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SHARED RESQURCES FOR MULTIPLE INSTRUCTION
STREAM PIPELINED PROCESSORS

Joel Springer Emer, Ph.D.
Coordinated Science Laboratory and
Department of Electrical Engineering

University of Illinois at Urbana-Champaign, 1979

This research has centered on the performance of functional
resources that are used by a single multiple-stream pipelined processor.
Such resources include arithmetic functional units and the modules that
compose an interleaved memory. The functional requirements of such
resources is that they perform some operation and resynchronize their

results with the associated stream in the pipelined processcor.

In some instances, a replicated or pipelined resource can be used
to achieve the required performance. However, in this research a simple
non-pipelined unit with a fixed cycle time is investigated as a lower
cost alternative. This resource is characterized by a cycle time, ¢,
and a deadline, d, which if missed results in a penalty of one

non-compute pass through the pipeline.

The performance of this type of resource for various resource
scheduling .tochnxquos has been determined through the use of Markov
modeling and some model reduction methods. It is shown that very high
performance can be obtained when effective use is made of the availadle
deadlines. An extension to this model allows the consideration of

resources with access times not equal to their cycle times.




Various applications for this type of resource are examined

including an implementation of a cost-effective control store which

attains high performance through the use of interleaving. Such an

organization is most directly relevant to multiple stream processors,
which execute several programs simultaneously, yet require only a single
microprogram store with our implementation. Additional design
constraints are developed for the specification of branch resolution
times and for the addition of dummy segments to enhance overall system
performance. The cost design trade-offs for interleaved memories with
deadlines are also examined. In addition, the performance of parallel
processor-memory configurations is contrasted to systems with
time-multiplexed requests and deadlines with the resultant elimination
of the expensive crossbar switch. Formal mechanisms for evaluating

performance with all of the above considerations are presented.




1. INTRODUCTION

1.1 Pipelined Processors

A pipelined processor is one whose computational resources are
divided into a series of subunits called segments. These segments
typically have specialized functions so that a task which requires a
complex operation to be performed must flow through a particular
sequence of segments; each segment performs a portion of the complex
operation, At any time, distinct tasks may be active in distinct
segments. Allowing the tasks to be associated with distinct instruct ion
streams permits the implementation of multiple-instruct ion
stream-multiple-data stream (MIMD) processors such as described by Flynn
[FLY72). It 4{s this parallel execution with lower cost specialized
seements that results in the enhanced performance-cost ratios typical of
pipelined processors versus comparable parallel processors with distinct
general opurpose processing elements replacing specialized pipeline

sexments on a one for one basis.

The peripheral processing units (PPUs) of the CDC6600 provide an
early commercial example of a multiple instruction stream pipelined

processor [THO70]. Some aspects of the design and performance of such

processors have been examined [SHATA, FKAMT7, DAVTT7). In this

dissertation shared resources for such processors are examined and their

performance evaluated,

Figure 1.1.1 {llustrates the basic structure for the type of
pipelined orocessor described above. The processor model shown consists

of s segments, which are used once each cycle in a fixed sequence by
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1.1.1 Basic Pipelined Processor Structure




each task. Althous: it is possible to consider reconfigurable pipelines
in which the order that a task flows through the segments or the time in
each segment can be dynamically varied, we will restrict our attention

to non-reconfigurable pipelines.

An instruction stream (or program in execution) consists of an

ordered sequence of instructions each of which is a sequence of pipeline
tasks. A tagsk, the scheduladble entity for a pipeline, corresponds in
this model to one cycle of an i{nstruction. Although it is possible for
a particular instruction stream to have multiple tasks active
simultanecusly, we restrict our attention to organizations in which only
one task at a time {s active from a single stream. This alleviates the
problems associated with data dependencies and conflicts between
simultanecusly active tasks from the same stream. Therefore, when
considering the sequence of tasks generated by a single instruct {on
stream, each task flows completely through the pipeline and when it
campletes {ts pass through the pipeline the next task is initiated at
the first segment of the pipeline. If we define each processor segment
to take 1 segment time unit, STU, to perform its operation, then each

task takes s STUs for execution.

We assume here that normally there are s distinet instruction
streams active in the processor, since at any time a distinct task may
be active in each of the s distinct segments. This corresponds to
maximum utilization and performance of the pipeline. The tasks from
these instruct ion streams are scheduled in a round-robin fashion one per
STU. Thus, at any given time, the s scheduled tasks reside in distinct

seements and are associated with distinct instruct ion streams. The




instruction streams themselves may be completely independent, or
somewhat dependent, sharing some code and data and requiring some
interstream interaction. This sharing mechanism would be implemented in
software and could be similar to that for any multiprocessor system.
Thus, since s instruction streams are executing independently, such a
pipelined processor can be viewed as consisting of s distinct parallel
processors; where the tasks associated with a single instruction stream
are associated with the cycles of a particular processor, and the
clocking of these processors is skewed from one to the next in a

synchronous fashion.

1.2 Processor Resourcges

Mult {processor systems generally have external hardware resources
that may be shared by the various processors of the system. Not all of

these reaources need be used during every processor cycle, Some may not

be used frequently enough to warrant a special resource unit affiliated

with each processor. Such resources may, however, bde Jjustified when
shared by all proceasors in a multiprocessor system. Examples of this
tvpe of hardware resource include =multiply/divide units, array
processine units and other specialized mathematical function units.
Sometimes resources are shared for functional reasons rather than simply
for cost effectiveness reasons. Main memory is a principal example of a

shared resource of this type.

During system operation, these shared resources can be utilized by
all the processors in the system. Processors in the pipeline make
requests to the resources, which then perform the desired operation, and

return results, if any, to the process generating the corresponding
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request. Sometimes the resources will be unable to satisfy a request

immediatelv, and consequently, the process may suffer degraded

performance and may have to re-issue an unsatisfied request later.

In arder to have adequate system performance, it is important that
these resources not severely limit system operation. Shared resources
tend to desrade performance since a resource will occasionally become
overloaded, and will consequently have to reject a request. Rejections
ooour whenever a resource has a conflict, usually due to busy hardware,
that precludes it from satisfying the requirements of the processor's

request.

Much effort has gone into the enhancement and performance
evaluation of systems with shared resources. For improving the
performance of hardware arithmetic units pipelining and multiple
functional units have been employed. For example, the CDC6600 [THOTO)
reduces demands on its arithmetic units by using several specialized
arithmetic units instead of a single multifunction unit. In addition,
some of these units are replicated. Replication of a functional unit,
{f it {s heavily utilized, can reduce congestion by dividing the load
among the replicated units. Similarly, the CDC7600 increases the
capabilities of its functional units by pipelining them. Pipelining the
functional units effectively increases the number of functional units,
because it permits a distinct task to be active in each distinct segment
of the pipelined resource, thus allowing several requests to bdbe in

service simultanecusly.




Fo» shared memory resources the principal instrument for improving
performance i{s interleaving, Interleaving implies that the memory is
physically divided into separate modules. This effectively divides the
memory space into seversl disjoint subspaces. Interleaved memory is
divided so that the low order bits of the address determine the module
to be accessed. This tends to distribute the requests uniformly among
the modules. By allowing each module to operate independently, multiple
requests may be active simultaneously as long as they are made to
different modules of the memory. Obviously, increasing the number of

modules will imoprove the performance of the memory subsystem.

In this research we are interested in evaluating the performance of

multiple stream pipelined processors with a shared resource.

1.3 Previcus Work

Various analytic and simulation models have been developed to
predict the performance of multiprocessor computer systems with shared
resources, Mich of this work has been directed toward satisfying

multiple requests made to an interleaved memory.

Some of the earliest work in this field is credited to Hellerman
[HELA7]. That work considered a model in which a long sequence of
recuests are assumed to be queued for service., For each memory cycle
the queue i{s scanned and the first K requests are serviced provided they
reference distinct modules. The maximum K which meets the constraint is

chosen.
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Later work has considered more realistic processor models and less
simplistic service disciplines. Skinner and Asher used Markov modeling
techniques to predict the performance of a multiprocessor system
[SKI69). However, the model becomes intractable for anything but small
numbers of processors. Strecker [STR70) and Ravi [RAV72] have studied
analytic models for the performance of p parallel processors making
requests to an N-way interleaved memory. Strecker found by approximate

analysis a closed form equation that gives the probability of acceptance

of a memory request as

Other researchers have expanded on these results for parallel proceasor

configurations.

The flow of tasks through a pipelined processor introduces some
additional structure {nto the resource sharing problem. This structure
arises in part because the instruction streams have well defined timing
relationships among themselves, since they flow in a phased fashion
through the pipeline. This contrasts sharply with conventional parallel

processors, which may bDe operating asynchronously with respect to one

another.

There has been some previous work that considers some of the
special characteristics of pipelined processors. Briggs [BRI77a,BRIT7b]
has examined the memory sharing problem for parallel-pipelined
processors, i.e. sets of pipelined processors sharing a common memory.
That research modeled memory requests as requiring a fixed length

addressing time and cycle time. Using Markov modeling techniques, an




analytic model was developed to predict the performance of interleaved
memory architectures especially suited to memory requests as generated
by such parallel-pipelined processors. In that research, the service of
a particular request was contingent on the appropriate busses and
modules bdeing availadble immediately when the request arrived. However,
in this research we have explored some of the effects of bdbuffering at
the resource, while maintaining synchrony of operation in a single

oipelined orocessor,

With respect to other types of resources, Kogge [KG76] has
examined some characteristics of control store organizations for single
stream pipelined processors. Although this research is related to
multiple stream pipelined processors the framework Kogge developed is
still appropriate. However, some of the conclusions have to be
reexami ned with respect to multiple stream pipelined processors. We
will review that work in more detail in Section 4.2. In addition, the
work we have done has relaxed Kogge's requirement of a very fast control

store.

Pearce and Majitha [PEA78] have examined a restrictive class of
general resources for a pipelined processor. However our research has
not {mposed the requirement for very fast resources as they have. This
research endeavors to extend this class of work by using a more precise
model for a pipelined processor and by considering a general resource,

which can be used to model a variety of shared resources, including main

memory, control store and general functional units.
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One of the sisnificant constraints that a pipelined processor
imposes on the servicing of requests is a deadline on how soon each
request must be serviced. Work has been done concerning scheduling with
deadlines [BLA74). Most work in that area has considered finding
schedules to service all requests by their deadlines, if one exists.
However, it does not consider the possibility that some requests may
have to miss their deadlines. Our work must consider this case, because
requests will occasionally miss their deadlines, but must still be

serviced later.

1.8 Qverview of Research

The principal objective of this research is the characterization |
and performance evaluation of multiple instruction stream pipelined
processors with shared resources. Aside from the basic functional
cavability of a resource, multiprocessor sharing of a resource requires
a hussing scheme between the processors and the resource. Requests for
service from the processors are transmitted by busses to the resource.
These requests comprise commands, addresses and operands. Results from
the resource, if any, are also transamitted back to the processors via
busses. In addition, certain status information, such as accept/reject

decisions, muast bde communicated between the processor and the resource.

A scheduler must oversee the operation of the resource and maintain
information about the system state. It also controls the transactions
between the processors and the resource. The scheduler may be either
centralized or distriduted and may de simple or complex. The functicn

of the scheduler is to schedule requests on the resource to achieve some

‘--ﬂ—mmmmq—-mm—n-—-——-——-
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goal, such as maximizing the numder of requests serviced. We are
primarily concerned here with the functional aspects of this scheduler
and the performance obtained for a variety of shared resource

confirurations.

Chapter 2 examines an appropriate processor-resource
interconnection for a multiple instruction stream pipelined processor.
A simple model to characterize requests generated by a single port
pipeline is described. A functional characterization of a typical
resource, and an overview of the performance of various resource
implementations are also presented. Finally, the workload for a

resource i{s characterized.

The performance aspects of non-replicated resources for pipelined
processors are examined in Chapter 3. A general framework to describe
system performance i{s developed. Then an analytic model to predict
svstem performance for a practical first-in-first-out (FIFO) based

deadline queuing discipline is developed.

Chapter 4 examineas some applications of the resource model
developed {n the previous chapter. Of particular interest are some
multiple module memory resources that are shared by the streams of a
pipelined processor. The control store for a microprogrammed pipelined
processor is considered first. The performance of the system {s
predicted and desiqn considerations for optimizing performance are
presented, Extenaions to the theory are then studied which allow the
same models to be applied to shared main memory. A comparison of the
sharing mechanism developed to the more conventional cross-bar switching

network is then presented,
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To wvalidate the analytic models developed under certain
assumptions, a simulation of shared resource performance which considers
more accurate estimates of request behavior and exact resource models is
developed. Chaoter 5 presents the results of these simulations. 1In
addition, the simulator permitted the evaluation of some more complex

scheduling disciplines than we were able to model analytically.

Finally, Chapter 6§ presents a summary and conclusions of this

research, and some suggestions for further work.




2. PIPELINED PROCESSOR RESOURCE SHARING

2.1 Processor - Resource Qrganization

This research is primarily concerned with shared resources
associated with pipelined processors. These resources are assumed to be
associated with a single s segment pipeline, and all requests to a
particular resource are made through a single request port, e.g. from a
particular processor segment. Although the restriction to a single port
is not necessary, it is generally reasonable to assume that all requests
to a particular resource from a single pipeline multiple instruction
stream processor can be generated at a particular segment of the
pipeline and the extra cost associated with a second port s not

Justifiable.

Figure 2.1.1 illustrates an abstract representation for a pipelined
processor and an asscciated resource. At any instant of time, partial
results for a task reside in the latch asscciated with a single segment
of the pipeline. A task is said to be at a particular segment when its
partial results are contained in the latch associated with that segment.
During each segment time unit each segment accepts and latches the
partial results being generated by the previous segment. It then
generates its own partial results, presumably using those it has just
latched, and presents the new results to the next segment to be latched

by that segment at the beginning of the next segment time unit.

Resource requests generated by a segment may be presented to the
resource at some time during the STU that the task making the request is

at the segment. The resource may then latch the request information, if
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2,1.1 Pipelined Processor and Resource
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necessary.

Referring again to Figure 2.1.1, if a task associated with an
instruction stream generates a request at segment V, then while the
resource processes the request, the task continues its flow through the
pipeline. At the time that task arrives at segment Z, the results of
its request to the resource may be returned. If the results are not yet
available then special action may be required to ensure that the results
are returned to the proper stream. In either case, results returned to

the pipeline must always be returned to segment Z.

For systems consisting of a single pipelined processor that permits
only one segment to make requests, only one request can arrive at a
resource at a time. If we were to consider resources accessed from
multiple ports in a single pipeline or from multiple pipelines there is
a possibility of multiple simultaneous requests to a single resource.
In either of those cases, additional costs would be incurred, because
each resource would then have the additional responsibility of selecting
which requests to satisfy and to reject the rest. Certain types of
resources, such as memories, are capable of accepting multiple
simultanecus requests as long as they are requesting distinct modules.
However, to allow au_lulumous acceptances it is necessary to have a
switching mechanism to direct the various requests to the appropriate
modules. For an n pipeline system with an m module memory, a generally
expensive n x m crossbar switch would be required. Since we have
limited ourselves to one pipelined processor with a single request port

the arbitration and crossbar switching problem associated with

simultaneous requests has been eliminated.
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A single port, processor pipeline can be connected to an associated
resource by a time-multiplexed bus structure. A time-multiplexed
request bus is used to make requests of the resource, e.g. an address
sent to a memory with appropriate control lines. Each task is allotted
a single segment time unit on the bus to make its request before the bus
is used for the next request. Figure 2.1.2 indicates a possible
utilization of the request bus. The labels in each bus slot signify
which instruction stream is associated with that particular bus
transaction, where the streams are designated by the integers from 1 to
6. For an s segment non-reconfigurable pipelined processor, requests
appear from successive streams in successive segment time units;
requests from a particular stream appear every s segment time units. A
pair of requests from a single stream are thus always separated by some

sultiple of s segment time units.

Resources that return results to the pipeline may also utilize a
time-multiplexed bus for returning those results. If the pipeline port
that accepts results back from the resource is as shown in Figure 2.1.1,
then the resource must return its results during the second segment time
unit following the initiation of the request, giving the resource a

total of 3 STUs to perform its computation including any bus propagation

delays that may arise.

In general, requests to the resource have a time limit imposed on
the amount of time available to satisfy the requests, including bus
propagation delays. This time limit arises because requests are made by

a particular segment, similarly results must be returned to another

particular segment, and while the resource services a request, the
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processor pipeline continues operation. Due to this concurrent
operation, the pipeline imposes a deadline on service of resource

requests.

The deadline imposed on resource requests can have a significant
impact on system performance. If all requests meet their deadlines then
the flow of tasks in the processor pipeline is not impeded. However,
the failure of a request to meet its deadline implies that the task
which issued the request passes the result port before the results are
available. Therefore, in order to maintain synchrony of operation in
the processor pipeline the results of that resource computation must be
returned to the requesting task when it arrives at the request port
during a subsequent pass through the pipeline. However, the extra
passes, incurred due to missed deadlines, lead to a performance
degradation. This thesis is fundamentally concerned with a
determination of the magnitude of this degradation. Some alternative
mechanisms which do not maintain continucus operation of the processcer
pipeline or {nvolve task preemption are briefly discussed for

comparative purposes.

2.2 Bescurce Characterization

A resource is a structure external to the processor pipeline that
may be shared by the instruction streams. Resources fall into the two
broad categories of functional units, whose computational capabilities
are required by the instruction streams, and storage elements that

contain a common information base that is shared by the instruction

streams. Arithmetic functional units are an example from the former
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class, and main memory from the latter. In both cases, the resource
receives requests, which are generated by the pipeline, performs the

requested operations and returns the results, if any, to the pipeline.

The operation of most resources can be represented as being divided
into three phases. The diagram in Figure 2.2.1 illustrates these
phases. The first phase is a setup time, which refers to the amount of
time during which a request must be presented to the resource for it to
be recognized. The second phase is the process time during which the
requested operation is performed. At the end of the process time the
results of the operation are available to be returned to the pipeline.
The third, and final, phase is a resource recovery time, which
corresponds to the delay before the next request may be initiated at the
resource. Many memory devices have access time less than cycle time and

thus exhidit such a recovery phase.

A two parameter model i{s used to characterize resource timing
behavior. The first parameter is the agcess time, a, for resource
requests. It i{s the sum of the setup time and process time for a
resource request, and therefore corresponds to the time bdetween the
arrival of a request at the resource and the return of the results of
that request. The second parameter is the gycle time, g, of the
resource. The cycle time is the access time plus recovery time and
therefore represents the ainimum time interval bDetween successive
initiations of service for requests to the resource. In the model, both

parameters are constants i{nvariant with respect to the exact nature of

the particular request in service. It is assumed that setup time

constraints are met either by the time each request is available from
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the processor or by a latch associated with the resource.

