location
zero) iis encountered on the rotating storage
device. Given that the RSD was at storage
location two when service was requested and
that the first desired byte of data was lo-
cated istorage location three, one complete
revolution would be necessary prior to the
actual transfer of data. To avoid this
crltlgal delay period, a hypothetical
"look iahead" feature was proposed to initiate
the transfer immediately upon encountering
the first data position. Hence, selector
channel service (exclusive of operating sys-—
tem control seqguences) consists of waiting
for position zero and/or the first data byte
prior -to the burst mode transfer of data.

The maximum amount of time a multiplexor
channql could devote to any single control
unit per service request was set at 32us. At
a rate of 4.4us per byte, a maximum of eight
bytes icould be transmitted per request (a byte
transfer commencing prior to the time limit

would be completed). Figure 3 depicts tﬁe
sequential flow of multiplexor channel opera-
tion. : As a result of the shared channel con-

¢

1If a ‘higher priority selector channel stole
100p percent of the CPU memory cycles, the
effective transfer rate would be approximate-
ly 4.4/(l-p) microseconds per byte. This
could 51gn1f1cant1y decrease the number of
bytes ttransferred per request.
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cept, multiplexor service was highley depen-
dent on buffer activity and device rotational
speed. For a read operation, data could be
removed from the RSD at llus per byte and
sent over the channel at 4.4us per byte.

If a buffer filled to capacity before
channel service was obtained, at least one
revolution of the RSD would be necessary
before more data could be transferred.

Many simultaneocus demands placed upon the
multiplexor increase the probability of
several such occurrences per read operation.
The effect is to seriously degrade systems
performance, 'a phenomenon that is magnified
strongly at lower priority control units.

During the CPU write operation, data
enters the buffer at 4.4us per byte and is
transferred to the RSD at 1llus per byte.
When the buffer fills to capacity, the con-
trol unit can no longer accept multiplexor
service until space is available. If the
buffer empties before service is regained,
the result will be loss of synchronization
with the RSD. One loss of this type in-
creases the probability of additional losses
because of the cyclic nature of service de~
mands placed upon the multiplexor.

C. Assumptions

The following is a brief outline of some
representative underlying assumptions to de-
fine the system. These, together with the
parameters mentioned previously, are combined
in the next section to describe message flow
through the system.

a) Request arrival rate: An attention
interrupt is generated by each sub-
device (10+2) seconds after its pre-
vious operation. The attention in-
terrupt is a signal from the subde-
vice requesting that a read/write
operation be performed.

b) Read: Nine bytes, beginning in
storage location 1057, are trans-

ferred to the CPU.

¢) Write: Three hundred and twenty
bytes are transferred from the CPU

to storage locations 1057-~1376.

d) CPU Processing: Without loss of
generality, application program
processing and all internal CPU
transfers may be represented by a
uniform random variate on a range

of (100, 400)ms.

Supervigor and Channel Timings:
Attention Interrupt 1000us
I0S Supervisor Call 1000us
START I/0 100us
I/0 END INTERRUPT 1000us

e)

£) Channel Data Rate: While a peak data
rate of 91KB per second is assumed,
transfer is governed by RSD or buf-

fer spéed.
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D. Logical Flow Through the System

The four basic segments of a read/write
transfer are 1) the attention interrupt, 2)
the read to the CPU, 3) CPU processing, and
4) the write from the CPU. The gross repre-
sentation of CPU processing was necessary to
reflect output queueing and is representative
of a wide range of application benchmarks.
All other operations are defined in depth.

A read/write transaction over a selector
channel begins when the control unit receives
an electrical pulse from one of its subde-
vices. Multiple requests are handled on a
first-come~-first-served basis with the opera-
tional priority previously defined. The con-
trol unit initiates contact with the CPU by
obtaining channel service (at attention pri-
ority) to transfer the necessary status and
address information. Following this, the
channel and control unit are free and a de-
lay of 1000us is encountered to represent
supervisor interrupt handling. A second
delay of 1000us simulates the supervisor
call to begin the read operation after
which the subdevice again contends for
control unit service at read priority.

