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ABSTRACT

Performance Tradeoffsin Multistreamed Superscalar Architectures

by
Mauricio Jose Serrano

Superscalar processors employ multiple functional unit designs that can dispatch severa
instructions every cycle. Two factors limiting the number of instructions dispatched per
cycle are: 1) the number of functional units available (hardware), and 2) the amount of
parallelism in the workload (software). While the number of functional units determines the
peak throughput of a processor, the instruction-level parallelism determines the actual
performance obtained. Data dependencies and control breaks constrain instruction-level
paralelism resulting in a sustained system performance that is well below the peak.

The ability to execute simultaneously multiple instruction streams, referred to as
multistreaming, significantly increases the number of independent instructions that can be
issued in a cycle. A multistreamed, superscalar processor can dispatch instructions from
multiple streams simultaneously. Each stream context is stored internally. The processor
adjust the scheduling policy as the workload changes to maximize throughput.

This dissertation explores a methodology for the design of a distributed multistreamed-
superscalar processor that addresses instruction issue, implementation of precise interrupts,
speculative execution, scheduling, and cache sharing. One of the goals of the design of a
processor architecture is to minimize the number of global interconnections and reduce the
need for clock synchronization. Variants in the design are possible because of tradeoffs that
can be done in the design. We explore several problems present in multistreamed
architectures and discuss possible solutions.

We present an analytic model to estimate the overall performance of multistreamed
architectures. The model uses simple workload and architectural descriptions that are
obtained using commonly available tools. The model produces instructions executed per
cycle (IPC) asthe number of streamsis varied.

Vi
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1 Introduction

As existing computing systems increase in computational power, there is an increasing
demand for still higher computational power. Computer architects are continuously
challenged by the desire for higher computational power, accommodating the existing
implementation technology.

Advances in VLSI and compilers supported the development of RISC (Reduced
Instruction Set Computers) which execute most instructions in one cycle. The primary
advantage comes from a reduction of control logic. Simple control reduces the clock cycle
time because the processor can be simplified and easily pipelined. RISC designs employ
less chip areain control logic and more in bigger register filesto reduce the memory traffic.

Approaches to obtaining higher performance from applications include executing several
instructions simultaneously or using several processors to execute a task in a multiprocessor
system. We classify parallelism in a multiprocessor system into coarse-grain (task-level),
medium-grain (thread-level), and fine-grain (instruction-level).

Multiprocessor systems employ task-level parallelism. Tasks execute concurrently in
several processors. Tasks communicate using communication primitives provided by the
hardware. At present, the most popular scheme used in multiprocessors is the shared
memory paradigm. The reason isthat parallel algorithms are expressed in a clean way when
the algorithm assumes that the data can be accessed by all the processors. Memory is
usually distributed among the processors, with each processor owning a piece of the global
shared memory space, as in the DASH prototype [leno92]. This means that while local
accesses take few cycles, many remote accesses may take hundreds of cycles.

Present day multiprocessor systems do not achieve high processor utilization because of
network contentions, memory latency, and synchronization overhead. These problems limit
the number of applications that run efficiently in a multiprocessor. If there is a way to
increase the utilization of processors, simpler multiprocessor systems achieving the same
level of performance could be implemented.

Asynchronous dataflow machines employ fine-grain parallelism. Programs execute in a
data-driven manner to exploit all the potential parallelism. However, a parallel program



performs more work than a sequential one for the same problem because of the generation
and synchronization of parallel activities. There is a high overhead in dataflow execution,
directly attributable to asynchronous parallel execution [arvi88].

Thread-level parallelism is a compromise solution between dataflow execution and
traditional von Neumann architectures. Several authors [cull92,nikh92] proposed
compilation models to allow additional instruction sequencing constraints, making explicit
the notion of thread. Unlike processes, threads are short lived; their life is between a few
instructions to hundreds of instructions. Thus, the parallelism granularity of threads is
coarser than in dataflow machines; there is no need for synchronization at the instruction
level. Since the synchronization constraints are far fewer than in dataflow machines,
conventional processors can exploit threads [cull92]. Thread parallelism is finer than task-
paralelism. For example, many threads could exist in the same protection domain;
therefore, thread switching does not need a costly context switching. The Threaded-Abstract-
Model (TAM) [cull91] isarecent work in thread parallelism.

Conventional processors (von Neumann) use pipelining of resources to achieve high
performance. However, hazards caused by data and control dependencies result in pipeline
stalls or idle periods when new instructions cannot be issued. If a source register of an
instruction is the same as the target register of a previous instruction, a true data dependency
exists (RAW: Read-after-Write). Other data dependencies include anti-dependencies (WAR:
Write-after-Read) and output-dependencies (WAW: Write-after-Write) [henn90].