Resources may be classified as either divisible or non-divisible.
Requests to a divisible resource may be partitioned into disjoint
classes, such that each class of requests functionally utilizes only a
portion of the resource. Memory units are the principal example of a
divisidble resource, since memory transactions affect only the particular

memory location being addressed.

A divisible resource may be divided into several distinct modules,
such that each request requires just one of the modules. For example, a
memory, which is a divisidble resource, may be divided into multiple
modules by including a subspace of the memory space in each module.
Thus, a divided resource may have multiple requests in service
simultanecusly, as long as the requests are directed to distinet

modules. However, each module may service only one request at a time.

Nop-divisidble resources simply consist of a single module, which
services all requests. However, in either case a module is the basic
functional component of a resource, and each module can be characterized

by an access time, a, and a cycle time, c.

For the resource model developed here it is possible to refine the
notion of the deadline discussed in Section 2.1. The deadline is a
limit on the amount of time available to satisfy each request from the
processor pipeline to the resource. The amount of time required to
satisfy a request actually includes the bus propagation times to amd
from the resource, any Queuing delays at the resource and the service

time on the resource. For the resource model described above, and
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constant bus propagation delays, the deadline constraint can be
reinterpreted as a limit on the time available from the instant a
request arrives at a resource to the time the results of that request
must be ready to be returned to the processor pipeline. Thus we define
a parameter, d, which 1is the deadline imposed on requests from a
pipelined processor to a resource. In order for a request to meet its
deadline, d, the sum of any Qqueuing delays it experiences at the
resource plus the resource access time, a, must be no greater than d.
Failure of a request to meet its deadline results in a performance

penalty.

To simplify future discussions we will be considering only systems
for which the bus propagation times are zero. It is for such systems
that the deadline, d, and the actual deadline are identical. However,
for systems with non-zerc propagation times, these propagation times
must be subtracted from the actual deadline to determine the value of

parameter d. The results of this research can thus carry over directly

to such systems.

2.3 Syatem Performance Conalderationa

We can examine some of the techniques that might be used to enhance
resource performance for the single port pipelined processor modeled
previously. Consider, for example, a functional unit that requires 3
STUs to perform its operation and requires no recovery time, i.e.,
azc=3. After adjusting the segment numbers for bus delay to allow for
the zero bus delay model, requests are considered to be made to this

resource by segment 2 of the pipeline and results are returned to
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segment 6 as shown in Figure 2.3.%a. If every task makes a request to
this functional unit, it can accept only ' out of every 3 requests,
since the remaining requests could not meet their deadlines. The chart
in Figure 2.3.1d 4illustrates the acceptance properties of this
functional unit. In many cases, the resulting performance may be

unacceptable and measures will have to be taken to improve it.

The performance of a divided resource can exceed that of a
non-divided resource, when both receive the same sequence of requests.
By permitting requests to be distributed among the multiple modules of a
divided resource, multiple requests may be in service simultaneously.
Memory requests to an interleaved memory, which is a divided resource,
exhibit this behavior because requests to distinct subspaces of the
memory may be satisfied concurrently. Simultaneous service of multiple
requests may {mprove resource throughput. However, individual modules
may still become a bottleneck and degrade system performance, if heavy

utilization of a particular module is required.

The techniques of replication and pipelining can be employed to
improve the performance of resources requested from a single port of a
pipeline. Using the previous example, Figure 2.3.2a illustrates how the
use of wmultiple copies of the functional unit can improve performance.
In this implementation the requests are routed to one of the 3 copies of
the functional wunit. By routing requests to the functional units in
strict rotation, there is always a unit available to accept a request.
The chart in Figure 2.3.2b {llustrates the utilization of the units for

continuous requests,

-5
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Pipelining the resource could also improve performance. If 3 STUs
are available for resource requests, then, if feasible, the resource
might be divided into a three segment pipeline. Each segment of the
resource might require a single STU to perform its portion of the
resource computation, just like the segments of the processor pipeline.
Therefore, the first segment of the resource is always available for a
new request, since the processor pipeline issues a maximum of one
request per STU. Thus when a request arrives, any previous requests
have moved down the resource pipeline leaving the (first segment free.
Figures 2.3.3a and 2.3.3b show a typical configuration for a processor
with a three segment resource and resource utilization with continuous
requests. From the diagram it is apparent that the resource pipeline
segments are essentially extensions of the corresponding segments of the
processor pipeline, although they need only be utilized when a resource

computation {s required.

In general, the segments of the pipelined resource may have segment
processing times greater than those of the proceascr pipeline. In that
case, the requests to the resource could again exceed the processing
capability of the resource. The extent of the performance degradation
this causes can be treated as a special case of a simple fixed-cycle

resource, and is presented in Section 3.5.

Both enhancement techniques could tend to be  expensive to
implement. Replication multiplies the resource cost since multiple
copies of the resource are required. This cost could be significant,
especially for large resources. In addition, it is infeasible to

replicate certain types of resources. Resources whose state is modified
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by a request fall into this category if the modification is relevant to
other streams, because such modifications have to be reflected in all
copies of the resource. Write requests to a main memory is a common

example of this type of request.

Pipelining a resource involves less increase in cost than
replicating it. Much of the additional costs of pipelining are
associated with the latches required per segment. These latches also
tend to increase the total computation time of the resource somewhat.
This increase in time may increase the number of STUs required for the
resource computation and in the worst case the results from the
resources may not be available soon enough, thereby necessitating
additional segments in the processor pipeline or other redesign. 1In
addition, a given resource may not be segmentable into a pipeline. The
remainder of this d{ssertation will primarily examine the implementation
and performance of multiple stream pipelined processors with a single
shared resource, where possibly either physical or functional
characteristics of the resource or economic considerations have dictated
the use of a non-replicated resource that is composed of one or more

non-pipelined modules.

2.8 Resource Workload

Workload is another significant parameter that is required to
evaluate system performance. For the type of pipelined processor we are
considering, the resource workload is determined by a combination of
components. Relevant considerations include the manner in which the

instruction streams are scheduled in the pipeline and the resource
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referencing behavior of each individual instruction stream.

An s segment pipeline may have a maximum of s distinct active
tasks; one task in each segment, corresponding to maximum utilization
of the pipeline. In a multiple stream processor each task is associated
with a distinct instruction stream. Thus, with maximum utilization,
such processors have s active instruction streams. Except when noted to
the contrary, we consider only systems that have s active instruction

streams at all times.

As was observed previously, an instruction stream may encounter
congestion at a resource and be unable to continue processing. Such a
situation may require an active instruction stream to issue null tasks
until the congestion subsides. Alternatively, the blocked instruction
stream may be replaced with another instruction stream drawn from a pool
of available streams. Evaluation of some schemes of this nature have
been examined for pipelined processors [YAN75, BRI77a, BRI77b]. This
research, however, has been restricted to systems without such pools of
extra instruction streams. The approach taken here is advisable if the
time required to reactivate an instruction stream is long, the cost of
maintaining several instruction streams in a ready state is prohibitive,
or the expected amount of resource congestion and time spent waiting to

clear task congestion is small.

Thus, we are primarily concerned with processors with s instruction
streams that always progress in synchrony around the 8 segments of the
pipeline. Each instruction stream generates a sequence of requests to
the resource. In the most general case, each request sequence could be

quite complex and could be dependent on some intricate interdependence
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among all the instruction streams. For our purposes, the instruction
streams are assumed to be independent and thus each instruction stream
generates a sequence of requests that is independent of the sequences of

other streams.

Each instruction stream is composed of series of tasks. A task,
which is the schedulable entity for the pipeline, is in turn composed of
one non-null pass through the pipeline possibly followed by some null
passes caused by missed deadlines. The request behavior of a task is
modeled with the parameter V , the probability that a given task makes a
resource request. Thus, each instruction stream consists of a series of
pipeline tasks, each of which consists of a non-null pass that makes a

resource request with probability ¢ and possibly some null passes

: generated when a request cannot meet {ts deadline.
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3. PERFORMANCE ANALYSIS

.1 lotroduction

In the previous chapter, a model for a multiple stream pipelined
processor was presented. Requests from such a processor are presented
to a resource by a particular segment of the pipeline, which acts as a
single port from the processor to the resource. Thus, the resocurce
receives a sequence of requests one at a time from the instruction
streams. The nature of the pipeline also imposes some conditions that
affect how requests should be handled. First, it imposes a deadline
that determines how much time is available to service a request before a
penalty is incurred. Second, it determines the magnitude of that

penalty, {.e. a null pass through the pipeline.

In this chapter we will examine the performance of this type of
pipelined processor with a shared rcaource.' The resource |is
characterized as descridbed in Chapter 2 with a cycle time, ¢, and an
access time, a. However, to simplify our discussions we temporarily
consider only resources with access times identical to their cycle
times. Section 3.5 indicates how resources with access times that
differ from their cycle times can be treated. In addition, most of the
resources considered in this chapter consist of a single module.

Examination of multiple module resources is deferred to Chapter 4.

For the purposes of our analysis, a single resource used by the
pipelined processor is considered. In general, a processor may have
many resources and they may each affect the others and the performance

of the entire system. For example, a very slow, frequently requested
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resource could conceivably significantly reduce the request rate to the
remaining resources. However, we will consider only the influence that
a single resource has on performance. The results of this research
might be employed iteratively to determine the performance of a system

with many resources.

3.2 Characterization of Resource Behavior

The effect of a particular fixed-cycle resource on overall system
performance i{s primarily determined by the request acceptance behavior
of the resource. This acceptance behavior can be quantified as the
amount of time it takes before each request is fully serviced and its
results are returned to the pipeline. Figure 3.2.1 {llustrates a
typical resource with requests being made from an s segment pipeline.
Without loss of generality, the pipeline has been labeled so that
requests are made by segment s-d and that results from the resource are
required at segment 1. Thus, the resource has a deadline of 4 STUs
within which a result must be produced to avoid incurring a penalty in

performance.

Processing penalties occur when the task at segment 1 of the
pipeline requires results from the rescurce that are not available. A
simple mechanism to react to this situation is to force the task
associated with the unsatisfied request to take a non-compute or null
pass through the pipeline. In this example, the null pass starts at
segment 1 and ends at segment s. The task must continue making null

passes until the request has eventually been satisfied when the task

arrives at segment 1. It is these non-compute cycles that degrade
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system performance.

Optimal behavior for this system requires that every result from
the resource bde available within d STUs of the time its corresponding
request is made. This requirement implies that all results are
available at segment ! when they are required and that each task
requires just one pass through the pipeline. However, in most
instances, conflicts at the resource would prevent some requests from
being completed in time. The average number of non-compute passes that
a4 task ogust take Ddefore its request is satisfied determines the

performance of the systeam.

Let ¢ null De the expected number of null passes a task zmust take
whenever it requires service from the resource. Since every task in the
pipeline ncaminally requires one pass, i.e. s STUs, the average time
required by a task that makes a resource request is 1 + ¢ nul) Passes.
Recalling that ¥ is the prodability a task makes a resource request, we
can evaluate ptoul' the average number of passes required bdetween the

initiation of successive tasks from the same instruction stream, as:

- : 2.1)
°:ou1 B L g amll) e ”null e

The expected number of passes a task requires, 9t°m, can be used to
seasure the performance of an individual instruction stream relative to
optimal performance for which each task requires exactly one pass

through the pipeline. Now, we need to determine ¢ null for fixed-cycle

resources.
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Evaluation of Pnul) depends on a number of factors, including the
request rate to the resource and the scheduling algorithm employed by
the resource. We will begin by examining the two responses a resource
may make when it receives a request. If the resource has empty buffers,
it may Queue the request for service. A request that is queued for
service will bde designated aggepted by the resource, An accepted
request that s serviced within its deadline does not degrade
performance. However, if it misses its deadline, the task that made the
request must make null passes through the pipeline until the request is

satisfied and the results are returned to the task.

If a request is not accepted, i.e. [reliected, the requesting task
is also required to take a null pass. During the null pass it is
necessary for the task to reissue its request. Each time a task is
rejected, it must make another null pass during which it reissues its

request.

In order to estimate the number of passes the average task
requires, an assumption must be made concerning the behavior of rejected
requests., We will assume that when a rejected request is reissued cone
pass (s STUs) later the resource system state is independent of the
state when the original request was made. We will call this the

Andependent request asaumption. This assumption is reasonable as long

as the congestion that caused the original rejection has subsided and

the request rate i{s not significantly altered by rejected requeats,

The implication of this assumption i{s that the resource state has a

short term memory resulting from the queuing of successive requests, bdut

no (or negligible) long term memory of previous pipeline passes. This
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type of assumption has previously been used by Strecker [STR70] to model
the performance of parallel processor-memory systems and by Briggs
[(BRI7T7Tb] to model pipelined processor-memory performance. it is
particularly appropriate to requests generated by pipelined processors,
since a rejected request is not reissued until one pass (s STUs) after
it was rejected. The time between these requests should allow the
original congestion to subside and permit the returning request to be
viewed simply as {f it were a new request. These conditions should be
satisfiled in systems with good performance, since good performance
implies few rejected requests. Since many rejections might tend to
sustain congestion at the resource, the robustness of this assumption is

checked by simulation in Chapter 5.

Using this assumption and treating reissued requeats as if they
were new reguests, it is possidble to ignore the special phenomena of
reissuing rejected requests and the total bdehavior of the system can bdbe
characterized by the acceptance behavior with respect to a typical
request. To this end, we assume that the probability that an accepted
request requires { null cycles after acceptance is P“‘ and that the
probability that a request is rejected, and is thus forced to make a
non-compute cycle, is PR' The probability that a request i{s accepted,

P‘ is 1 - Pn. Hence, the number of null passes per request-making task

due to rejections is




36

1°(1 = P)Pg + 2(1 = PIPel+ ... + 1(1 - PR)Pg+...

P e |
- (1-7P R
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Therefore since the number of null passes due to rejections can be added

directly to those required after acceptance

P

- i P + R
? null z T T
{20 R

and by (3.2.1) the total number of passes required by the average task

is

R

P
p -1+'[2 ¥ A*'—.—].
total 1“0 i/ 1 - Py

For the simple case in which all accepted tasks are serviced by
their next deadline and therefore require no further null passes, we 1

have

-0Y
Pajy = 1 and P . 0YiL>0

0/A

Therefore, under the condition that a request that is accepted can meet

its deadline, i1 q
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Pr
otot|1.1+' I-PR_

Recall that a divided resource is modeled by considering a single
module. Divided resources must therefore be characterized as a unit
composed of simpler resource modules. For example, in the case of a
meamory, the probadbility a task makes a request may be ¥ . However, the
zemory may de interleaved so that requests to each individual module are
generated at a rate ¥a, which is a fraction of ¥ . Naturally if
requests are uniforamly distriduted among the modules, for an N aodule
system ¥3 will equal ¥/N. Since the modules are assumed to be
identical and receive requests at the same rate, the probability of any
particular request bdeing serviced is the same as the probadbility of a
single module servicing a request made to it., Thus, {f P‘(s\-Pa) is the
probability that a module accepts a request made to it, the average

number of passes per task will again be

1-PA
- *'——-——
o P LN

If every task makes a request,6 (i.e. ¥ =1) then the formula reduces to

X » P
1+ A

o P
» A

e
Fa

3.3 Scheduling Requests with Deadlines

As can be seen from the previous section, the acceptance/rejection
behavicr of the resource is the determining factor for system

performance. This behavior in turn is dependent on the rate of requests

bl i,
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and the particular scheduling discipline employed by the resource. The
probability that a task requests service at the resource has been fixed
by the system's task requirements, but the scheduling discipline should

be chosen to provide effective performance.

For any resource, optimal performance is obtained when the number
of non-compute passes that tasks must take is minimized. One approach
to scheduling requests on a resource is to maximize the number of
requests that meet their deadlines. This technique is advantageous when
relatively few processes are delayed by resource congestion. In this
situation, treatment of requests which miss their deadlines has only a
second order effect on performance. Those few tasks that must be
penalized must, however, be attended to in some fashion. The simplest
approach is to reject them, so that they reissue their requests one
oycle later. If many requests are unable to meet their deadlines, then
the resulting system performance could be quite poor, because so many
tasks are forced to take null passes. Thus, in this section we are
concerned with determining a scheduling discipline to maximize the
number of requests serviced by their deadlines. Later in this chapter

this discipline is analyzed and its performance predicted.

Previous work concerning scheduling requests with deadlines
centered around finding a schedule which permits all requests to meet
their deadlines, assuming such a schedule exists [BLA76]. For
independent jobs with strict deadlines, Blazeweiz has developed an
algorithm that finds a schedule, if one exists, that permits all the
Jobs to finish by their respective deadlines. Although independent

requests, as generated by a pipeline, are treated in a special case of
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the analysis, Blazeweiz assumed that any request, once initiated on the
resource, can be pre-empted at any time and restarted later to resume
service. This restriction makes that analysis inappropriate for our
purposes, since most fixed-cycle resources such as we are considering do

not allow pre-emptions.

In addition, as with most previous analyses related to deadlines,
the deadline is viewed as an unbreakable constraint, and the sole
objective is to find a schedule to service all requests by their
deadlines, if one exists. In this research, however, we assume that it
may not be possible for all requests to meet their deadlines.
Therefore, we are concerned with maximizing the number of requests
serviced by their deadlines. Those that miss their deadlines simply

cause a penalty in performance.

At this point, we are concerned with the development of a
scheduling algorithm which maximizes the number of jobs that meet their
deadlines. The requests will be generated by a pipelined processor.
The resource thus receives a sequence of time-multiplexed requests. The
resource has a constant cycle time of ¢ STUs and each request has a
deadline of d4 STUs. Temporarily we assume that requests which cannot
meet their deadlines need never be processed. This assumption permits
us to examine scheduling algorithms to maximize the number of requests
that meet their deadlines, and hence are not penalized, while ignoring
the effects of resubmitting requests that cannot meet their deadlines.
Specifically the assumption allows us to avoid considering the fact that
when a request misses i{ts deadline, the future request sequence is

modified by the insertion of null passes. By using this assumption,
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some fundamental properties of scheduling disciplines can be formally
proven. The theory which follows, thus deals with an arbitrary request

sequence which is not modified as a function of missed deadlines.

The first property concerns the order in which requests may be
serviced. It states that for any set of requests that can all meet
their deadlines, the requests can always be scheduled to be serviced in
their order of arrival. This property is a natural consequence of the
observation that since the deadlines and service times are identical for
all requests, the deadlines are in the same order as the order of
request arrival. This property is proven as Theorem 3.3.1.

Theorem 3.3.1: Consider a resource with a fixed cycle time of ¢ units
which receives requests each with a deadline of d units. If the
requests can be scheduled so they all meet their respective
deadlines, then these requests can be scheduled so they are
serviced in their order of arrival and their deadlines will
still be met.