When all pending attention inter-
rupts and write operations requiring the
control unit have been completed, subde-
vice read operations are served. The chan-
nel is obtained according to the control
unit priority and a 100us START I/0 opera-
tion is executed. The read seguence con-=
sists of a synchronization delay (with or
without the "look ahead" feature), the
message transmission, and a 1000us I/0 END
INTERRUPT operation. The channel and con-
trol unit are then free and the message
queues for CPU processing on a FIFO basis
(the CPU was represented by a GPSS storage
of capacity four to provide for limited
multithreading).

Following the CPU processing, a 1000us
delay is encountered to reflect the supervi-
sor call for the write operation. The mes-
sage is placed on the output queue where it
will be transferred only when the channel
and destination control unit are simulta-
neously free. The transfer sequence con-
sists of a 100us START I/0, the write opera-
tion, and the I/O END INTERRUPT. Following
the completion of the write operation, the
addressed subdevice will generate another
attention interrupt (10%2) seconds later.

With limited exception, operations
fundamental to the selector channel apply
to the multiplexor channel. Major differen-
ces are the shared multi-byte concept of the
multiplexor and the impact of selector
channel interference. The multiplexor pri-
ority structure is also similar to the selec-
tor except that START I/0 is assigned the
lowest priority and I/O END INTERRUPT is
assigned the highest priority of any opera-
tion. The total duration of these two opera-
tions is the same as with the selector chan-
nel. However, the multiplexor is held for



only 100us during the I/0 END INTERRUPT and
the control unit is forced idle for the
entire operation.

After the attention interrupt is pro-
cessed and START I/O executed, an RSD syn-
chronization period is encountered and the
buffer begins to f£fill. As long as there is
one data byte in the buffer, channel service
will be requested and obtained on a priority
basis for 32us. Upon the completion of the
message transfer, multiplexor service is
immediately obtained for the I/O END INTER-
RUPT. The write operation, similar to the
read, entails the execution of a 1000us
supervisor call for .write prior to placement
of the message on the output queue. Accor-
ding to the priority scheme a free path
(Channel and Control Unit) is obtained and a
100us START I/0 is executed. Channel service
is requested as long as there is space avail-
able in the control unit buffer. The I/0 END
INTERRUPT is handled identically with that of
the read operation.

The above discussion should clarify the
complexities encountered in the identifica-
tion of system performance characteristics.
Average read/write time, for example, has
significant dependencies on:

a) the particular channel design

b) the number of control units sharing
a channel

¢) message length and position on the
RSD

d) physical position of the control
unit on the channel

e) size of the common storage buffer

f) attainable peak data rates for the
RSD and channel

g) possible performance improvements
such ag the "look ahead" feature

h) other system parameters.

Such a system is a suitable representa-
tion of the field of computer system design
where simulation is at its best as a useful
tool. The system poses an extensive list of
parameters which will influence performance
in some unknown manner, as well as a degree
of complexity in the interrelationships be-
tween controlling variables that are nearly
impossible to assess via alternative tech-
niques. A comprehensive discussion of the
innumerable performance dependencies in this
system would be impossible to address in a
short paper. However, for purposes of illu-
strating the effectiveness of simulation, we
will consider the results of one particular
combination of system parameters in the sec-
tion that follows.

SOME GENERAL RESULTS

Extensive output analyses were con-
ducted for all of the simulation models.
The multiplexor model, however, involved
considerable detail and computer runtimes
were extremely slow. For this reason only
those data points of specific necessity
were obtained and will not be presented
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here. Some general data gathered from the
model representation of the selector channel
with the "look ahead" feature should suffice
to describe the type of output of interest.