Whenever a data dependency occurs, the dependent instruction cannot issue until the
resolving instruction finishes execution. A conditional branch causes a control dependency
if the branch depends on an operand produced by an instruction executing in the pipeline.
Instructions following the branch stall until the condition is resolved. High latency in
memory operations also causes idle cycles in the processor. Studies in shared memory
systems show processor efficiency aslow as 30% for some applications [webe9].

Today, most processors use multiple issue to achieve high performance. In a superscalar
processor, dynamic instruction scheduling is an essential part of the processor. If out-of -
order issue is allowed, dependent instructions do not block the flow of all subsequent
instructions. The dynamic instruction scheduler checks data dependencies at run-time and
issues instructions that are free of data dependencies regardless of program order.

Steady advances in circuit technology have decreased cycle times but have not improved
performance at the rate demanded by advanced applications. At present, most of the
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processors designed can issue more than one instruction per cycle. However, there are two
factors that limit the number of instructions executed in a cycle. One is the number of
functional units available (hardware) and the other is the amount of parallelism in the
workload (software). While the number of functional units determines the peak throughput
of a processor, the level of instruction-level parallelism limits the actual performance
obtained. Data dependencies and control breaks constrain instruction-level parallelism
resulting in a sustained system performance that iswell below the peak.

Combining hardware and compiler techniques can increase the level of parallelism.
Some of the hardware techniques that increase parallelism by reducing hazards are register
renaming, out of order execution, branch prediction, and speculative execution. On the
compiler side, loop unfolding and instruction reordering are some of the techniques
employed [henn90]. However, the true data dependencies determine the upper bound to the
performance. Satisfying this upper bound requires many resources resulting in poor resource
utilization for most applications. As the number of functional units increases within
processors, it is unlikely that a single stream can produce enough parallelism to effectively
exploit additional resources.

The instruction-level parallelism of many programs is not evenly distributed over time.
Programs have sections that can produce high parallelism exploitable with an adequate
configuration. However, the serial sections of a program exhibit low performance with the
corresponding poor resource utilization for the periods of low issue.

The ability to execute multiple instruction streams simultaneously, referred to as
multistreaming, significantly increases the number of independent instructions issued per
cycle. A multistreamed computer is a multithreaded computer that sustains several
instruction streams simultaneously. A multistreamed, superscalar processor can dispatch
instructions from multiple streams simultaneoudly (i.e., in the same cycle). By storing each
stream context internally, the scheduler can select independent instructions from all active
streams and dispatch the maximum number of instructions on every cycle. A dynamically
interleaved processor adjusts the scheduling policy as the workload changes to maximize
throughput. For example, the sequencer schedules instructions from a given stream using a
priority scheme and, when the selected stream is not ready, its slot is dynamically reallocated
to the ready ones. If the active streams are independent, then the total number of instructions
dispatched per cycle will increase as the number of active streams increases.



The number of transistors contained on a single chip has increased with the advance of
microel ectronics technology. We see single chip processors that contain several million
transistors. It is expected that a single chip can integrate several processors. In particular, it
seems attractive to have a multithreaded, multistreamed processor integrated into a chip.

As device dimensions scale down, interconnections become a major concern in high-
performance integrated circuits because the capacitance and resistance of wires increase
rapidly as chip size grows larger and minimum feature size is reduced [bako90]. Gate delays
decrease with the reduction in the feature size. Local interconnections do not pose a serious
performance problem because of their short lengths. The problem is that the delay of a
global interconnection (such as those extending from corner to corner on adie) increasesin
comparison to a gate delay. Rising wire resistance not only degrades the signal propagation
delay but also makes designing a good power distribution network very difficult. For
example, in larger submicron CMOS chips, a 1 cm long aluminum interconnection in a
submicron technology could have a distributed time delay constant of 10 ns, which is much
larger than the sub-nanosecond gate delays. Obviously, measures must be taken to avoid
such large distributed RC delays.

Long interconnection delays have implications on the architecture design of a processor.
The architecture should minimize the number of global interconnections. Architecture
modularity should emphasize keeping most interconnections local to reduce global
interconnection. In some cases, it is better to replicate simple hardware modules rather than
sharing the module. For example, some designs use the integer unit to compute the effective
address for a memory operation as well as for normal ALU operations. To minimize the
communication of the two unit types, the load/store unit could contain an additional adder.