Proof: Consider a schedule such that all requests meet their deadlines.
Consider two requests 1 and 2 that arrive at times a,, and a,
respectively, where request 1 arrived first, i{.e. a, « a, but
request 2 is scheduled first. Because of their deadlines,
request 1 must be completely serviced before a, + d and request
2 before a + d. Then in this schedule bdoth requests must be
completely serviced before 8; « d. Since a; + d < a, + d, the
requests can be exchanged in the schedule and both meet their
deadlines., By continuing such exchanges it is seen that an FCFS

schedule allows all jobs to meet their deadlines.
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Using Theorem 3.3.1 it is now possible to demonstrate a scheduling

discipline that maximizes the number of requests that meet their

deadlines. The scheduling discipline to be considered simply services

those requests that are accepted by the resource in a first-come

first-served (FCFS) manner. Each request is examined as it arrives and

only those requests that can be scheduled after all previously accepted

requesats and still meet their deadlines are accepted. Thus, any request

that would miss its deadline after waiting in the FCFS queue at the

resource is rejected. This scheduling strategy will be referred to as

deadline gueuing.

Theoren

Proof:

3.3.23 If all requests from a pipelined processor to a
fixed-cycle resource have identical deadlines of d time units,
and those requests that miss their deadlines need never be
serviced, then deadline queuing yields a schedule that maximizes
the number of requests that meet their deadlines.

Consider a schedule that services the maximum number of requests
s0 that the they meet their deadlines, and all requests serviced
meet their deadlines. Serviced requests are considered
accepted, and the remaining requests are considered rejected.
Let A be the set of accepted requests ordered by their order of

arrival, such that a, € A {s the request which arrives.

i
Similarly, let R be the set of rejected requests ordered by
their order of arrival. Apply Theorem 3.3.7 to the set A of
accepted requests and rearrange the schedule so that the
requests are serviced in their order of arrival. Also initiate

service on each accepted request as soon as possidble after its

arrival.
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Ir a, is not the first request that arrived, exchange a,
with the first element of R, and schedule it to start service as
soon as possible, i.e. as soon as it is made. Thus, the first
request made to the resource is serviced immediately upon its

arrival at the resource.

Find the first element r € R such that r arrives after ay
but before a1 and the resource completes a;'s service at
least ¢ before r's deadline, i.e. the first element of R that
would be scheduled under deadline queuing. Remove 31 from A
and replace it with r. Adjust the schedule so that each request
in A is served as soon as possible after completion of the

previous request. Insert a into R in the appropriate place.

Repeat these exchanges until no suitable request r can be found.

Note, each element placed in A from R can never
subsequently be removed from A. Thus, by finite induction, the
resulting schedule employs deadline queuing and services the
same number of requests as the original schedule. Therefore, it
services the maximum number of requests by their respective

deadlines.

Thus from Theorem 3.3.2, one observes that deadline queuing yields

the greatest number of requests serviced without penalty. However, this

analysis has ignored the future requirements and potentially subtle

effects of those requests that cannot be serviced by their deadlines.
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These requests must be serviced eventually and while they are being
serviced there is a potential that they will interfere with a request

that would have made its deadline, but will now miss it.

3.8 Deadline Queuing Performance

In this section the performance of the deadline Qqueuing discipline
for fixed-cycle resources will be examined. The discipline we will
examine uses simple FCFS queuing of accepted requests, and only accepts
those requests that will meet their deadlines, i.e. deadline queuing.
This corresponds to the strategy of Thcoren'3.’.2. which 1is optimal
provided that requests that miss their deadlines need never be serviced.
This scheme i{s optimal in the sense that it permits the maximum number
of requests to meet their deadlines. As discussed earlier, those tasks
whose requests cannot meet their deadlines and are therefore rejected
actually must reissue the same request on the next (null) pass through
the pipeline. In order to model system performance it is necessary to
determine the probability of rejection, PR' or equivalently the
probability of acceptance, PA = 1-PR, for a typical request., With
knowledge of the probadility of acceptance, the average number of passes
a task must take, under the independent request assumption discussed in

Section 3.2 is found using the formula

as shown in Section 3.2, for the case that all accepted requests meet

their deadlines.
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Now we can begin our analysis of the performance of resources using
this queuing discipline. As has been the convention in previous
sections, requests are assumed to be generated by segment s-d of an s
segment pipeline and are serviced by a single, non-pipelined resource
with a cycle time of ¢ STUs. The results must be returned to segment 1,
resulting in a deadline of d STUs. Each missed deadline results in a
penalty of one non-compute pass. Also, the streams in the pipeline are
assumed to be generated by independent processes implying independent
requests to the same resource., Finally, each task makes a request with

probability V¥ during its compute cycle through the pipeline.

Although the probability each task makes a request i{s ¢, the
probability the resource receives a request during a given STU is not
necessarily LI This difference arises because rejected requests
introduce null passes that reissue the rejected request. To account for
this difference we introduce the parameter &, which is the probability
that the stream at the request port is generating a request to the

resource.

For systems with good performance, i.e. few rejected requests,
there will be few null passes and therefore ¢ and O will be nearly
equal. In some special cases they should be identical. A notadble
example of this situation occurs when every task, during its compute
pass, makes a request to some module of an interleaved memory and these
requests are uniformly distributed among the modules. Since null passes
always make requests, the pipeline also generates requesta every cycle
and they are evenly distributed among the modules. In Chapter 4 methods

for estimating a for various resource configurations are presented.
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Now, invoking the independent request assumption and assuming that
reissued requests are indistinguishable from new requests, we will
formulate a method to estimate the probadility of acceptance, P‘, for a

typical request to the resource.

First, consider the case where the resource cycle time, ¢, is equal

to the deadline d. Briggs (BRI77b] has shown for this situation that

the probadbility of accepting a request is

& e
PA a(e-1)+ 1 ,

where ¢ and & are defined as above, Computed values for the
performance of this resource are shown in Table 3.4.1. .Exanination of
this table indicates that significant performance degradation can occur
for slow resources with large Q. Reduction of a, e.g. by

partitioning a divisible resource, can compensate for slow resources.

Buffering may improve performance by taking advantage of the fact
that the deadline for a memory access, d, may be larger than the cycle
time, ¢. Figure 3.4.1 {llustrates the handling of successive requests
to a single resource. Assuming the resource is initially not busy the
first request will be accepted immediately. When a request is made at
the next segment time unit, it will have to wait two time units defore
it can be initiated. Thus, the deadline would have to be at least 5
segment time units or the request would have to be rejected. Without
buffering, the request would have been rejected immediately. As
successive requests are received, the deadline, d, as shown in the

figure, must be increasingly longer to avold rejecting requests. In
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TABLE 3.4.1

Resource Performance (Nonbuffered)

1/a ¢ P,

8 2 .8889
8 3 .8000
8 4 L7273
16 2 L9412
16 3 .8889
16 “ .8421
32 2 .9697
32 3 L9412
32 4 L9143 y
64 2 . 9846
84 3 .9697
64 4 .9552

— g
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general, it can be shown that for a resource with deadline d and cycle
time ¢, no more than | (d-1)/c! requests need ever be Qqueued. 1In
addition, a request should only be queued if fewer than _(d-1)/c ] = 1
requests are already queued or if | (d-1)/c | = 1 requests are gqueued
and the request currently being processed has less than or equal to ¢ -
L{d=1)/¢c] "¢ STUs to go before completion. These criteria are proven

formally in Theorems 3.4.1 and 3.4.2.

Theorem 3.5.1: For a pipeline with a resource with cycle time ¢ and
deadline of d STUs, [ (d-1)/¢] 1is an upper bound for the number
of requests that need de queued, provided that all queued tasks

will be processed by their deadlines.

Proof: Assume that a new request arrives when z_(d-!)/cJ tasks are
Qqueued waiting for the resource and one request is being

serviced.

Let Q = the number of queued tasks = | (d-1)/¢c
P = the number of STUs until the request being
served is completed (1 £ P € o)
Therefore, the time needed to complete the new request is
T2Q-cesPsece |[(d=1)/e] ‘e P asc
T>((d=1)/e = 1)+ 1ec=4d
T > d.
Therefore, the new request cannot be served in time and need not
be queued. :

Q.E.D.
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Theorem 3.4.2: For a pipeline with a resource with cycle time ¢ and a

Proof:

deadline of d segment time units, a request may be queued if
fewer than |(d-1)/¢ ] = 1 requests are already queued or if
L(d=1)/e] = 1 requests are already queued and the request
currently being processed requires less than or equal to d -

L(d=1)/¢c ] ¢ STUs for completion.

Assume that fewer than [(d-1)/¢ ] - 1 requests are queued and a
new request arrives. Note that {f _ (d-1)/¢] = 1 this case

does not apply.

Let Q = the number or queued tasks < [(d-1)/c] - 2

P = the number of STUs until the memory request being
served is completed (1 € P € o).

Therefore, the time needed to complete the new request is
T=2Q:c+P +0
TS (| (d=1)/e] =2)-cscec
T € ((d=1)/¢) ¢
T€£4d-1 sl
T <4

Therefore, the request can be queued.

Assume |d-1/c ] - 1 tasks are queued and the current request
requires less than or equal to d - [(d-1)/¢ ! .- ¢ STUs for
completion, and a new request is received.

Now Q= [(d=1)/e] =1

and 1 S P £ d - |(d=1)/e ) ¢
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Therefore, the time needed to complete the regquest is
TaQ:¢c+P +o
TS (L(d=1)/e J=1)rced- [(d=1)/c] *C ¢
T %4,

Therefore, the request can be gueued.

Q.E.D.

The preceding theorems lead directly to Thecrem 3.4.3, which
relates the deadline Qqueuing discipline to conventional FIFO queuing,
which queues all requests which arrive when there is an unassigned
buffer in the gqueue and rejects all other requests, which arrive when
the duffers are all assigned. It states that deadline queuing systems
with deadlines that are exact asultiples of the resource cycle time
perfora identically to FIFQO queues with the same number of buffers.
This dehavior is observed since deadline queuing systems with deadlines

of this nature lccipt'allr requests received until all the buffers are

filled.

Theorem 3.4.3: The acceptance bdehavior of a FIFO queued system with n
buffers is identical to that of a deadline system with deadline

d =2 (ne+ 1)e

Proof: From Theoream 3.4.1 one finds that a deadline systez with d = (n

+ 1)e requires

li;_l-J - L-(-'-"-"-I-J—CS:!‘-J- n buffers.
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Therefore it is sufficient to show that any request arriving at
the resource is accepted if there is an eampty buffer (i.e. as
in FIFO Qqueuing). From Theorem 3.4.2 a request is accepted into
a buffer if fewer than n - 1 buffers are assigned or if n - 1
requests are Qqueued and no more than d - |(d-1)/¢c)-c STUs
remain for the request {n progress on the resources. Note

however that with d = (n + 1)g¢,

; E’c’ﬂ . it I,M%C—IJ B
-c,
30 a request which arrives when n - 1 requests are already
queued may de accepted decause the amount of time remaining for
the request {n progress on the resource can be no more than ¢

STUs, since the cycle time of the resource is ¢ STUs.

.. Any request that arrives when there is an empty buffer is put

on the gueue and will meet its deadline.

This dehavior is identical to conventional FIFQO queuing, which

queues regquests as long as there are any eampty duffers.

.. The acceptance behaviors will be identical.

Q.E.D. ﬂ

Corollary: If deadline queuing i{s being employed and ¢ = (n « 1) ¢ and
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n(= [ (d-1)/c !) buffers are available, then increasing d will
yield no improvement in performance unless an additional buffer

is also added.

To analyze the performance of this resource with buffering, a
Markov model can be constructed to predict the probabilities for

accepting requests.

Figure 3.4.2 shows the Markov process for a system with d = 7 and ¢
= 3. The arcs in the model correspond to time intervals of 1 STU, and
the nodes indicate states of the system. The state labeled ¢
represents the idle state, in which the resource is not busy. The
states labeled (a,b) represent the busy states, where a is the number of
segment time units remaining for the request being processed and b is
the number of requests in the queue awaiting service. The labeling of
each state reflects the system state between STUs, {.e. after the
processing of the next STU is begun. @ is the probability of a request

being made to the resource and 8 = 1 - (.

The arcs labeled x and 2 show the state changes for each segment

time unit {f a request is or i{s not received, respectively. Those arcs

-hbo‘l'td 1 are transitions which ococur regardless of whether a request is

received.

Requests are accepted if fewer than | (d-ii?d)'=~1 2 L (7-1)73) -1
= 1 request is queued or if 1 request is queued and t.hi request

currently being processed has less than or equal to d - [ (d=1)/c]: ¢ =

7= L(7=1)73] + 3 = 1 segment time unit to go before completion.
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Requests are completed after leaving states, (a,b), where a=1, A
new request has been processed for 1 STU when entering states with a=2.
Therefore, finding the probability of the system being in either of

these classes of states will give the probability that the resource has

accepted a request.

Figure 3.4.3a presents a class of Markov models for the case ¢ 2 2
and ¢ € d < 2¢. The dashed transitions shown originating at the states
(1,0) will go to either (i-1,0) or (i-1,1) depending on the exact values
of ¢ and 4. Namely, a request being processed must have completed all
but d-c of its time in the memory before an incoming request can be
queued. Thus a dashed transition goes to (i-1,1) if { = d-c and to

(1i=1,0) otherwise.

For this model, a new request service has been started at state
(e=1,0). Therefore, finding the probability of the system being in
state (c-1,0) is equivalent to finding the probability that the resource
has accepted a request. To simplify computations, the reduced model in

Figure 3.4.3b can be used.

The simplified model in Figure 3.4.3d has been constructed by
collapsing the sequences from (¢-1,0) to (0,0) and from (e¢-1,0) to (0,1)
into single transitions. Thus the transitions labeled Y and §
represent transitions of c-1 segment time units and correspond to going
from state (c¢-1,0) to state (0,0) and (0,1) respectively. The node
labeled A corresponds to the (c-1,0) state in the original diagram.
Thus, solving the new model for the steady state pr'oblbulty of being in
state A and normalizing with respect to the original model, gives the

probability of the resource accepting a request. The normalization
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equation for this reduced model is PE + PA + (c-1)PC + (c-1)PD = 1.
Thus the probability a resource is accepting a request is

Q
PRI, SRR ¢°r¢$d<2c,c22.
ac+9d o+l

where @ is the probadbility of a request, 8 = 1 - @, ¢ is the cycle
time and d is the time deadline within which the request must be
satisfied. Application of Bayes theorem gives us the probability a

given request i{s accepted.

PA-ac-kﬁd-eH' for ¢ £ d< 2¢, c 2 2.

A similar analysis can be performed for the case ¢ 2 2 and 2¢ = d
¢ 3c¢. Figure 3.4.4a is the Markov model for this case. The model is
similar to the model discussed previously with the addition of the row
of states labeled (c-2,2) through (0,2). The dashed transitions
originating at (i,1) go to (1-1,2) 4if {4 £ d-2¢ and to (i-1,1)
otherwise. A new service has been initiated whenever the system enters
either state (¢-1,0) or (ec~1,1). Therefore, by steady state lnalysia.
it is possible to find the probability that the resource is accepting a
request, by summing the steady state probabilities of being in states

(c=1,0) and (c-1,1).

To simplify this analysis a reduced model can again be constructed.
The reduced model is {llustrated in Figure 3.4.4d where P‘ can bde
determined from the steady state probabilities of states A0 and Al with

the proper normalization (l"° «Pyy s P (e=1)Pp + (e=1)Pg » (e=1)Pp =
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Where 1

y=B%

§ 2 g9-2¢ (1. g3¢-d-1)
+(d-2¢)aB%2

¢ .ﬁd-Zc

3.4.4 General Markov Model for 2¢ £ d< 3¢, c¢2x2
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1). Solving the Markov model gives the probability the resource is

accepting a request as

A

cd+Btla , for 2¢c £ d < 3¢, c22

where

2¢c=-d-1 3c=-d-2

d=38 - (d = 2c+ 1)ap

Therefore the probadbility a given request_ is accepted is

LY
PA.cQA-o-B ’ for 2¢ £ d < 3¢, ¢ 2 2.

Since the performance of the system is directly related to the
acceptance rate of the resource, it is important to see exactly how high
the acceptance probabilities are. Figure 3.4.5 graphs the acceptance
probabilities as a function of the deadline, d, for a typical @ of 1/16
and a few different resource cycle times. The left hand portions of
each of the curves, except the leftmost point, correspond to those
systems with only one level of queueing. For those systems, substantial
gains can be achleved by dincreasing the deadline, d. At the
breakpoints, d = 2¢c - 1, only one Qqueuing register is required. The
gains for increasing d are not nearly as significant beyond d = 2¢ - 1.
However, at the points d = 2¢ -1 the acceptance probadbilities are all
greater than 38%, even for the relatively slow resource with ¢ = U,

compared to 84% for the same systeam with no queuing, i.e. ¢ = d.

R e

o

 ———




J—

‘--MMG—QM»—: -l

59

10

0.961

0.921-

Q.88

0.84}

0.80 . s | - s i  § 1
 § 2 3 B S 6 4 8 9 10 11

3.4.5 Acceptance Probability, PA' vs. Deadline, ¢ @ = 1/16)
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Another way to appreciate the effect of the deadline is to observe
some of the configurations that have similar performance. In this
example, a resource with identical cycle time and deadline d = ¢ = 2 has
only a slightly higher probability of acceptance than a system with ¢ =
3, d = 4, And in turn that configuration has approximately the same
probability of acceptance as one with ¢ = 4, d = 6. Thus, in a design,
where there is a cost tradeoff between reducing resource cycle time and
increasing the deadline, it could be advisable to use a slower resource
but take advantage of a longer deadline by incorporation one level of

Qqueuing at the resource.

The graph in Figure 3.4.6 shows the effects of varying @ . In
general, the request rate from the pipeline might be fixed by the
reguirements of the executing instruction streams. However, if the
resource is divisidble, e.g. an an interleaved memory, then the request
rate to each module might be halved by dividing the resource in two.
The figures i{llustrates the probability of acceptance for a resource
with cycle time ¢ = &, However in spite of such a relatively
unattractive cycle time, high performance can be obtained by decreasing
Q. For a deadline d = 2¢ - 1 = 7, where only one level of queuing is
required, an acceptance probability of better than 98% can be achieved
with @ = 1/16 and better than 99% with & = 1/32. These very high
acceptance rates achieve almost imperceptidble performance degradation

due to rejection. Further considerations of divisible resources, and in

particular interleaved memories, is contained in Chapter 4.
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3.5 Access Iime

Up to this point our attention has been devoted to resources with
access times identical to their cycle times. Access time refers to the
amount of time a resource requires from the instant a request is
initiated from the queue until a result is returned by the resource.
After returning the result some devices require a recovery time before
the processing of another request can be i{nitiated. Core memories
exhibit this type of dehavior, because when performing a read, the data
is first accessed and is available to the reading device, but additional
time is required to re-write the data into them, since core memories
have a destructive read. Some semiconductor memories also have access
time less than cycle time. The sum of access time and recovery time

comprise the cycle time of the device.