The basic time unit for the selector
model was one millisecond (which compares to
a time unit of one microsecond for the multi-
plexor model). Based on stabilization studies
centered around queue lengths and read/write
times at specific points across time, it was
determined that one minute of simulated time
would be necessary to obtain pseudo-steady
state conditions. It was further determined
that for most cases, a simulated time period
of five minutes was adequate to gather mean-
ingful statistics. Four special cases in-
volving a total of 256 subdevices required a
six minute stabilization prior to the five
minute production period because of the ex-
treme variability involved. 1In the context
of this high contention, multi-priority com-
puter network, the term "steady state transi-
tional probability" is left at loosely de-
fined as possible. That such a system ever
attains steady state in the theoretical sense
is subject to doubt.

The configurations presented as examples
consist of combinations of up to eight con-
trol units with a maximum of 256 total sub-
devices., While some combinations yield un-
realistic results, behavior at the extremes
of any continuum is often of interest.

Table I describes some representative
output from the simulation runs. The columns
entitled Tl' T3, T5, T8' and TlO are defined

below, together with other components making
up the total read/write time (T).
wait time until attention interrupt

' is serviced.
T2 = 1 ms attention handling.
Ty = wait time to begin a read afterNTz.
T, = 1.1 ms Supervisor Call, START I/O.
T5 = read time, including RSD latency.
T6 = 1 ms, I/O END INTERRUPT.
T7 = CPU process time (250 ms average).
Tg = wait time to begin a write after Ty.
T9 = 1.1 ms Supervisor Call, START I/O.
T10= write time, including RSD latency.
Tll= 1l ms, T/0 END INTERRUPT.
Note that the final I/0O END INTERRUPT

occurs after the write has been completed and
is not a true component of read/write time.
Rough approximations of read/write times for
different CPU process times may be obtained
by substitution for T7. In this, however,

one must exercise extreme caution since the
effect on system queueing characteristics
is virtually undefined.

Much insight may be gained from infor-
mation such as that presented in Table I.
For example, the most serious system bottle-
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neck is the wait prior to the read operation.
In general, the queuelng time for this low
priority operation increases significantly
with the number of subdevices introduced into
the system. The fact that subdevices con-
tend for control unit as well as channel
service manifests itself in the non-linearity
of the gueue length increases. This perfor-
mance tradeoff is reflected as the confi-
guration is varied for a constant number of
subdevices. Note the behavior of T, for the

cases of 128 and 256 subdevices as the number
of control units is . decreased.

S

Very few effects are seen in any of the
other queueing variables as a result of icon-
figuration changes. Delays prior to atﬁen—
tion handling vary slightly but are essen-
tially negligable because of the high pxi-
ority. Delays prior to the write operation
vary more significantly, but the overall
effects are minimal. Given a constant
starting location for all messages, read/
write times increase as activity increases
because of the corresponding higher proba-
bility of being closer to the location where
the previodus I/0 operation terminated (that
is, almost one complete rotation away). |
These effects are also negligible in com-
parison to the read queueing times. H

i

Control unit and channel utilizations
also merit considerations. For the casé of
one subdevice per control unit, with thq
assumed arrival rate of I/O requests, an
average control unit utilization of 0. 3:per-
cent was observed across eight control unlts.
A literal translation is that 99.7 percent
of the control unit's maximum capability
has been wasted. The concept of clustering
multiple subdevices on a control unit is an
attempt to put this unproductive time to
use. This utilization increases to 43 per-
cent for 128 subdevices on a single control
unit, and to 100 percent for 256 subdevices.
A general rule of thumb is that beyond the 50
percent point, gueues begin to build and
read/write time degrades exponentially.

- Total throughput begins to level off at .this
point until, at a utilization approachirg

100 percent, it achieves its asymptotic"
maximum. Figure 2 depicts a representative
relationship between these two variables as

a function of control unit utilization.g
Other far reaching implications, such as
reasonable limits on selector channel
utilization will not be discussed.