Naturally, assuming that access time equals cycle time would
provide a worst case analysis for non-pipelined resources. However, it
is plausidle that taking advantage of a shorter access time could
improve performance. For example, consider Figure 3.5.1, which
f{llustrates a typical & segment pipeline and resource. If the access
and cycle times are both 3 STUs and the deadline is 3 STUs, then the
performance of this system under the deadline gqueuing of Section 3.4
could be calculated using the model developed in that section, with the
knowledge that ¢ = d = 3. Now assume that the resource i{s replaced with
a functionally identical unit with a cycle time of 3 STUs, but an access
time of only 2 STUs. From Figure 3.5.2 it can be seen that with an
access time of 2 STUs a request to the resource may either be initiated

immediately or delayed 1 STU, and still return its result within the
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3.5.1 Pipelined Processor with Resource (d = 3)
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deadline of 3 STUs. Egquivalently, the deadline in this example will be

satisfied as long as the entire resource cycle is completed in no more

than 4 STUs. Thus, the performance of a system with a deadline of 3

STUs and a resource with access time 2 and cycle time 3 is equivalent to

a system with a deadline of 4 STUs and identical access and cycle times

of 3 STUs. Theorem 3.5.1 generalizes this result.

Theorem 3.5.1: If a resource, which is characterized by a cycle time,
¢, and access time, a, accepts requests using a deadline queuing
discipline with deadline d, then the performance is identical to
that of a system characterized by identical access and cycle
times a' = ¢' = ¢ and a deadline d' = d «+ ¢ - a.

Proof: The service of requests under a deadline queuing discipline
serves requests first-come first-served as long as each request
serviced can meet its deadline. The scheduling decisions for
such an organization, thus become dependent solely on the amount
of time each request occupies the resource, and the maximum
amount of time a request may wait and still meet its deadline.
Since both the systems have identical cycle times, ¢' = o,
requests occupy the resource for the same amount of time i{n both
cases. For the system characterized by a, ¢ and d, each request
may wait for d - a STUs and still meet its deadline. For the
system characterized by a' = ¢' = c and d' = d « ¢ - a a request
may wait d' - a' = d ¢« ¢ - a -« ¢c =2 d - a and still meet its
deadline. Therefore, since ¢' = ¢ and 4' - a' = d - a the
scheduling decisions under deadline queuing will be identical
and the performance of the two systems will be identical.

Q.E.D.

iy,
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The graph in Figure 3.5.3 illustrates the effect of varying access

time on system performance.

The deadline queuing discipline of Section 3.4 is assumed with a
request rate @ = 1/16 and a resource with cycle time ¢ = 3. The curves
indicate the probability of acceptance for a request versus deadline, d,
for access times of 1, 2 and 3 STUs. The effect of changing the access
time is simply to translate the curve. Since the ordinate corresponds
directly to performance, drawing a vertical line for some value of d
illustrates the effect of using resources with different access times
but the same cycle time., For example, for this system with a cycle time
of 3 STUs and a deadline of 3 STUs, the probability of acceptance can be
raised from nearly 89% to almost 59% by reducing the access time from 3

to 1 STU.

It is interesting to note that the model for resources with
identical access and cycle times can also be extended to pipelined
resources, Theorem 3.5.2 illustrates this extension.

Theorea 3.5.2: If a pipelined resource is composed of segments whose
basic time unit is ¢ (measured in STUs of the processor), has an
access time a and accepts requests using a deadline queuing
discipline with deadline d, then the performance is identical to
that of a system with a non-pipelined resource with identical
access and cycle times a' = ¢' = ¢ and a deadline d4' = d « ¢ -
a.

Proof: Using the same proof outline as Thecrem 3.5.1, one first notes
that the minimum time between initiations of service on the

pipelined resource is ¢, which is simply the time a request




44
66 .

._
n
ol
H
9,1
o
~
*

3.5.3 Acceptance Probability vs. Deadline, ¢ &= 1/16, c=3) z




_u‘v:‘zwgf?&%:i

GO e G e SR S e

-

e

Y

spends in the first segment of the resource pipeline. This time
is identical to the cycle time of the non-pipelined resource, so
in both cases the minimum time between initiation of successive
requests is ¢ STUs. In addition, the time a request may wait
and still meet its deadline on the pipelined resource is d - a.
This is identical to the corresponding time for the
non-pipelined resource, i.e. d' - a' = d ¢ ¢c ~-a-c¢c=4d - a.
Therefore, the performance of the two systegs is identical.

Q.E.D.

For the remainder of this thesis most of the analysis is presented
in terms of non-pipelined resources with access time equal to cycle
time. However, for all cases presented, application of Theorems 3.5.1
and 3.5.2 would permit those results to be applied to resources,
including pipelined resources, whose access times and cycle times

differ.

3.6 Susmary

In this chapter, a deadline queuing discipline was evaluated for a
fixed cycle resource servicing requests generated from a single port of
a pipelined processor. This queuing discipline i{s dbased on first-come
first-served service of those requests that can meet their deadlines.
Such Qqueuing was demonstrated to maximize the number of requests
serviced by their deadlines, while assuming that those requests that
miss their deadlines need never be serviced. However, i{n practice those
requests must be serviced eventually. It was therefore assumed that any

request that would miss i{ts deadline would be rejected and the task




making the request would be forced to take a null pass through the

pipeline and reissue its request during that pass.

An approximate analysis for this queuing discipline was perforrud

using Markov modeling techniques. This analysis used the pipelined

.\“m__procossor-rcsourco model developed in Chapter 2 and assumed that all

E‘dquts were independent, i.e. reissued rejected requests were
1ndist1£§highablo from new requests. This analysis yielded the

probability that a request is accepted as follows:

);

P,&.c.d)-m for c £ d< 2¢, c22

E

) L for‘itxs d< 3, c22,

ca s+ g€

2¢-d-1

d=5 ~(d=-2c+1):q- 83°"bz;

where O is the probability of a request, ¢ is the cycle time of the
rescurce, and d i{s the deadline imposed by the pipeline. For resources
with access time, a, less than the cycle time the probadility of

acceptance can be shown to be
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PA(CI.c,d'-d+c-a).

Similarly, for pipelined resources with segment time ¢ that produces

results in time a, the probability of acceptance is again

PA@. c,d' = d+c - a).

These results may then be applied to predict the system performance
by estimating the average number of passes each task must take. For

single module resources the average number of passes is

1-PA(Q.c.d)
1+

] -
total PA(Q s 85143

where P‘(a,c,d) is the probadbility of acceptance and Q {s the
prodability each task makes a request. For zultiple module resources
that receive independent requests uniformly distridbuted among the

mcdules

19 p.u <, d)
P& S d)

Peotar * 1 %Y

where Qa is the rate of requests to an individual module, e.g. S m =

IN for N-way interleaving of a memory resource. Furthermore,
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P AL R
total gkcza. e, ¢8),

if requests are made every cycle.

Note, however, that @ is an as-yet-unknown function dependent on

¥, the task request rate, and the other system parameters. The

determination of @ for various resource configurations is presented in
Chapter &.
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4. APPLICATIONS

3.1 Introduction

The model developed in the previous chapter has examined the
performance of a multiple instruction stream pipelined processor with a
shared resource. A pipelined processor operated as a multiprocessor,
permits distinct instruction streams to be active simultaneously in
distinct segments of the pipeline. Pipelined processors have several
advantages over conventional multiprocessors. They are generally more
cost-effective: they use more economical specialized segments, instead
of general purpose computation elements, and they permit simple sharing
of resources by a single time division multiplexed bus system rather
than by parallel busses with arbdbitration and crossbar switching. The
sharing of a resource, modeled with a constant cycle time, ¢, and access
time, a, was described in detail. It was demonstrated in Chapter 3 that
under certain circumstances deadline queuing can achieve very high
performance for such a resource. In this chapter we will examine some
applications of this technique to the implementation of specific system

resources.

The first resource to be considered is the control store for a
pipelined processor. Most multiple processor architectures require
multiple copies of the control store, one for each processing unit.
Sharing of a single control store or even a limited number of control
stores could reduce processor costs. This sharing could be especially

important for a single chip LSI amultiprocessor, where reducing die size
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can mean the difference between a chip being practical or not. Section
4.2 examines organizations for microprogram control of a pipelined
processor and the implementation and performance of various
cost-effective alternatives. A significant parameter affecting control
store performance is the deadline associated with requests to it. We
will 4llustrate some of the design tradeoffs that affect deadline

determination and their influence on system performance.

Main memory as a shared resource is examined in Section 4.3. The
analysis for main memory is similar to that for a control store.
However, main memory utilization differs slightly from that for control
store. Principally, main memory requests may be made less frequently
than control store requests, which were assumed to be made every cycle.
In addition, a main memory may receive write requests, which have no
deadline. Both characteristics can influence system performance. Their

effects are examined.

Finally, Section 4.4 contrasts the performance of pipelined
processor sharing of resources to a system that may generate

simultanecus requests,

8.2 Multiple Access Control Store

Microprogramming is generally touted as a desirable method of
control with several structural and flexibility advantages over
bardwired control. However, the appro;;rutc implementation of
microprogrammed control for pipelined processors tends to be a
consideradbly more complex problem than that for strictly sequential

processors.

"
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Kogge [KOG77] has examined some aspects of microprogrammed control
which are directly applicable to single stream pipelined processors. 1In
particular, two different schemes for microprogrammed control are

described. These schemes are:

1. Data-stationary gontrol - Each microinstruction specifies the

controls for all the segments for the particular task entering the
pipeline. Microinstructions essentially flow through the pipeline with
their associated tasks. Thus, at any particular time, s distinct

microinstructions will simultaneously be controlling distinct segments.

2. Iime-stationary control - Each microinstruction specifies all
controls of a pipeline for a single segment time unit. Thus, all
segments are controlled simultaneously by a single microinstruction.
However, each microinstruction must be coded to provide partial control

for s distinct taaks. ’

The typical data-stationary microprogram controlled pipeline can be
diagrammatically represented by its three major components (see Figure
§.2.1). Internal to the s pipeline segments shown are the basic
functional units of the system and the hardware for sequencing the
microprogram control store. The microinstruction registers allow each
microinstruction to remain with {ts associated task during its pass
through the pipeline, in accord with data-stationary control.
Microinstructions issued from the control store are placed at the head
of the string of microinstruction registers at the same time as the
associated task is placed in the first segment of the pipeline. Thus,
the tasks are sequenced down the pipeline in synchrony with their

corresponding microinstructions. Since only portions of the
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microinstruction word are typically required to control each segment of
the pipeline, the size of the microinstruction register generally would
decrease along the length of the pipeline. The function of the control
store is to accept microinstruction addresses from the pipeline and to

present new microinstruction words to the pipeline.

In this implementation a single microinstruction is used to control
a task during one entire pass through the pipeline. Thus, branching
cannot occur within a pass through the pipeline, but only between
passes. In order to simulate such intra-pipe branching capability and

maintain data-stationary control, it is necessary to encode multiple

controls in each microinstruction and allow each segment to select the
appropriate alternative based on information provided by prior segments.

This method allows the appearance of intra-pipe branching at the expense

of longer aicroinstructions. This technique was advocated for

msicroprogram control by Borgerson, Tjaden and Hanson [BOR78].

A time-stationary control store implementation is illustrated in
Figure 8.2.2. Again the pipeline segments contain the basic functional
units of the system. However, the microprogram instruction registers
for bdbuffering microinstructions have been eliminated. Each time unit,
the control store must provide controls for all the tasks that are
active in the s segments of the pipeline. Next address generation must
also take into account the s distinct tasks by determining a single

address for the microinstruction that provides the appropriate control

Ry 1

signals to all tasks for the next segment time unit.

oo
>
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Data stationary control resembles single stream control and thus
‘hu a distinct advantage in ease of coding, but requires buffering of at
least partial microinstructions until their tasks exit from the
pipeline. Time-stationary control, on the other hand, does not require
such buffering, dut requires a much larger microstore. The control for
a single task is spread over s microinstructions each of which contains
partial control for s-1 other tasks from distinct streams. Since these
tasks are uncorrelated, there must be at least one sicroinstruction for
every combination of possible operations in distinct segments. In

addition, next microinstruction address generation may be quite complex.

The principal disadvantage of data-stationary control {s the

difficulty that may bde encountered when exceptional conditicons detected

in one task must affect the flow of other concurrently executing tasks.
E Kogge used bdasically this argument in favor of time-stationary control.

However, he considered a processor with a high dependence between

concurrently executing tasks, since they are drawn from a single
instruction stream. For a system with independent streams, as under
consideration here, these exceptional conditions do not directly affect
the flow of concurrent tasks from other streams. This makes
data-stationary control the more attractive alternative to explore in

greater detail for pipelined processors with independent streams.

We arditrarily label the pipeline so that new microinstructions are

required at segment 1. If the next microinstruction addresses are

available at segment s-d, the control store has a deadline of d segment

time units to generate a new microinstruction from a microinstruction

address. The deadline, d, for a particular pipeline will depend greatly
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on the microcode addressing mechanism for that pipeline. In particular,
the -m-bor of segments required to resolve a conditional branch in the
microcode is generally the determining factor for d. In many instances
the branch resolution time will be small enough that d will be
sufficiently large to permit satisfactory operation of the system. On
the other hand, if the branch resolution time is too long, an alternate

branch handling mechanism may have to be usea.

For example, a scheme might be implemented in which the
microinstruction for the most probable of two branch destinations may be
requested. In the event that the other destination is required, no
operations will be performed on the next pass through the pipeline
except to requesat the appropriate microinstruction from the control
store. In this case execution time will increase by a factor based on
the probability that a microcode branch occurs and the wrong destination

is requested.

Alternatively, the effect of the branch could be deferred for one
pass. Either of these schemes can be used to extend the deadline to be
the entire length of the pipeline, since the next microinstruction
address is then known immediately from the previous task. Finally, both
the true and false destinations could be accessed for each
microinstruction branch. Then actual branch resolution could be delayed
until the last segment. This scheme, however, has the disadvantage of
requiring increased control memory bandwidth, among other complications.

Additional aspects of determining a deadline are explored in Sections

4.2.2 and 8,2.3.

i
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In addition to the deadline that the control memory must meet, it
must also process requests at a rate sufficient to satisfy all of the
streams in the system. In our model, this implies a microinstruction
delivery rate of 1 microinstruction/STU. Section 4.2.1 will consider
various multiple access data-stationary control store organizations that

can meet these requireaments.

§,2.1 Control Store QOrganization

As a possidle candidate for a control memory, consider a simple
memcry element which accepts addresses and presents as output the
contents of the addressed location in =~ ¢ seconds. A typical
semiconductor read-only memory (ROM) would fit into this category.
Furthermore, let us assume that another request can be initiated

immediately after an output i{s presented. This implies the access time

and cycle time for the ROM are identical. Let ¢ = I+ e/ "8, where T s

is the basic segment time unit of the pipeline. This makes ¢ the

control store cycle time, measured in segment time units.

Consider Figure 4.2.3, with ¢ = 1 and d = 1 STU. During the
progress of a particular task through the pipeline, an address is
presented to the control memory after completing operations in segment s
- 1. Then while a task completes its operations in segment s, the
control memory is cycled for that task and is ready to present a new
microinstruction to segment 1 for the next task from this stream. Note
that nothing is gained here by extending the deadline, d, to any time
greater than 1 STU since the control memory actually requires only 1

time unit for ita operation. In fact if d were greater than one, the
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next microinstruction address would have to be buffered. Whenc > 1, a
single memory control store cannot keep up with the processor request
rate of 1 microinstruction per STU and multiple or divided memory

control stores must be considered.

To accommodate slower speed memories the wmultiple memory
configuration i{llustrated in Figure 4.2.4 may be used. In this control
store scheme let us initially assume that each of the s streams in the
pipeline is associated with a distinct ROM in the control store. This
structure requires an input demultiplexer whose function is to direct
the microinstruction address to the appropriate memory. The memory unit
will then latch the address and initiate access of the requested
aicroinstruction word. Finally, 4 segment time units later, the output
multiplexer directs the instruction into the microinstruction register

assocliated with segment 1.

Let us assume that the cycle time for this control store is ¢
segment time wunits. This time includes the delays through the
aultiplexers and uses the assumption that the cycle and access times of
the ROM are equal. Therefore as long as the deadline, d, is longer than
¢ segment time units, this control store will be able to deliver
microinstructions rapidly enough. Also, since every process in the
pipeline i{s associated with Jjust one of the control memories each
control memory will be available to provide the next microinstruction
for its process. Consequently, this multiple memory control store with
s memories will perform satisfactorily in providing microinstructions to
the pipeline. An example of the memory utilization for an organization

of this type is shown in Figure 4.2.5.
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In the important cn;o in which the contents of the ROMs are
identical, it is possible to reduce the number of memory units required.
By looking at the example, for ¢ i 3, in Figure 4.2.6, it is obvious
that only ¢ of the memory units are in use simultaneously. Thus only ¢
copies of the control memory are required, and they can be used in
strict rotation by the s streams in ths pipeline. Note that only ¢
copies of the control memory are required regardless of the number of
segments, 8, in the pipeline and that ¢ must be less than s. As long as
the deadline, d, is no less than ¢, the memory will always have
sufficient time to access a new microinstruction. Since the memory
units are used in rotation and the pipeline makes only one request per
segment time unit, the control store will always have a free memory to
accept a new request. In the case that the access and cycle time
differ, the access time should be used throughoul iLhe above argument,

except that cycle time is used to determine the number of ROMs required.

The obvious disadvantage of this scheme is the high cost associated
with the requirement for replicating identically coded ROMs. This

problem becomes severe for large control memories.

To alleviate some of the high costs associated with multiple memory
control stores it is possidble to sudbstitute a single interleaved memory
control store for the multiple memories. In a typical interleaved
memory, the address space of 2¥*" yords s divided among N = 2"
identical memory modules each containing 2¥ words. Successive memory
addresses are placed in succesaive memory modules modulo N, i.e. the

low-order n bits determine which module i{s to be accessed, and the

high-order w bits determine the proper word within the module.
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The interleaved memory control store requires but one copy of the
microinstructions rather than ¢ copies. It does, however, require a
ainor amount of additional access control logic. Furthermore, since
interleaving is only considered when ¢ > 1, not all access requests can
be satisfied. In particular, if a request is made to a busy module,
that request must be rejected or at least deferred until the module is
not busy. The consequence of rejection or deferral is that the next
microinstruction may not be available in time for the next task of the
corresponding stream. Therefore, in the simplest scheme, the stream
affected would be required to issue a null task into the pipeline during
which no processing .s performed except to reissue the rejected memory
request. Null tasks will <degrade system performance, but as

demonstrated delow, this degradation can be minimized.

To examine this performance degradation, let us assume a

probability, P of the event A that a request is accepted by the

Ao
interleaved memory control store. It is now possidble to find the
expected number of passes through the pipeline that is required for each
microinstruction. The probadility that n passes are required is (1 -

?‘)“'1 . PA. Therefore,

i

= -1
E(no. passes}= L, n(l-PA)“- P, s

Since each task should ideally require only 1 pass through the pipeline,
the performance of each stream (and hence the system) is degraded by a

factor

Om— |

R .
————a

- s
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where W is the probability that a task is performing useful computation.

For performance analysis purposes the microinstruction addresses
generated by the pipeline each segment time unit are assumed to be
independent and uniformly distributed among the memory modules. These
assumptions are reasonadbly Jjustified since the successive addresses
generated by the pipeline will be independent of one another due to the
fact that they arise from distinct streams. Also, by interleaving the
aexory modules on the low-order bits, sequential accesses will tend to

be distriduted evenly among the memory modules.

Since requests are assumed to be made independently and uniformly

among the modules it is sufficient to study the performance of a single

‘module. For any distinct module the conditions of the performance

analysis of deadline queuing for a fixed-cycle rescurce are satisfied.
Thus, the results of Section 3.4 can bDe applied to predict the
performance of the data-stationary control store under consideration
here. To apply those results, we cbserve that formulas 3.4.1 and 3.8.2
correspond to the probability that a control store request to a
particular module is accepted given that a request is being made to that
sodule. However, since all the modules are identical and receive
requests uniformly, i.e. at a rate of a- = 1/N, where N is the level
of interleaving, the formulas 3.48.1 and 3.4.2 also specify the

probability that any regquest {s accepted by the control store so
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with am =1/, Bs 1= an, a resource cycle time of ¢ STUs, and a
deadline of d STUs. As was demonstrated in Section 3.5, the model is

easily extended if the access time is not equal to the cycle time.

Since the performance of the system is directly related to the
acceptance rates of the control store, it is important to see exactly
how high the acceptance probabilities are. Figure 84.2.7 graphs the
acceptance probdbabilities as a function of the deadline, d, for a typical
number of modules (N = 16) and a few different memory cycle times. The
left hand portions of each of the curves, except the leftmost point,
correspond to those systems with only one level of queueing per module.
For those systems, substantial gains can be achieved by increasing the
deadline, d. At the breakpoints d = 2¢c - 1 only one queuing register is
required. The gains for increasing d are not nearly as significant
beyond d = 2¢ - 1. However, at the points d = 2¢ - 1 the acceptance
probabilities are all greater than 98%, even for the relatively slow
memory with ¢ = 4, compared to 8u4% for the same system with no Queuing,

i..' d s Q.
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The graph in Figure 4.2.8 shows the effects of increasing the
number of modules, N, i.e. the level of interleaving of the control
store. Even when considering the relatively unattractive cycle time ¢ =
8, high performance can be obtained by increasing N. For the point d =
2¢ = 1 2 7 where only one level of queuing is required, an acceptance
probability of better than 98% can be achieved with N =z 16 and better

than 99% with N 2 32.

These very high acceptance rates reduce performance degradation due
to rejection to nearly imperceptible levels., The actual rejection rate
should be somewhat lower due to the sequential nature of
sicroinstruction accesses. Namely, after an initial memory conflict,
two sequential microinstruction streams will access aicroinstructions in
distinct modules in lockstep and cannot conflict with one another again
until a control store branch is taken by one of the streams. This

phencmenon will be explored further in Chapter 5.

We therefore conclude that very high performance can be obtained
from an interleaved memory control store, for reascnable levels of
interleaving and memory speeds. Less interleaving is required if the
deadline allows queuing of memory requests. Often high performance can
be achieved with only one gQueuing register per module and a moderate
amount of interleaving. The hardware cost of interleaving and queuing
should be quite low with respect to the cost of a single ROM control

;, store. Substantial cost savings, with little performance degradation,

should be achievable with respect to multiple ROM control store

organizations.

S ——
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5.2.2 Deadline Determination

As can be seen from the performance curves for the interleaved
memory control store, the deadline imposed on resgurce requests can have
a significant impact on overall system operation. Increasing the
deadline, along with incorporating any additional buffering that might
be necessary, always improves the probability of acceptance for resource
requests. Thus, the processor pipeline design should atteapt to permit

resource requests to be generated as early as possible in the cycle.

Of particular interest is the effect of adding a dummy segment o
an existing pipeline. This extra segment performs no computation.
Since the segment time unit 1is unaffected, the execution of each
instruction stream would be slowed., However, the sggment could be added
80 as o increase the deadline and thus improve the performance of the
interleaved control store. This could cause an overall i{mprovement in

the performance of the system.

Later the branch mechanisa will be examined to i{llustrate its

effect on deadline determination.

For an 4interleaved memory control store with probability of
acceptance PA and a pipeline with ¢ active systems, the expected number
of non-null tasks in process among the active streams {s P‘. Therefore,

in general the performance, W, of a pipeline with { streams and s

segments is
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where W is the probability that a segment is doing useful computation.

Using this formula we can evaluate the effect of adding dummy segments.

Consider a pipeline of s segments with s streams in execution. Let
the original pipeline have a deadline of d segment time units which is
increased to d' with the addition of d'-d dummy segments. Now d'-d
additional streams can be in execution simultanecusly. These, however,
put a heavier load on systeam resources, e.g. primary memory space.
Thus streams should not be expected to run as well when the number of
streams is increased. Let B account for this degradation effect, e.g.
» i3 roughly the utilization of the streams assoclated with the added
segzments relative to the utilization of the previous s streams whose
utilization is maintained at its previous level. Finally, let P‘(d) be
the probadbility that the control store accepts a request, given a

deadline d. Then, the performance of the original system is
8 . .
Wo = 2, (0) 3 =P, (&)

The performance of the new system is

, g + » (4'-9)
ul - PA(d') o s + (d -d),

giving a performance ratio of
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To study a specific example, consider the case in which d = ¢ and d
is increased by ! to ¢ + 1. We conservatively assume that the
probabilities of acceptance will be unaffected by the lower utilization

of the added stream, i.e. we use a low estimate for P‘(d'). Then

substituting P,(d) = 1/(Gc + %% . e find
}'_1 L Gc + B § + b
wo e & 52 s+ 1

Now Lif W1/WO is greater than 1, performance of the system will improve.

Algebraic manipulation shows that performance will be improved if

pa>1= (s + 1)K

or, eguivalently

where

2
C!¢+ﬂ
K=1l-gc+ 8

For the specific case ¢ = d = 2 and the level of interleaving N =
8, Figure 4.2.9 shows the performance ratio, W1/W0, versus the number of
segments, s, for various utilizations, u . From the graph it is evident
that for utilizations of at least .75, adding a dummy segment always

improves performance. Pipelines with 5 or more segments will show

improvement with yu = .5. Even if the added stream is not used (u =

1 s AN A 5
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0), pipelines of 10 or more segments will have improved performance with
the addition of a dummy segment. Recall, furthermore that the curves of

Figure 4.2.9 use a low estimate of W1/WO as u decreases from 1 due to

underestimating PA(d £ i<

In general, the benefit of adding dummy segments is highly
dependent on the increase in probability of acceptance, P‘. This is
especially true when utilization of the added streams is high.
Examination of Figures 4.2.7 and 4.2.8 indicates that increasing the
deadline, d, causes the most significant gains in P‘ to occur when d is
less than 2¢ - 1, the resource cycle time is short and the level of
interleaving is low. Therefore, the most significant gains can be made
when adding a dummy segment when d is less than 2¢ - 1. In some cases
adding enough segments so d' = 2¢ - 1 will be useful, although
increasing d' beyond 2¢ - 1 is not likely to be profitable, because the
gain in PA in that region, for most systems examined, {s not very large.
Note, however, that {f 100% utilization of the added streams is
realized, {.e. W = 1, then adding a dummy segment is always
advantageous. Gains would be still higher {f some additional
computation could be assigned to the dummy segment to increase the
computational power of a single pipeline pass. Of course, the cost of

the control store and the processor would then increase somewhat.

4,2.3 Branch Resolution

Up to this point, the segment, which makes requests to the
resource, and consequently determines the deadline has been assumed to

be fixed by system architecture. In general, the choice of a segment to
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make resource requests is determined from timing constraints on
computations in the pipeline. However, in some special cases
flexibility in when requests are made can lead to performance
improvements. The microinstruction request mechanism for a control
store will be examined to illustrate this flexibility and how it might

be exploited by systems restricted to a single request port.

The deadline for microinstruction requests from the pipeline to the
control store is constrained by the amount of time, i.e. number of
segments, required for branch resolution. Deciding which instruction to
fetch after a conditicnal branch in the microprogram usually depends on
the value produced by some prior calculation or comparison. Therefore
until that computation is completed the pipeline cannct determine which
microinstruction to request next. As long as those decision
computations can be completed in the early stages of the pipeline a

reasonable deadline should be available to access new microinstructions.

Consider for example an s segment pipeline with segments labeled

from 1 through s as i{llustrated in Figure 4.2.10.

If branch resolution is completed by segment s-i and new
microinstructions are required at segment 1, then the control store has
a deadline of i STUs to access a new microinstruction. An analysis can
now be undertaken using the principles developed earlier in this chapter
to determine the performance of this configuration. However, it might
also be interesting to study the effects of making all requests from an
earlier segment, e.g. s-jJ. In this case, some percentage of the

branches will not be resolved before the request had to be made by the

request port at segment s-j. When this situation occurs some penalty

parr s e
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will bde incurred because the appropriate microinstructions may not be
available for the next pipeline cycle. However increasing the deadline
increases the performance of the control store and could lead to an
overall performance improvement. We will now evaluate this tradeoff in

more detail.

Without altering the pipeline structure, there are two principal
alternatives for handling a microprogram branch that is not resolved in
time to make a request at the request port. The simplest method would
have the stream in question not make any request to the resource during

4 that pass. Then, since that stream would not have a microinstruction to
control its next pass through the pipeline, it would have to make a null
pass. During that pass, however, it would make a request for the next
microinstruction, since the branch would have been resolved. This
method has the disadvantage of requiring null passes for all unresolved
branches, but might gain performance by increasing the deadline and

slightly reducing the request rate to the control store.

The second alternative is a slight modification of the first, in
which, instead of making no requests when a branch is still unresolved,
a guess is made as to which branch outcome is most likely and the
corresponding microinstruction is requested. Even in the absence of any
information, one would expect a 50% chance of guessing correctly (for
2-way branches), and conceivably additional information, e.g. encoded
in the instruction, could improve the odds of guessing correctly.
Although some non-productive requests will be made, this scheme has the

advantage of requiring a null pass only for those requests that were

guessed incorrectly.

1o e i
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A third alternative might involve making requests to both potential
next microinstructions. However, this alternative will not be
considered here, since it involves multiple simultaneous requests to the

control store.

The effect of varying the deadline for control store requests is
significantly influenced by the actual distribution of branch resoclution
times along the length of the pipeline. The probability that a
conditional branch microinstruction is resolved at or before segment i
may be denoted by the cumulative probability distribution function
Fb(i). For illustrative purposes, a hypothetical distribution is shown
in Figure 4.2.11., As for all probability distribution functions it must
be monotonically increasing and go to 1.0. In this case, Fb(s) is
exactly 1.0 since by segment s all branch resolution for that cycle must
be completed. The nonzero value at Fb(O) occurs since some branch
resolution may have been completed prior to the pass in which the branch
actually occurs. This situation might arise if after data needed for a
branch decision has bdeen computed, a fixed computation under the control
of the next microinstruction can be performed before the branch needs to

be taken.

For microinstructions, which are not conditional branches, it is
assumed that the next address i{s known immediately at the first segment
of the pipeline., For the following analysis each microinstruction is

assumed to have a probability ) of being a branch.

To evaluate the performance of the system in which no guesses are

made it is necessary to evaluate the number of passes required for

non-branch, resolved bdranch and unresolved bdranch microinstructions.
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Both non-branch and resclved branches require null passes due only to
rejections at the resource. And therefore will require 1/P‘(a-,d)
passes on the average, where P‘(G.,d) is the probability the rescurce
accepts a given request. Unresolved bdranches require one additional
P, S0, % » 1/PA(a g+d) passes. Since 1 {1 - Fb(s-d)l is the
probadility of an unresolved dranch when deadline ¢ is used, the average

number of passes will Dde

# A[1-F, (s-0)] 1+

(L-a(1-76-a] -5

total i A m,d)

+ (1 - F (s-4)],
A a,d) ’

where ?‘(Ga,d) is the probadblliity the resource accepts a given request,

assuming a request probability of @ _ to each module and deadline d.

Since some passes through the pipeline by a task require no
requests, the request rate from the pipeline, &, is less than 1.
However the unresolved branches which cause these non-request cycles
occur randoaly so the requests from the pipeline are still independent.
To determine the request rate, @ , we observe that every task makes, on
the average, 1/?1(3.,4) regquests, Therefore since every task requires

N total passes on the average
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/P @g )
Protal

Q=

- 1
1 +A(1 - Fb(l-d))PA(Qn.d).

which is found dy dividing the number of passes which make requests per
task ty the total number of passes required per task. Although this

formula is not in closed form it can be solved iteratively to find .

The performance of this organization can be obtained dy observing
the probability, W, that a task is performing useful computations during

its pass through the pipeline, where

.- 1”:0:01.

Curve A in Figure %.2.12 illustrates the performance versus deadline, d,
for a control store that makes no guesses for unresclved branches for a
typical configuration with a 16-way interleaved control store and cycle
time, ¢ = 3. The dranch resolution distridution is assumed to follow
Figure §.2.11 shown previously with 8 segaments, and 0.2 of the

aicroinstructions assumed to de bdranches.

One modification to this scheme as suggested earlier (s to make a
request that is a best guess as to which microinstruction will bde
required next. If the correect guess is made, no penalty due to an

unresolved branch occurs. Whereas, if an incorrect guess is made the

results of that request are i{gnored and a non-coapute cycle is taken
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during which the proper request is made.

The performance for this modified system can be deterained by
examining the possible states that a microinstruction task can be in.
The four events that can occur with respect to branching behavior in
this case are shown in Table 4.2.1. Across from each condition is the
probability ‘of that condition given the previous conditions are
satisfied, where )\ is the probadbility a bdranch occurs, Fb(.-d) is the
prodbability a branch is resolved bDy segment s-d and © (s the
probability of guessing correctly. Therefore the probability of each
avent is found by taking the product of the appropriate indepencent

probabilities associated with each condition that makes up the event.

The expected number of passes required per aicroinstruction can be
calculated froam the number of passes regquired for each event. In every
case, once the proper request (s deing made, 1/9‘(a.,d) passes are
required. Only 4in case IV, where a pass s wasted making a wrong
request is cne additional pass required. Therefore, the average number

of passea required to access the proper next microinstruction is

Peotal © 7:@'}17“ A1 - F (s-4))1 -e),

where P‘(O-,d). A » rb(s-d) and C are defined as above. Note that
every task makes a request every cycle, and therefore the request rate

from the pipeline, @, {s 1.0, and a. s 1/N.

Curve B in Figure 8.2.12 plots performance versus deadline for the

same typical control store with 16-way interleaving, a cycle time of 3

STUs and the same dranch and branch resclution characteristics as above.




11

I1I

v

TABLE 4.2.1

Microinstruction Branch Behavior

No Branch

Branch

Resolved by segments s-d

Branch
Not resolved by segment s~d

Guess right

Branch
Not resolved by segment s-d

Guess wrong

L §

‘(1 - Fy (s-0))

. C

A
‘(1 = Fy (s=4))
‘(1 -9)
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The performance measure, W, again is the probability a stream 1is

performing useful computation, i{.e. a non-null cycle, and

o

total
In this example, © , the probability of guessing correct is
pessimistically assumed to bde 0.5. However, the performance with
guessing is still superior to the no guess scheme. This happens because
the performance gains from guessing correctly are significant, while the

performance degradation due to the higher request rate lowering the

acceptance rate is slight.

The peak in each curve indicates the value for the deadline, d,
which maximizes system performance. In each case the value of d was 5
STUs, this is exactly 2¢ - ! since the resource has a cycle time, ¢, of
3 STUs. With a deadline of 5 this resource requires only a single level
of bduffering, which can be easily implemented as a register that is
either loaded or bypassed by each request. Thus, for this specific case
the overall performance of the system is improved by selecting a
deadline which is significantly greater than the cycle time of the

resource.

In general, the probadility of acceptance curves (Figures 4.2.7 and
4,2.8) have very steep slopes for deadlines from ¢, the cycle time of
the resource, t0 2¢ -« 1., Therefore for an arbitrary branch resolution
distriduticon, if the number of unresclved branches does not increase o0
rapidly as the deadline is increased from ¢ to 2¢ - 1, using a deadline

of 20 - 1 and a limited amount of bduffering could improve system

i e A e s
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performance. However, the probability of acceptance increases very
slowly for deadlines above 2c - 1, while the number of unresolved
branches continues to increase, so it is less likely that forcing the
deadline to be larger than 2¢ - 1 would result in much improvement, if
any, in system performance. In general one would expect to find
increases in d improving performance toc a point and causing a decrease
in performance after that point as improved acceptance probabilities are

overcome by increases in wrongly guessed unresolved branches.

4.3 Multiple Access Main Memory

A main memory shared by the processes of a multiple stream
pipelined processor has many characteristics in common with the control
store for such a processor. As with the control store, a single port
main memory that accepts requests from a single distinguished segment
for the pipeline can receive requests one per segment time unit in a
round-rodbin fashion from the tasks in the pipeline. The main memory
also has its cycle time, ¢, and deadline, d, within which requests must
be satisfied to avoid performance degradation. Thus, a main memory
appears to fit within the constraints of our model for fixed-cycle

resources shared by the streams of a pipelined processor.

A main memory does however have some characteristics that
distinguish it from the control store described previously. First,
since the contents of the main memory can be modified by the active
processes it {s difficult to implement an organization with multiple

copies of main memory, since to maintain data integrity all

modifications caused by writing into memory must be reflected in all
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copies. In addition, the customarily large size and cost of main memory
would prohibit its replication. Therefore, an interleaved main memory
appears to be a more desirable alternative if acceptable performance can

be obtained thereby.

The request behavior for main memory could also differ from that
for a control store. Requests from the pipeline to the control store
were assumed to be exactly one per STU, because each stream requires a
new microinstruction for each pass through the pipeline. The
probability of acceptance for this request behavior yields a lower bound
on the performance of any single request port pipeline. However, main
memory requests may not be made as frequently. Therefore, requests will
tend to find less congestion at the resource. Performance will also
appear to be higher due to the simple fact that cycles that make no
requests will never be penalized. Both factors tend to improve the
overall performance of the system. Subsection 4.3.1 examines these

effects in more detail.