IPRONVGTReY

This simulation effort led to sevegal
meaningful conclusions. The first was that
the most critical delay was encountered%prior
to the read operation. This was expected be-
cause of the priority structure but it was
extremely useful to measure the magnitude of
the delay as a function of control unit and
channel utilization tradeoffs. An unexpected
phenomenon was the behavior of the read -de-
lay as a function of system configuration.
The ability to achieve an absolute optimum
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configuration has led to other meaningful
studies along this line. Most important,
although not quantified here, was the fact
that the comparison between the two systems
confirmed beyond a reasonable doubt that
loss of synchronization caused serious per-
formance degradation when the multiplexor
channel was employed. Perhaps equally as
dramatic was the effect of message seg-
mentation. Specifically, there are critical
dependencies on segment length and the dis-
tance between segments for the multiplexor.
If handled improperly this alone has the
potential to make the entire system unwork-
able, Having the ability to measure this
factor for many different system loads
contributed significantly to the entire
effort.

CONCLUSION

With a brief description of the system
under study and some types of meaningful
output statistics, it has been our intent to
present one approach to the design and
analysis of computer systems. The atteéempt
has been to remain as general as possible and
to use one small segment of a particular simu-
lation study to demonstrate the effectiveness
of this technique as a design aid. The most
important consideration is that with this
approach, the analyst has available the means
to vary an extremely large number of system
parameters and assess their relationship to
overall performance. Statistical analyses of
the output and queueing theoretic validations
associated with the simulation effort would
merit extensive presentation in their own
right and were not germane to the issue at
hand.

While some extremely complex GPSS2 tech-
nigues were necessary to circumvent limita-
tions of this version of GPSS, the selector
channel system was represented with relative
ease., The transition from a detailed flow
chart directly into GPSS code did not present
the anticipated problem. There is a loosely
defined point of departure, however, after
which the use of a general purpose language
such as GPSS becomes prohibitive. More diffi-
cult modeling techniques were necessary to
represent the multiplexor system and still
maintain economy of computer time. A com-
puter~oriented simulation language would have
had considerable value in this instance.

This reflects the trade-off between the level
of detail required and the cost of achieving
that goal.

Most important of all, however, was the
fact that this effort demonstrated the effec-
tiveness of simulation as a valuable design
tool--a technigque by which the total systems
performance of hypothetical devices could be
assessed prior to any costly physical design
commitment. Peripheral devices do not always
perform as expected when integrated into a

2A release prior to GPSS Version 2, the IBM
Program Product.
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systems environment and simalation, within
certain contraints, can be extremely useful
in a quantification of critical performance
issues otherwise undefinable.
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Fig. 1 Example System Configuration
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Table I. Read/Write Time Components (ms. )

/) CK /) Subdevices

Control Unit
A) 16 Byte Buffer

B) Rotating
Storage Device
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Fig. 2 Channel Service Priorities

284.2
286.3
289.8
291.3
313.6
314.0
312.7
310.2
470.3
551.1

2149.3

1908.0

cu2

16

Averoge Percent
Utilization

Control Unit

0.3

10.7
21.6
43.1
36.0
53.3
71.4

100.0

cus

10

Channel

2.5

10.5

22.0
48.5
48.3

48.5

48.5

96.4
96.4
96.4

96.4



read/write

Unextended 2000
timings
Store computer 4.4 us 1800
registers T
¢ 1600
Initialize 7.8 ps 1400
e £
o 1200 100,000
2
Service fime :
> 32 s E 1000
yes § 800 10,000
Transfer one é
byte, update 4.4 ps* 600
400 1,000
Service time
=32 ps 200 -
—— 0 L | | ]
0 25 50 75 100
Update 7.8 ps PERCENT UTILIZATION
. Fig. 4 Read/Write Time and Throughput
Pending
request any CU \
{priority)
Restore computer 4.4 us
registers K
Pending
request any CU Y2

(priority)
* This is the
only time charged
against the 32 ps

Terminate service service time

Fig. 3 Multiplexor Operations in Multi-Byte Mode
with Control Unit Priorities

281

THROUGHPUT (msg/hr)