Memory writes introduce another distinction between main memory and
control store. Most processors do not permit dynamic modification of
the contents of the control store and even for those that do, such
modification is a relatively infrequent operation compared to control
store reads and is normally handled separately from normal computation.
In contrast, main memory writes comprise a significant percentage of all
accesses. Memory writes differ from reads because there is actually no
return response required from the resource, unlike the read request

which requires the data read to be returned. Therefore, write request

scheduling need not be constrained to meet the deadline required of read

e
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requests., Any discipline that maintains the integrity of the data can

4 be used. The strict deadline queuing mechanism as illustrated for

control store reads, certainly could be used,

by imposing the same

deadlines on writes as on reads. This performance would again provide a

lower bound on system performance, when both reads and writes are

present. However, taking advantage of the additional flexibility

introduced by writes could lead to even better performance. This

potential will be explored briefly in Subsection 4.3.2.

4.3.1 Reduced Request Hates

In this section the effect of reduced request rates on processor

performance is examined. The resource in question is assumed to be an

interleaved main memory and requests are to be serviced by a strict

deadline queuing discipline as developed in Chapter 3, in which all

requests have the same deadline.

As was the case for control store requests, it is assumed that

requests are independent and uniformly distridbuted among the modules of

the main memory. Therefore, {f a request is made every segment time

unit, the performance of the resource as indicated by its acceptance

behavior is described by its probability of acceptance of a request

is the probability of a request to particular

PA(a ..I,O,d). where o .

module (with uniform requests to N modules a. = 1/N), a and ¢ are the

resource access and cycle times,

respectively, and d is the deadline

{mposed on all requests. For deadline queuing P‘(u- = 1/N,a,c,d) can E

be calculated from formulas 3.4.1 and 3.4.2. Of course, these are

exactly the same results as were obtained for control store requests.
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If not every task makes a memory request, then the request rate to
the modules simply decreases. Recall that ¥ is the probability that a
task makes a request from the pipeline. Similarly, @ is the
probability that a request arrives at the resource in a given STU.
Thus, with requests appearing randomly from the pipeline, the
probability of a particular module receiving a request is a- = O /N.
Therefore, the probability a given request is accepted is P‘( a- = & /N,
a, ¢, d). As developed in Section 3.2 we find that the average number

of passes required by a task is

I'PA

[+] - 1+

total
PA.

where PA = P‘(Q. = /N, a, ¢, d), since ¥ of the requests require

1/P, cycles and the remainder only 1.

A

The analysis thus far for reduced request rates has not considered
the perturdations due to rejected requests. For organizations with
requests every cycle, as for the control store, sometimes an instruction
stream i{s delayed because a rejected request must dbe resubmitted. But
the system continues to generate one request per segment time unit.
Alsc, if the original requests were uniformly distributed, then the
actual distridbution of requests to the modules will still be uniformly
distridbuted. This occurs because each module should reject the same
number of requests, so each module still receives the same total number

of requests. FHowever, with reduced rates, the actual request rate seen

by the resource may be altered.




The actual request rate seen by the resource is determined by the
number of times requests are rejected., To determine &, consider a
stream of tasks, such that R of the tasks make requests and R do not.
Thus, the probability a task makes a request is @ z R/ [R+ R)]. Now,
rejected requests increase the probablility that the resource sees a
request due to the presence of resubmitted requests. It was shown
previously that each task which makes a request requires ‘t/!’A passes
where PA is a function of the probadbility that a request is made to the
resource, @ , and the resource parameters. Therefore, the probability
the resource receives a request is

R/P
Q= A

ll/!'A + X.

Substitution yields

1
1+ (3= 10e,

Q=

Note that l’A is a coamplex function of @ . Thus this equation is most

easily sclved by iteration.

Figure 4.3.1 plots performance W = 1/p total® the probability a

task is doing useful computation, versus deadline for various task
request rates, ¥ . For this example, an organization with access time
equal to cycle time, a = ¢ = 3 and 8-way interleaving (N=8) is used.
The curve labelled ¢ = 1.0, corresponds to a pipeline which makes
requests every time unit. It therefore shows a performance identical to
the performance that would be predicted for a control store with the

Same system parameters. Reducing the request rate has the effect of
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improving performance, while maintaining the general shape of the curve.
This effect is very similar to that observed when the level of

interleaving is increased, while all other parameters are held constant.

Figure 4.3.2 more clearly shows the effect of the request rate, ¥ ,
on system performance by plotting performance, W, versus Vv for the same
system for a few different deadlines, d. The steep slope near § = 1.0
shows that the most significant improvements appear to occur by slightly
reducing ¢ below 1.0. The left-hand portions of the curves approach
1.0 since with no requests, {i.e. % = 0.0, all tasks need take only one

pass through the pipeline, without any null passes.

Figure 4.3.2 also i{llustrates the marked effect that varying the
deadline, d, can have on systeam performance. For this system with cycle
time, ¢ = 3 and 8-way interleaving, we observe that with a deadline d =
3, the rate of requests, ¥ , must be less than .75 to achieve the same
performance as a system with d = 4 and ¢ = 1.0. And if d = 4§ it must
have ¥ < .60 to achieve the same performance as a system with d = 5 and
¥ = 1.0. This again {llustrates the potential of taking advantage of a

deadline, even if it i{s only slightly greater than c.

By considering systems with good performance one expects that the
variation in @ due to rejected requests would be small. Table l.3.‘1
enumerates the pertinent statistics for a number of interleaved memory
configurations. Comparison of the request rate of the tasks, ¥y , and
the actual request rate to the resource, &x , show the difference to be
only a few percent. The ultimate difference in final system performance

between the model, which estimates O {teratively, with performance W,

and a model, which simply assumes O = § , with performance W', is less
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TABLE 4.3.1
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than '3 for the cases shown.

4,3.2 Memories with Writes

The fact that main wmemories receive write requests introduces
another distinction between main memory and the control store described
previously. If write requests are satisfied so that they meet the same /|
deadline that is imposed on read requests, then proper operation of the ‘
system i{s assured. Thus, the same deadline queuing discipline that was
descridbed with respect to control stores can be implemented for a main
memory. The deadline, which is imposed on all requests, would simply be
determined by the requirements of the read request. As was demonstrated
in Section 4.2 this implementation can often provide excellent
performance with a limited amount of buffering and a reasonable amount
of interleaving. However, for a main memory, write requests add an
additional degree of flexidility that might be exploited to improve
performance further. Write requests do not have deadlines in the same
sense as read requests, because writes need not return any information
back to the processor. This implies that some write requests may bde

accepted, when a read request would have to be rejected,

To augment this principle, an extension to the deadline queuing
organization is considered in which requests are accepted and serviced
FCFS if and only if the request can satisfy its service deadline after
all the requests ahead of {t in the Qqueue are satisfied and there is an
unassigned buffer {n the queue. FCFS service of accepted requests

avoids the potential for a request getting overtaken by later reguests.

For a main memory, FCFS service eliminates the read-before-write
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problem, which can destroy data integrity.

An analytic model can be developed to predict the performance of
such a buffering system which accepts only those requests that will
satisfy their respective deadlines. Figure 4.3.3a is a Markov model for
such a resource with a single level of buffering and assuming requests
arrive with arbitrarily distributed deadlines. This model is very
similar to the one developed in Chapter 3 for requests with only one
deadline. The node labeled ¥ {s the i{dle state and the active states
are labeled (i, J) corresponding to the cases in which the reqguest in
service has { time units to go before completion and J requests are
buffered. Also, @ is the probability that a request arrives and 8 = 1
= @ - The transition probabilities t, are the probabilities that a

request arrives at the state associated with the transition and can be

serviced.

Theorem 3.4.2 gives a method to determine whether a newly arriving
request with deadline d should be accepted. From the theorem it follows
that if the resource is in state @ , a request is always accepted, and
if it is in state (i, J) and the request has a deadline of d time units,
then it should be asccepted if § < L (d=1)/c ) = 1 or 4f § = L (d=1)/c ]
-1 and { £ 4 - _(d=1)/¢ )" ¢. Note, however, that because the gqueue
is of finite length, this criterion might specify that a request should
be queued, but it is impossidle to accommodate it because of bdbuffer

overflow.

Since we have assumed that all requests are independent and have
arbitrarily distributed deadlines, let us assume that there is some

probability distridution such that tha prodbadbility a request has
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deadline dl is Pqy for 0 £ 1 £ L-1. Note,

L-1
z Pd - 1
teg *

and the probability a request arrives and has deadline dl is O * Pyy-

Now, it is straightforward to find each transition probability, b

which is the probability that s request arrives and can be accepted when

the system is in state (k, 0). Thus,

L. = Py (6.3.1)
Sl
dl 2D ’

where D {s the minimum deadline a request may have and still be accepted

when the system is in state (x,0).

The reduced model in Figure 4.3.3b can be constructed by collapsing
the sequences froa (¢-1,0) to (0,0) from (¢-1,0) to (0,1) and from (c-1)
to (0,1) into single transitions. The nodes labeled A and B correspond
to states (c-1,0) and (c=-1,1) in the original model and thus correspond
to the states in which a new request has been accepted. Thus, solving
for the steady state probability of being in states A or B and
normalizing with respect to the original model gives the probadbility of
the resource accepting a request. The normalization egquation for this

reduced model is P! « P P' . (c-i)?c . (o-i)?o = 1. Thus, the

probability that a resource is accepting a request is

o Nt o e

-
M e i
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A
L -
where
to(I-Y)
A= 19
l-to
and
c-1
Y= T (1"(1)
{=]

Application of Bayes theorem gives the probability that a particular

request is accepted as

Pt eGil + B Y. (&.3.2)

For the special case of main memory, let us assume that reads have
a deadline dr = d and the probability a request is a read request is Pr'
On the other hand, since writes have no deadline dw =+ ® and the
probability a request is a write reguest is P' z 1-?,. Now assuming
N-way interleaving, ¥ = 1 and independent request to the modules, & .

1/N, 1t is possidle to calculate the "k probabilities and the

perfdrmance of the system for any cycle time c.

R A T

e T A e
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With only cne level of bduffering the effects of this scheme are
only evident when d £ 2¢. In these cases, substitution in equation

(4.3.1) to find the t’k’ yields

3
d-1
ap, k>d°LcJ’°

Substitution into equation 4.3.2 gives the probability of
acceptance for an N-way interleaved main memory which receives reguests
for reads with a deadline d with probability Pr and writes, which have
no deadline, with probability P" " Pr' The graph in Figure 4.3.4
displays acceptance probability versus read deadline for a one level
buffered system for memory cycle times 2, 3 and 4 and read probabilities
.6 and 1.0. Noting that P, = 1.0 is equivalent to strict deadline
queuing of all requests as if they had a deadline d one observes that
queuing write requests when appropriate does improve performance in most
cases. However, with 1 level of buffering that technique has no effect
when d is exactly 2¢c. This occurs bocaﬁn deadline queuing with one
buffer and a deadline, d 2 2¢c is equivalent to simple FIFQO queuing of

all requests, as demonstrated in Theorem 3.4.3.

Complex models for higher levels of queuing can be constructed

similarly. However, these models become much more complex.
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4.% Time Multiplexed vs Crossbar Conflict Resolutiop

Since this research has been principally concerned with requests
generated by a single distinguished segment of a pipeline, the models
constructed have permitted a resource to receive only a single request
during any one pipeline segment time unit. Since requests can be
handled by a single time-multiplexed bus from the pipeline to the
resource. However, non-pipelined configurations of multiple processors
might generate multiple simultaneous requests. For example the C.mmp
processor developed at Carnigie-Mellon University consists of sixteen
distinct processors operating simultaneously and sharing a common

multiport memory ([WULT2].

Figure 4.4.1 illustrates a possible sequencing of requests for a
four processor system. Part a of the diagram 4{llustrates the
time-multiplexed requests that might arise from a four segment pipelined
processor or from four distinct processors which successively use clocks
each one Qquarter cycle out of phase from the next. The labels in the
squares reflect which processor generated the request. Similarly part d
of the figure indicates how requests generated by four processors with
fully synchronized clocks might be represented. Conflicts at a resource
(e.g. a module of an interleaved memory) might make it necessary to
resubmit rejected requests in both schemes. 1In general, a system that
can make time-multiplexed requests at a rate of one request per time
unit to a resource with a cycle time of ¢ time units can generate the

same number of requests as a system that can generate ¢ simultaneous

requests once per resource cycle time.
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An implementation of a simultaneous request mechanism generally
requires the construction of a crossbar switch. A crossbar switch, such
as used by the C.mmp, allows each processor to be connected to a
distinct memory module for the duration of each memory cycle. Conflicts
arise because no two processors may access a single memory module
simultaneously. Consequently when more than one processor requires the
same module, only one request can be satisfied and the others must be
deferred at least until the next memory cycle. This behavior results in
the performance degradation observed when a resource is shared by
multiple processors by means of a crossbar switch. Ravi [RAV72],
Strecker [STR70] and others have theoretically modeled the performance
of crossbar switching systems which receive randomly distributed
requests. Chang, Kuck, and Lawrie [CHA77) have reexamined these results

by simulation and shown them to be slightly optimistic.

For the request structure {llustrated in Figure 4.4.1 with a
resource cycle time of ¢ = 4 STUs, comparison of the performance of part
b as predicted in [STR70] with the performance with no buffering for
part a as predicted by the analysis of Chapter 3 shows that the crossbdbar
switching scheme is superior in performance to the time-multiplexed
switching scheme. For example, with a request rate o = 1/16 the the
probability of acceptance for the schemes a and b are .842 and .910,
respectively. Although this simple comparison has negated the possibly
high cost, low reliability and propagation delay of the crossbar, it
appears that in general, unbuffered time-multiplexed switching networks

perform more poorly than comparable crossbar switching schemes.

e a———
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For a resource that receives a fixed sequence of requests, it is
possible to demonstrate that if the requests are presented to the
resource in a time multiplexed fashion without buffering at the resource
then the performance can not exceed that of the corresponding
organization that generates requests simultaneously. 1In essence, the
number of requests serviced by an organization that generates ¢ requests
simultaneously each resource cycle time can be nc less than that of an
organization that makes evenly distributed time-multiplexed requests at
a rate of ¢ per resource cycle time, i.e. the resource appears to have
a cycle time of ¢ time units, where the time unit is the interval

between requests,

This conclusion can be appreciated by considering each group of
simultaneous requests and comparing them to the corresponding set of
time-multiplexed 'roquoats. Consider a group of ¢ simultaneous requests
and the corresponding set of simultaneous requests. For example, Figure
4.8.2 i{llustrates the resource requests and their service times if c¢
equals 3. Parts a and b of the figure correspond to the resource
occupancy for time-multiplexed and simultaneous (3 at a time) requests,
respectively. The shaded requests in part a correspond tc the shaded
set of simultaneous requests in part b. For the simultaneous request
mechanism the number of requests that can be serviced from a particular
group of ¢ simultaneous requests depends only on the conflicts among the
requests in that group. For the time-multiplexed request mechanism the
same set of requests would conflict because each request must overlap
the next ¢ - 1 requests. Thus, the time-multiplexed mechanism can never
service more than the simultaneous scheme, since the same group of

requests overlap their services in both cases (recall there is no

I N WA R
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buffering). Furthermore, since the time-multiplexed requests may also
conflict with the previous group, while simultaneous requests will not,
the performance for time-multiplexed requests will generally be worse

than for simultaneous requests.

The results of Chapter 3 indicated that buffering of requests for
time-multiplexed request sequences to a resource might improve
performance. This buffering is effective when the deadline within which
a request must be satisfied is greater than the resource cycle time.
Thus, one might expect that with a large enough deadline the performance
of a time-multiplexed request organization could conceivably exceed that

of a simultaneous request scheme.

Recalling the request sequences of Figure 4.4.2b, one can observe
that no buffering may bde applied to the simultaneous request strategy
until the deadline reaches 6 time units, or in general, twice the cycle
time of the resource, i.e. 2c. This occurs since for any group of
simultaneous requests a module at which a conflict arose will not become
idle for the cycle time of the resource, in this case 3 time units, and
therefore a rejected request started after it becomes idle will not
finish until 2c time units after it was first submitted. Therefore,
when the simultaneous request mechanism is used a deadline of 2c¢ time
units is required before buffering would permit more requests to meet
their deadlines. On the other hand, since a system with
time-multiplexed requests may employ some bduffering for any deadline
greater than ¢ time units its performance under certain circumstances

can be shown to meet that of the corresponding simultaneous request

system with the same deadline.




128

One situation in which the performance with tlno-udltiplcxed
requests can perform at ‘least as wollf'as with simultaneocus requests
oscurs when the deadline is exactly 2¢ = 1. In tbat case, buffering
does not help for the simultaneous reqo:xes’ta since the deadline i{s less
than 2c¢. ﬁowever, buffering can be employed for the time-multiplexed

requests.

Consider the group of ¢ time-multiplexed requests that corresponds

to a particular group of ‘¢ simultaneous requests. Without loss of
generality, we assume that the first request in the group arrives at
time t. Therefore, that request must begin service no later than t + d
- ¢c=2% + ¢ <+« 1 to meet its deadline. That is also the time at which
the last of the ¢ requests arrives. Note, all the requests in the group
arrive before t + ¢ - 1 and can meet their respective deadlines if their
service {s {nitiated at that time. Furthermore, if the requests in
every such group are only initiated for service exactly ¢ - 1 time units
after the arrival of the first request in the group, there would never
be conflicts between the requests from distinct groups, i.e. the first
request in each group arrives ¢ time units before the first request from
the next group, so service of the requests from different groups does
not overlap. So the maximum number of requests that can be serviced
simultaneously from each group can be selected for service exactly ¢ - 1
time units after the arrival of the first request in the group. That
technique would permit exactly the same number of requests to meet their
deadlines as an organization that makes ¢ simultaneous requests every
resource cycle time. Thus, an organization with time-multiplexed
requests, where each request has a deadline of 2¢ - 1, can perform at

least as well as the corresponding system that makes simultaneous
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requests once per resource cycle time,

As a aéccirlc example, consider the case of a resource with cycle
time ¢ = 3 and a deadline d = 2¢c - 1 =z 5. The requests generated by
this organization and the corresponding simultaneous request scheme are
shown {n Figure 4.4.2. The shaded requests show the same group of
requests as they would appear in the two systems. As noted above, the
simultanecus request system need not buffer any requests, but the
time-multiplexed request system may buffer a request and still service
it by its deadline. We now propose the following scheduling strategy
for the skewed request sequences:

1) delay consideration of the request labeled
1 for 2 time units,
2) Delay consideration of the request labeled
2 for 1 time unit.
3) Consider the request labelled 3 immediately.
Note that as long as all the requests initiate service at their new
"times of consideration" all of the requests so serviced will still meet
their respective deadlines. In addition, if each successive group is
scheduled {n the same manner, there would be no conflicts between
requests from distinct groups. Thus, since in both organizations the
same sets of requests are considered for service simultaneousaly the

number of requests serviced would be identical.

This proposed scheduling discipiine, however, does not exploit all
the potential of the deadline that is available to every request in the

time-multiplexed organization. It was shown in Chapter 3 that for a

fixed sequence of requests FCFS service of those requests that can meet
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their deadlines, maximizes the number of requests serviced that meet
their deadlines. Thus, when d = 2c¢-1, implementation of such a
scheduling discipline would permit the performance of the
time-multiplexed organization to meet or even exceed that of the

corresponding simultaneous request organization.

By extending the previous observations to systems with longer
deadlines, it 1is again possidle to compare the performance of
simultaneous and time-multiplexed request mechanisms. In general one
would expect a simultaneous request mechanism to achieve higher
performance for deadlines of the form d =nc for positive integers n and
time-multiplexed request mechanisms to achieve better performance for

deadlines of the form d = nc - | for any positive integer n.

To complete this comparison of time-multiplexed switching and
crossbar switching it is necessary to examine the effects of bdbuffering
for a simultanecus request mechanism. As observed earlier no buffering
is required until the deadline is at least twice the cycle time of the
resource. Using similar arguments to those invoked previously, one
would expect that the corresponding skewed request mechanism would have
inferior performance for a deadline of exactly twice the cycle time,

i.e. 4 = 20.

To perform an analysis of the performance of a simultaneous request
sechanism, we assume that a processor generates a reguest for a resource
with some uniform prodability a. Equivalently this implies that for a
multiple module interleaved memory with N modules and uniform requests

to the modules & a® & /N. Since requests are assumed to be randomly

distributed among the modules, it is sufficient to study the performance
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of any one module.

Consider the simple Markov model in Figure 4.4.3, This trivial,
one state model is used to represent the operation of a simultanecus
request scheme in which P processors each make one regquest each resource
cycle time with no buffering. Transitions are assumed to occur at the
beginning of each cycle and the various transitions represent the number
of requests during that cycle. The transition labelled 3 represents
the case i{n which no requests are received at this module and x, and
02 represent the cases in which one and two Or more regquests are
received respectively. Note, that for both a,, and :22 transitions
exactly 1 request is accepted for service and additional requests must
be rejected. The circled numbers represent the number of requests
accepted for each transition. Thus finding the probability that the
model is making transitions &, or 02 will give the probability that

the module is servicing a request, i.e.

£ [ no, requests accepted at a module } = la, + 1°a,

-01402

-1 -8

Solving by combinatorial analysis for S, the probadility that no
request is made to a module, for a systez with p processors and N

modules we find

The probability that a request from one of the processors is accepted is

N—
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PA(P.N) 2 §>{no. requests accepted at s module] 'N

P
Sudbstitution yields
P
-1
[1 - (N—N—) 1 N
= = ~
P,(B,N) = ? (6.6.1)

for simultaneocus requests from p processors with requests uniformly
distriduted to N modules with no buffering. This result is identical to

the results found in [STR70).

Figure 4. .4.4 expands this model to include a single level of
buffering. This bduffering can be utilized effectively when a request
has a deadline at least twice, but less than three times, the cycle time
of the resource. 1In this model the state 3 corresponds to the system
state in which no regquests are buffered at this module. While in this
state a single request arriving at this module can be serviced.
Whereas, {f two oOr more requests arrive, one request may be serviced
immediately, one request is buffered and deferred for service in the
next resource cycle and any additional requests are rejected. The model
moves to the state labeled 1 when the module has buffered a request.
When in this state, the duffered request aust be serviced in the next
resource cycle. However, {f one or =ore requests arrive at the
beginning of that cycle, one of them will go into the buffer to be
serviced during the following cycle. All additional requests must be

rejected., The circled numbers in Figure U4 4.8 indicate the number of

requests accepted for each transition.
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Solving this Markov model, the steady state probabilities for the

states are found to be

P(p) = —B—— and P(1) '._ﬁ_
@,+8 a,+8

In addition, the expected number of requests out of p accepted by one

module is

E [no.rcquclts accepted at a module) = (1-8) + azPﬁa)'

The probability a request is accepted is

P (P,N) = 5~[“°° requests lC;epted at a module) - N

for simultaneous requests from p processors uniformly distridbuted to N
modules with a single level of buffering, where & is the probability no
requests arrive and az is the probability 2 or more requests arrive at

the module. As bdefore

and combinatorial analysis shows

() 50T
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The graph in Figure 4.4.5 shows acceptance versus deadline for
skewed requests (lines) and simultaneous requests (crosses) for d = ¢

and d = 2¢.

As final example to compare the performance of the two bussing
methods under a realistic scheduling discipline consider the
organization shown in Figure 4.4.6. The system illustrated consists of
three processing units connected through some switching network to a
shared interleaved memory. Figure 4.4.7 presents the structure of one
of the processing units. Each processor is shown to consist of a two
segment pipeline. The two distinct tasks in the pipeline are assumed to
arise from independent processes. Thus, the entire system has a total
of six active processes at all times. The segments of the pipeline each
take 3 time units and segment 0 makes requests to the shared memory
which also has a cycle time of 3 time units. Therefore requests from
the processes in a single pipeline alternate once every 3 time units an
need never conflict. However, with all three pipelines operating,

conflicts at the shared memory can occur.

In order to optimize performance, either a crossbar switch or a
time-multiplexed bus may bde constructed. Figure 4.4.2a illustrates the
request sequence to the memory if all the processing units use the same
clock and make requests through a crossbar switch. With a 16-way
interleaved memory the probability that a request from such a system is
accepted is found to be .9388 from Equation 4.4.1. If the processor's
clocks are skewed to be each 1 time unit out of phase from the next, the

request sequence of Figure U4.4.2b occurs. In this case a

time-multiplexed bus may be utilized with requests made once per time

sty e
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unit, each taking 3 time units to be serviced. If the results from the
memory are required exactly 3 time units after the request then the
probability a request is accepted is .8889. This performance is not as
good as with the more costly crossbar. However, if the request has a
deadline of 4 time units the performance increases to .9377, nearly as
good as the crossbar. Finally, with a deadline of 5 time units
performance increases to .9877. These longer deadlines might be
available if, for example, the results from the memory are not required

until the later stages of the computations in segment 0.

Thus, we have shown that under certain circumstances, i.e. excess
deadline time, a time multiplexed bus can provide equivalent or improved
performance over a crossbar system with the added benefit of elimination
of the generally costly crossbar switch. On the other hand, if the
deadline i{s exactly the same as the cycle time then the crossbar yields
higher performance. But a time multiplexed bus might still be
competitive because it is less costly, and often gives very high

performance.

4.5 Summary

In this chapter, the performances of some resources shared by a
multiple stream pipelined processor were examined. The first resource
considered was a control store to permit such a processor to be
microprogrammed. Such a control store is required to accept requests at
a rate of one request per STU, {.e. ¥ = 1, and return a new

microinstruction to each stream in time to control its next task's pass

through the pipeline. Both replicating the control store and
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interleaving it were presented as alternatives to achieve satisfactory
performance. The performance of an interleaved control store, when
serviced by a deadline queuing discipline was predicted by calculating

W, the probability a task is doing useful computation. It was shown

that
w-_—_l—j' for c £ d< 2¢, c 22
amc.’.sd‘c* ’
-——é—'r' for 2¢ £ d< 3¢, c 22
Qe d +8 i
where
- - .-2
A.achl_(d_Z&l)ama.'Scd .

with Q. = 1 =8 2 1/N, where N is the level of interleaving and the
control store has a cycle time of ¢ STUs and a deadline of d STUs. The

performance of such an organization can be quite high.

The deadline is a very iaportant factor when calculating
performance. Some considerations that might affect the determination of
a deadline were presented. First, the consequences of adding a dummy
segment to the processor pipeline was presented. The ratio of
performance of a system created by adding d'-d dummy segments, which

permits a deadline of d', to a system with an original deadline d is
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M _RWD e a9
B "R @ s+ (d-d)

where Pa(d) is the probability of acceptance for the system with
deadline d, s is the number of segments in the original system and . {is
the utilization of the added streams with respect to the original
streams in the system. A conservative estimate allowed us to predict

W1/W0 when d = ¢ and d' = ¢ « 1 as

i}_-ac-&s.;a-u

HO Qe+B8 s+ 1

Such a system can often show an improvement in performance by adding a
dummy segment, and will sometimes show improvement even if no streams

are added (u = 0) when s is sufficiently large.

Microinstruction branch resolution was presented as a second
example of deadline determination. Two methods were illustrated in
which the tradeoffs for increasing the deadline to improve control store
performance at the expense of leaving some conditional microinstruction
branches unrcsqlvod were examined. The first method simply did not make
a request when the branch was still unresclved, and required an extra
null pass in such situations during which the request was made. The

performance for this method was predicted by the egquation

1
We + A(1 = F (s=-d)),
PA&.’d) b
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where

a = a/N
m

and

1

fo
1+ AL - Fb(’-d))PA(am,d)

with )\ the probability of a branch, Fb(s-d) the probability a branch is
resolved by segment s-d and PA(Q',d) the probability a request is
accepted when the module request rate is . and each request has a

deadline d.

The second method made a guess as to which branch would be taken
and requires an extra null pass only if the guess is incorrect. The

performance for this method was predicted with the equation

Py @y ¢)

W=
1+ A(1 - Fb(s-d))(l - V)PA(au.d)

where O is the probadbility of guessing correctly. In either case, the
formulas would sometimes encourage the use of a deadline that is greater

than the basic cycle time of the resource to achieve better performance.

Main memories were treated separately to illustrate some of their
special characteristics. First, the effect on system performance of
reducing the probability a task makes a request, ¥ , was examined. In

that case, the actual request rate to the resource would be altered., Sc




it was shown that the request rate to the resource,

evaluated from the equation

1 +(_'i B

Q=

Resulting in a module request rate of 3. = Q/N.

Second,

the handling of write requests to an interleaved main

memory was examined.

A modification of the deadline queuing discipline

was presented that exploited the fact that writes need not be serviced

by the same deadline required of read regquests.

Finally, the performance of request mechanisms that make
time-multiplexed requests, as for pipelined processors, versus a
simultaneous request zmechanisz with the same request rate were compared.

It was demonstrated

that for a fixed sequence of requests, the

performance of the simultaneous mechanism can be no worse than the
time-multiplexed mechanisms for deadlines that are exact multiples of the

cycle time,

However, the converse is true for deadlines of the form d =

nc-1 for integers n 2 2. Then the performance of the two organizations

were predicted for some typical organizations and the results for

various deadlines were contrasted. In general, the simultaneocus

mechanisa

has superior performance for deadlines that are integral

multiples of the cycle time of the rescurce, but as the deadline is
increased the time-sultiplexed scheme eventually decomes superior and

stays so until the deadline is again an integral multiple of the cycle
time.




5. SIMULATION OF RESOQURCE ACCEPTANCE BEHAVIOR

5.1 Introduction

The analytic results presented in the previous chapters depend on a
number of assumptions to make the mathematics tractable. In order to

Justify the results of that analysis, a simulator was developed.

The principal assumption under investigation is that all requests
are independent of one another. This assumption ignores the fact that
in any real implementation requests rejected during one pass through the
pipeline must bde resubmitted during the next pass. Thus, even if new
requests are independent, the presence of resubmitted requests may cause
request dependence. The attribute that most significantly influences
this effect i{s the "mesory"” that the resource has of prior congestion.
In effect the analytic models assumed that the resource had a very good
short term "memory” for congextion, but would tend to "forget"™ about the
congestion that caused a request to be rejected, so that in the next
cycle the resubmitted request appears as if it were a new request. The
ilonger the pipeline, {.e. the more segments, the better this assumption
might be satisfied. For systems with low performance there is also the
possibility of multiple rejections that will return as a group one pass
later causing recurring congestion. Therefore, both the effects of
resubmitting rejected requests and varying the number of segments in the

pipeline are examined by simulation.

Another aspect to be examined i{s the effect of request sequences

that have some structure. For example, requests to a control store

would tend to have a high degree of regularity. Since requests to a
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control store are strictly microinstruction fetches, the request
sequence from a particular stream could be modeled as the concatenation
of strings of sequential references connected by non-sequential
branches. Results from simulation runs on this type of reference

behavior will be presented.

Alsc computer simulation permits the evaluation of alternative
scheduling mechanisms. Up to this point, almost exclusive attention has
been paid to various deadline queuing mechanisms. The performance
curves in Chapters 3 and 4 indicate that deadline queuing can achieve
very high performance in most of the cases evaluated. However, for
certain configurations further improvement of the performance might be
desirable. Although no optimal scheduling algorithm is known to
minimize penalties incurred by requests, a few alternative schemes are

examined to see if higher performance can be easily achieved.

Deadline queuing also has the potential disadvantage that the
various streams do not maintain the same relative timing. Wwhen a
request i{s rejected, the stream associated with that request is stalled
for one pipeline cycle. So a queuing discipline is examined in which
the pipeline 1is stopped upon rejection to wmaintain the same
synchronization of the streams. This scheduling should also be simple

to implement, since stopping the pipeline might simply involve halting

its clock temporarily.

e v =S
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5.2 Teating of Assumptions

For a deadline queuing system, a request is accepted for service if
after servicing those requests already accepted, the current request can
still complete its service in the resource by its deadline. If a
request cannot be accepted then the task associated with that request is
blocked and the task must repeat its request during its next cycle
through the pipeline. That same request is repeated once each pipeline
cycle until the request is finally satisfied. After the request is
satisfied the task becomes unblocked and during its next pass through
the pipeline it will continue processing and may make a new request to

the resource.

The Markov models that were developed in Chapter 3 and used in
Chapter 4 assumed that each request seen by the resource was independent
of all other requests. To model this, we used a fixed probability, o ,
that the task currently at the request port of the pipeline was making a
request. For multiple module resources, such as interleaved memories,
the requests to the wmodules were also assumed to be uniformly
distributed among the modules. Therefore, for an N module resource the
requests would be uniformly distributed among the modules with
probability 1/N. So 4if requests are made to the resource with
probability &, then requests are made to a module with probability a-

= Q/N.

Now, the Markov analysis could be carried out for either the single
resource or for the multiple module resource by considering a single
module as a single resource, since all the modules are identical.

However, by assuming that all requests are independent, this analysis
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ignores some effects due to the resubmission of rejected requests.

Rejected requests can have adverse effects on system performance,

because they tend to increase the request rate to a resource and act to,

sustain congestion at the resource. The former effect can be accounted
for by adjusting &, however the latter is not accounted for in the

model.

To make an accurate estimate of the effect that the resubmission of
rejected requests has on system performance a computer simulation of the
resource model was developed. The model maintains the requests for an s
segment pipeline with s active tasks in a vector s elements long. Each
element of the vector corresponds to the current request for one of the
tasks in the pipeline. For a single resource, this information
translates simply to whether or not a request is being made. For
multiple module resources, information regarding which module is being
requested must also dbe maintained. Also associated with each task is a
Boolean value indicating whether the current request has been accepted

or not.

The simulation proceeds by examining each task's request, one per
time unit, servic'ng the s streams in a round-robin fashion. If the
prior request from that stream was accepted then a new request |is
generated. For the time being we assume that new requests are generated
independently. If the prior request was not accepted then the prior
request is repeated and no new request generated. In either event, the
request from this task is submitted to the resource, and marked accepted

or rejected as is appropriate.
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The state of the resource is maintained by a counter associated

with the resource, which indicates the number of time units the resource

needs to complete service for all the requests in its queue. For

multiple module resources a counter is kept for each module. The state
of the resource must be updated at each time unit by decrementing each

non-zero counter to reflect the fact that the module is one time unit

closer to finishing the service of all its accepted requests. The

examination of these counter states also

allows the determination of

whether a request can be completed by its deadline and therefore should

be accepted. When a request is accepted the counter is increased by ¢

to account for the additional time the resource will be busy.

The accuracy of the simulaticon runs was established by running a

few simulations for a very large number of requests and observing that

the results had indeed converged for those cases. Also, several runs in
which rejected requests were not resubmitted, showed very good agreement

with the analytic models.

Initially, to check the reasonableness of the analytic performance
model, a number of simulation runs were performed with selected system

parameters. To increase the efficiency of these runs, it was assumed

that every task makes a request to one of the modules of an N module

resource, i.e. ¥ = 1 and therefore

& = 1. The modules themselves are

presumed identical

and new requests are distributed uniformly among
them. When ¢ = 1, since a request is made every time unit, the system
will exhibit maximum performance degradation and resource conflict for a

given set of system parameters.
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These runs were designed to detect the effects of the resubmission
of rejected requests. These runs were performed for pipelines with 8
segments, which was considered a typical number of segments, for
resources with various numbers of modules, N, cycle times, ¢, and
deadlines, d. A tabulation of the significant results of these runs is
included as Tabdle 5.2.1. Examination of the table reveals that the
analytic model is well within 2 per cent of the simulation. Indicating
that the assumption of the analytic model that all requests whether new
or resubmitted appear to be independent and uniformly distributed seems
to be justified in practice for those cases studied. In addition, as
might be expected, the accuracy of the analytic model appears quite good
for those configurations with good performance and falls off as the
performance of the system falls off. This seems reasonable, because as
performance decreases, the number of rejected requests would increase
causing more sustained congestion at the resource and increasing their

influence on system performance.

Further simulations were run to examine the effects of reducing the
request rate on system performance. When the probability of a task
making a request, ¥ , is reduced, the actual request probability to the
resource, @ , is altered by the introduction of extra regquests due to
rejected requests. The magnitude of this effect was estimated
analytically in Section 4.3.1. Table 5.2.2 compares the simulated
performance of some systems with lower request rates to the performance

predicted by the analytic models developed earlier. The figures shown

are for a system with cycle time, ¢ = U4, deadline d = S, B-way

interleaving and s = B8 segments. Such an organization with requests

every time unit, {.e. ¢ = 1, has relatively poor performance and thus

NEPESRDN




TABLE 5.2.1

System Performance With Deadline Queuing

Simulation Theoretic

¥ atotal " ototll
0.8886 1.1253 1.1250
0.9842 1.01560 1.0156
0.9978 1.0021 1.0022
0.9997 1.0002 1.0003
0.9421 0613 1.0625
0.9956 L0043 1.0039
0.9998 .0001 1.0003
1.0000 .0000 1.0000
0.9700 .0309 1.0313
0.9989 .0010 1.0010
0.9999 .0000 1.0000
1.0000 .0000 1.0000
0.7138 L4009 1.3750
0.7820 2787 1.2656
0.8497 .1768 1.1699
0.9130 .0952 1.0862
0.9368 0574 1.0598
0.9546 L0475 1.0391
0.9712 .0296 1.0244
0.8375 L1939 1.1875
0.8830 L1324 1.1289
0.9305 0746 1.0740
0.9764 .0240 1.0225
0.9864 0137 1.0135
0.9927 .0073 1.0069
0.9970 .0029 1.0028
0.9126 L0957 1.0938
0.9405 L0632 1.0635
0.9679 .0330 1.0341
0.9942 .0058 1.0057
0.9969 .0031 1.0032
0.9987 1.0013 1.0013
0.9997 1.0002 1.0003
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TABLE 5.2.2

System Performance With Reduced Request Rates

(c=4, d=5, N=8, s=8)
Simulation
s R
e i New 01d Avg W b
0.2 0.2069 0.9500 0.9379 0.9494 0.9895 1.0106
0.4 0.4226 0.9012 0.8915 0.9003 0.9579 1.0440
0.6 0.6366 0.8618 0.8420 0.8590 0.9103 1.0986
0.8 0.8286 0.8229 0.7812 0.8159 0.8469 1.1809
1.0 1.0000 0.7915 0.7432 0.7810 0.7810 1.2805
Analytic
Pa
¥ o d New 0ld Avg W Peotal
0.2 0.2083 0.9499 0.9896 1.0106
0.4 0.4250 0.9017 0.9582 1.0436
0.6 0.6360 0.8521 0.9098 1.0992
0.8 0.8297 0.8209 0.8514 1.1745
1.0 1.0000 0.7901 0.7901 1.2656
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the

influence of resubmitted requests should be most evident.

Examination of the table reveals that for this example the analytic
model predicts &, the actual rate of requests to the resource, to

within 1%, and using these a's it also predicts the probability of

acceptance for a typical request, P,, quite accurately. The only P,
-predicted with more than»li error was in the case where V¥ = 1, which is
the case with the greatest ano;nQHOf canééiiiéntm_?ﬁitﬁibiérlj“!tncewhhe~~~w~—~~m~
resource behavior as quantified by P, only affects those tasks that make

requests, the performance predicted for the system, represented by W and

? tota)l: 18 at least as accurate as the prediction for PA' Recall that

W, the probability a system is taking a compute pass, equals 1/ ptotal

where ptotal {s the average number of passes a task must take.

Table 5.2.2 also enumerates the probability of acceptance for new

requests as opposed to old or reissued requests. These numbers,

obtained by simulation, appear to substantiate our claim that with low

congestion, old reissued requests seen indistinguishable from new
requests. In particular, for those cases with lower request rates, ¥ ,
the probadbility of acceptance for the two types of requests are closer

than for those cases with larger .

The accuracy of the analytic model might also depend on the length

of the pipeline. As long as the congestion that caused a request to be

rejected can subside within a pipeline cycle, that request, when it

returns, will appear as i{f it were a new request. Thus, one would

expect that the shorter the pipeline, the less opportunity the
congestion has to subside and therefore the less accurate the analytic

model would be. To study this conjecture a few simulations were
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performed with various length pipelines. The resource being considered
had a relatively long cycle time and request rate and could be expected
to have nearly a 30% performance degradation, implying a substantial
amount of congestion. Even for these cases, the results of these runs,
shown in Table 5.2.3, indicate little deviation from the theoretic

predictions even for very short pipelines, and little sensitivity to s.

A related topic of 1ntc;;§; con&efAé.;A; ;;éﬁ;;h~6i rédﬁéétb to the -
resource. The analytic models and the simulations described up to this
point have assumed that new requests are always generated randomly. In
practice this assumption may not always be satisfied. Consider, for
example, he multiple module interleaved control store described in
Section 4.2. The control store was easily modeled as a multiple module
shared resource. However, the sequence of requests generated by each
microinstruction stream tends to have some structure that could

invalidate the analysis.

The analysis relied for its justification on the observation that:
(1) successive requests from the pipeline arose from distinct
independent tasks, so there would be no correlation between neighboring
requests and (ii) the requests arising from the same stream are
separated by a number of uncorrelated requests. Thus each request was

assumed to be generated independently of all other requests.

To examine the effects of non-random request sequences the
simulator was modified s0 that new requests are generated more
systematically. As an example, a simplified model of the request

pattern to a control store was considered. Since a control store

receives only microinstruction requests, one would expect the request




TABLE 5.2.3

System Performance With Varying Length Pipeline

4 . » . " °total

1.2870
1.2830
1.2801

1.2817

Theoretic prediction . 1.2657
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sequence between branch microinstructions from a single stream to make
requests to consecutive memory locations. Therefore, if the control
store is partitioned into modules such that the memory space is
interleaved on the low order bits of the memory addresses, then
successive requests from a single stream tend to be made to successive
modules modulo N. To account for the branching behavior of the
microinstruction streams, a simple model such a presented by Burnett and
Coffman was used [(BUR70]. In this model, each microinstruction is given
the same likelihood of being a branch (vs. a sequential reference).
The parameter )\ is introduced to represent the probability that a
request is a branch. In the event of a branch, the new request is
assumed to have an equal probability of accessing any of the modules,

éihéiuisontbeArequest is made to the module that follows the one which

received the last rédﬁeét’frocﬂthlgwgggggn.

The results of the simulations with this referencing pattern are
included as Figures 5.2.1 and 5.2.2. Figure 5.2.1 demonstrates the
effect of branching probability, A\ , on W, the performance of the
system. The system under consideration makes requests every cycle ( ¥ =
1), has a cycle time of ¢ = 4 STUs and a deadline of d = 5 STUs. Curves
are shown for 8, 16 and 32 modules. The rightmost point of each curve
represents the performance with W 1! or Dbranches every
microinstruction. This is identical to totally independent requests and
the performances indicated are nearly the same as predicted
analytically. Moving to the left on the curves, ) is decreasing,
thereby increasing the degree of structure in the referencing pattern.
Until ) drops below 0.6, the change in performance is relatively small,

indicating that the amount of structure has little effect on performance
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for the cases shown. However as 1)\ is reduced even more, the
performance improves significantly. This improvement is probably a
consequence of a lock step phenomenon between the microinstruction
streams. Since most of the streams are making sequential references
each will tend to synchronize with the streams before it, and conflicts
will potentially occur only when a stream makes a branch. Thus, the
lower the probability of a branch, the longer will be the sequential
sequences with no conflicts. Carrying this to the extreme, with no
branches, i.e. 1\ = 0, after some iritial conflicts the streams would

synchronize and never conflict again, i.e. E‘A n Y0,

The case presented above with ¢ = 4, d = 5 has only a 78%

probability of acceptance for 8 mcdules and totally independent

requu'r.a, and shows nearly a sizable 10% improvement for ) = .2. For

systems with better performance for independent requests the effects due
to branches are less significant. To illustrate this Figure 5.2.2 plots
the performance for various resource parameters both for a branch
probability of X = .2 and for independent requests ( ) = 1). The
curves for 3 = .2 have very much the same structure as for ) = 1,
except their performance is improved. The displacement for the ) = .2
curves appears very similar to those for greater levels of interleaving,

but no analytic correlation has been found.

5.3 Alterpate Scheduling Algorithms

The deadline queuing discipline has been closely examined during
this research. It has the advantage of being based on straightforward

first-in-first-out Qqueuing of requests after a binary accept/reject
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decision. Also requests are always considered one at a time, never
simultaneously, further simplifying the decision mechanism.
Furthermcre, deadline queuing has been demonstrated to be capable of
achieving high performance under certain circumstances. This section
examines the problem of finding alternate scheduling algorithms that

might improve performance.

The deadline queuing discipline takes a degenerate approach to the
scheduling of those requests that cannot meet their deadline. It simply
defers considering such requests until the task associated with the
rejected request returns to the single request port of the pipeline. At
that time, the task has bDeen penalized one null pass through the
pipeline and the resubmitted request is then treated as if it were a new
request. As long as the probability of a request being unable to meet
its deadline {s small, the resubmitted request will probably not be
penalized again and performance will be good. However, one might expect
that attempting to perform more sophisticated scheduling of rejected
requests bdefore the associated task arrives bdack at the request port
could improve performance. We will examine some such request scheduling
and evaluate their performance by simulation. The class of scheduling
we consider is based on FCFS scheduling of those requests arriving from
the processor that can meet their deadlines. Those requests that cannot
meet their deadlines are considered for service only when there are no

other requests outstanding that can still meet their deadlines.

The pipeline represented in Figure 5.3.1 can be used to help

illustrate what happens to those requests that are unable to meet their

deadlines. We have labeled the pipeline so that requests are made by

e
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segment s-d and the results are required by segment 1., If a task makes
a request that cannot meet its deadline, then the task must take a null
pass through the pipeline. Null passes start at segment 1 and end at
segment s. The task continues to make null passes until the request has
been satisfied and the result is available at segment 1, when the task

arrives at segment 1.

Effectively, the request that cannot be serviced by its deadline,
is assigned a new extended deadline of s+d STUs and penalized one
non-compute cycle through the pipeline. Wwhen the task returns to
segment s-d its deadline has been reduced to d STUs. Thus, if the task
has returned to segment s-d, and service has not been initiated on its
request, the task's status is identical to that of a new request, except
it has already taken a null cycle. Thus, we need only give special
consideration to a request that has missed its deadline, but has not yet

returned to segment s-d. Requests in such a state will be referred to

as gopditiopnally accepted.

wWhen a request has been conditionally accepted it may be placed in
a bduffer. Certain decisions must be made regarding its priority for
scheduling. When attempting to schedule a conditicnally accepted
request for service, the goal is to minimize the number of null passes
taken by all the tasks in the system. There appear to be two factors
that will influence this. First, when such a request is being serviced
by the resource there is a potential that a newly arriving request will
miss its deadline because it is blocked by the request in service. This

effect would probably induce one to wait until the deadline for these

requests is nearly the same as those generated by the pipeline before

Posne 4
.
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trying to service them. On the other hand, if the resource is idle and
therefore available to service a conditionally accepted request, then
not scheduling it might be unwise, because congestion might develop that

will force that request to miss its deadline again.

It should be possidle to find an algorithm that minimizes the
expected number of non-compute passes by assessing the tradeoff between
servicing a request immediately and risking interfering with other
requests or waiting and risking not getting service because of possidle
future congestion. This analysis would likely be very complex and could
result in a complicated scheduling algorithm based on complex timing and
system state information. So we only consider a simple organization

with decisions based on simply obtained state information.

The scheduling technique we studied simply services requests that
cannot meet their original deadlines only if the resource is idle and if
the request is within some specified time of its new extended deadline.
Recall that this extended deadline arises because the task associated
with a request that cannot meet i{ts deadline must take a null pass
before it can use the results from the resource, if they are available.
Thus, implementation of this scheduling discipline entails being able to
service requests that can meet their deadlines FCFS and buffering the
remaining requests for service in case the resource should become idle.
If the resource becomes idle then the buffered request with the closest
deadline, if its augmented deadline is less than a specified constant,
d', is serviced. Finally, if a buffered request has not started service

by the time its associated task arrives at the request port, it is once

again considered as if it were a new request.
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A simulation of this scheduling algorithm was performed. The
resource considered was an eight-way interleaved memory, such as a
control store with cycle time ¢ = 4 and a deadline d = 5. Such a system
would have a probability of acceptance, P‘, of .782 for the deadline
queuing discipline described in Chapter 3. Table 5.3.1 shows that the

more complex scheme dces give slightly better performance.

Another possible scheduling technique might stop computation in the
processor pipeline to allow time to relieve congestion at the resource.
Requests to the resource can be served FCFS. The processor continues
processing tasks normally, unless a request is not able to meet its
deadline. In such instances, the pipeline is temporarily halted, and

then resumes when the request that caused the delay is satisfied.

Such a mechanism has the advantage of always maintaining the same
relative synchronization Dbetween the instruction streams in the
processor pipeline. It also is likely to be easily implemented, since
stopping the clock would halt the pipeline. Maintaining coordination
with other external resources, which are not stopped, could introduce

some complications.

The performance is now determined from the amount of time the
pipeline is stopped. For each STU that an s segment pipeline is
stopped, s STUs of computation are lost, one by each instruction stream.
For strict deadline queuing, the penalty for rejections of those
requests that cannot meet their deadlines is also s STUs. That penalty,
however, is only assessed to one task by forcing it to take a null pass
through the s segment pipeline. Of course, it may be necessary to stop

the pipeline for more than one STU. For resources with a cycle time of




TABLE 5.3.1

System Performance with Conditional Acceptances
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2 STUs a short delay of only one STU, which is equivalent to a null
pass, might be expected, while for resources with longer cycle times
aultiple STUs of delay might be required, which is equivalent to
multiple null passes. The analysis for strict deadline queuing
indicated that most rejections required only one null pass. This leads
one to expect that as the resource cycle time increases or the deadline
decreases the technique of stopping the pipeline would appear
progressively worse when compared to strict deadline queuing. Table
5.3.2, which lists the results of some simulator runs, seems to have

confirmed this conjecture.

Another fact makes astopping the pipeline even less attractive.
Sequential requests, such as requests to a control store by two
instruction streams that are in phase would repeatedly cause delays each
pass through the pipeline, whereas strict deadline queuing allows them
to get out of phase with each other. Table 5.3.3 illustrates this
principle for a system with cycle time ¢ = 3, deadline d = 4 and 8-way
interleaving. For that configuration the degree of structure in the
reference stream has little beneficial effect or even an adverse effect

on performance. Thus, we feel that stopping the pipeline to satisfy

requests does not appear t0 be a very desirable alternative.
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TABLE 5.3.2

Performance when Pipeline is Stopped to Meet Deadlines

w
Stopping Deadline
c d N A Pipeline Queuing
3 3 8 1.0 . 746 .800
3 3 8 1.0 .924 .957
3 8 8 1.0 +992 .995
3 3 16 1.0 .843 .889
3 5 16 1.0 .984 .989
3 8 16 1.0 .999 1.000
2 3 8 1.0 .698 .790
2 3 16 1.0 .823 .886
4 5 8 1.0 .982 .985
4 5 16 1.0 .996 .996
TABLE 5.3.3

Effect of Branch Behavior when
Pipeline i{s Stopped to Meet Deadlines

1 c d N A Y.
3 4 8 0.2 .836
3 4 8 0.4 .845
3 4 8 0.6 .846
3 4 8 1.0 BG4

R e
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6. CONCLUSIONS

8.1 Sugmary of Results

Recently, the semiconductor industry has been making tremendous
advances with integrated circuit technology. These advances have led to
continuous decreases in component costs and increases in component
complexity and capabilities. With respect to computers, such advances
encourage the construction of increasingly complex systems.
Multiprocessors with extensive sharing and cross access of common
resources by the distinct process streams in the system form a principal
example of such systems. Theory which allows the proper evaluation of
the performance and design tradeoffs of resource sharing in
multiprocessor systems has been inadequate. We have focused our
attention on the special problems that arise with multiple instruction
stream pipelined processors with fixed cycle time resources. Pipelined
processors exhibit the inherent cost-effectiveness of pipelining and

permit convenient sharing of resources via time-multiplexed busses.

One of the distinctive features of pipelined processors is the
deadline imposed on requests to shared resources. This deadline arises
because the tasks in the pipeline flow synchronously through the
pipeline in a round-robin fashion, and therefore failure to return
results to a task when it requires them, causes a penalty to be
assessed. This penalty usually manifests itself as a null cycle during
which the task performs no computation, but allows additional time for
the request to be satisfied. Previous studies of multiprocessor systems

have not considered the effects or even the existence of such deadlines,

!
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and theoretical studies of abstract systems with deadlines have not
considered any of the ramifications associated with requests that must
miss their deadlines. In this research a practical scheduling
discipline is presented which exploits the deadlines that arise with

resource sharing by pipelined processors.

An analytic model was developed to analyze systems using this
scheduling discipline and Markov modeling techniques were employed to
arrive at a set of equations to predict the performance of systems with
¢ £ d < 3c. These formulas can be used tc evaluate the tradeoffs
associated with resource cycle time, deadline and request rate. In
addition, simple extensions permit these same results to be applied to
systems with resources whose access time is less than their cycle time
and to pipelined resources. The model can also be applied to an
interleaved memory. In those cases, the system performance can be
evaluated from knowledge of the performance of each individual module of
the memory. Therefore, the er{"ects of interleaving can be determined
from the model by determining its effect on the module request rate.
Chapter 4 takes a detailed look at these tradeoffs as specifically

applied to the main memory and control store for pipelined processors.

This theory adequately characterizes many situations for which no
evaluative techniques were previously available. And at many easily
attainable points in the tradeoff space, high performance can be
obtained. As might be expected increasing the level of interleaving,
i.e. reducing the request rate, and reducing resource cycle time each
lead to improvements in performance. However, even using the simple

FCFS scheduling discipline proposed, dramatic performance improvements
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were observed for some systems when the deadlines were increased. Most

of the improvement is obtained when the deadline is increased in the

range from ¢ to 2¢c-1; in that range only one level of buffering is
required. Beyond d = 2c-1 the increases tended to be less dramatic, but
in many cases very high performance can be obtained with a deadline of

2¢=-1.

The results of this dissertation have demonstrated that taking
advantage of the deadline on resource requests from a pipelined
processor can have a significant influence on performance. Therefore,
in a real implementation it might be advantageous to examine the
consequences of increasing the deadline as opposed to the potentially
costly route of decreasing resource cycle times or even increasing the
level of interleaving. In Chapter 4 the effects of adding dummy
segments to increase the deadline and increasing the deadline at the

expense of having more unresolved microinstruction branches are

explored. In both cases under certain circumstances, improved system
rﬁ performance can be obtained by using these techniques to artificially
increase the deadlines. Finally, a comparison of time-multiplexed
requests, such as generated by a pipelined processor, with
simultaneously generated requests illustrates that with certain

deadlines the performance of the time-multiplexed system exceeds that of

the simultaneous request system (with the same deadline). And in many
cases it achieves comparatively high performance without the generally

expensive crossbar switch required to satisfy simultaneous requests.
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£.2 Suggestions for Further Research

The basic deadline queuing discipline described in this research
was demonstrated to have good performance for many of the systems
considered. Furthermore, the alternative discipline described in
Chapter 5 provided slightly improved performance. However, even that
more complex discipline still does not guarantee maximal performance.
One topic for additional study might be to discover an upper bound on
the performance or an optimal scheduling discipline for each set of
processor-resource parameters. Optimal scheduling strategies for a
specific set of system parameters can be determined using the policy
iteration methods described by Howard [HOW71]. However, because of the
subtle and potentially complex effects that requests that are not
serviced by their deadlines can have on future request behavior, it may

be difficult to find any general results.

Further work may also consider some extensions of the present
model. One extension might consider a pipelined processor which makes
requests to several resources. For example, requests might be made to a
control store and main memory. If the system i{s configured so that the
control store has very few rejections then the request rate to the
memory might be unaffected. However, if both resources cause rejections
then the request rates to both resources could be affected. To model
these interactions the single resource model developed here might be
applied iteratively by readjusting the request rates on each iteration.
However, simulation studies would have to be conducted to ensure that

the assumption that all requests are uncorrelated is still satisfied.

Other extensions might include studying the effects that maintaining
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pools of extra streams that can be substituted into the pipeline in the
event of request rejections would have on performance, and the
performance of systems using replicated resources, where the resource is
replicated less than c times. In addition, the results of this theory
might be applied to other organizations with similar deadline

structures.

Finally, further research is required to more deeply explore more
precise models for resource request behavior. This type of research

could be use to predict performance more accurately and might also be

used to suggest alternative resource configurations.
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