Integrating a multistreamed processor on a single chip provides better utilization of the
processor hardware by fine grain hardware sharing. Hardware utilization increases by
sharing several functional units among several independent instruction streams. The context
state storage such as the PC, the register file, and the control registers cannot be shared, but
any operational functional blocks such as the instruction decoder, ALU, FPU, and the bus
interface can be shared. However, shared resources incurs extra overhead cost for scheduling
and contention, so an optimal configuration of the hardware needs a detailed cost-area-
performance analysis. For example, Table 1.1 shows area measurements for the 1860
processor chip [kowa89]. If we were to build a multistreamed processor from this area
estimation, most of the advantage would come from sharing the floating point unit and the
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cache, since the overhead of sharing could be less than the cost of duplicating these
functional blocks; also cache coherence can be maintained more easily if the cache is shared.
Each stream could have at least one private integer unit, since they do not occupy much area.
We should also concentrate on minimizing the global wires to maximize clock speed. The
interface to the external world (bus) is a good candidate for sharing, since it takes a
significant area and development cost.

Function block Area

Floating point unit 26 %
Cache 26 %
Bus drivers and receivers 22%
Global wires 9.1%
Integer Unit 8.6 %
Others 8.3%

Table1.1. Area percentages of thei860 chip.

Finally, some recommendations. In developing a new processor, the design time and
simplicity are regarded as significantly more important than the optimal design under given
constraints. As design automation progresses and circuit-level or layout-level libraries for
functional blocks are accumulated, more attention will be shifted from the design simplicity
with reasonable performance to the most optimal design [park91]. Factorsto consider are the
silicon area and power consumption of the chip. Since silicon area can be traded for speed
and the power consumption of a functional block is usually proportional to the silicon area,
the silicon areais agood first-order cost function considered in previous studies [park91].

This dissertation concentrates on the hardware support to obtain high-performance from
multithreaded parallelism. Chapter 2 discusses the architectural principles needed to build a
high-performance multistreamed architecture. Chapter 3 presents a performance evaluation
tool used for a preliminary study of the architecture. Chapter 4 introduces an analytic model
using a combination of simulation and analysis to predict performance. Chapter 5 discusses
the problems of sharing functional units, cache, scheduler hardware; it presents a solution
that contemplates interrelated aspects such as precise interrupts, branch speculation,

technology issues, and multiple instruction issue from several streams. Finally, Chapter 6
presents the conclusions and the recommendations for future work ¢



2 Dynamic Superscalar Multistreamed Architectures

This chapter explains the basic concepts of dynamic superscalar multistreamed architectures.
Superscalar processors can issue more than one instruction per cycle. Multistreamed
superscalar processors can dispatch instructions from multiple streamsin the same cycle.

A Dynamic Superscalar Multistreamed Processor is a multistreamed, superscalar
processor that adjusts the scheduling policy as the workload changes to maximize
throughput. The processor can run in single or multiple stream mode, according to the
number of threads active. When a single stream is running, the processor executes as many
instructions as dependencies and the configuration allow. As the number of streams
increases, the issue scheme changes to accommodate instructions from several streams at the
sametime.

2.1 Background
2.1.1 Multithreaded Architectures

A multithreaded processor allows several threads to run on a single processor. In a
multithreaded architecture, each physical processor supports some number of instruction
streams or threads, each of which is programmed essentially like a traditional sequential
processor. A thread can be defined as alight-weight process, with alife span ranging from a
few to thousands of instructions.

Multithreaded computation models have been proposed for very diverse architectures,
from conventional processors with software-supported multithreaded to specialized
architectures with total hardware support [cull91]. To understand the differences between
the different forms of architectural support for multithreading, we classify them in two major
categories. coarse-grain, and fine-grain.

Coarse-grain (blocked) multithreading switches a thread out of the processor if along-
latency memory or synchronization operation is issued [hals88,nikh92]. Another thread is
context-switched in while the long-latency operation executes, so the processor does not go



unused for that time. For this scheme to be useful, the latency of context switching must be
less than the latency of the operation.

Fine-grain (interleaved) multithreading interleaves cycle-by-cycle instructions from
different threads. The processor supports several streams in hardware; a set of running
threads may use a hardware stream. Multithreading based on multistreaming reduces the
hazards in a processor by simultaneously scheduling instructions from independent streams.
This increases the issue rate and the utilization of resources. A multithreaded processor can
aso reduce the idle time caused by long memory latencies by scheduling alternate threads
while the memory operation is being performed, without performing costly context-
switching. On the other hand, this scheme relies on maintenance of simultaneous contexts
(streams). This leads inevitably to alarge number of registers to sustain these contexts. The
overhead introduced may reduce the maximum achievable clock rate; however, a careful
design can reduce this effect.

An example of fine-grain multithreading is instruction interleaving in a pipeline. A
pipelineisinterleaved if an instruction from a different instruction stream enters the pipe at
every cycle, and there are at least as many instruction streams as pipe stages. Pipeline cycles
are not wasted when a stream starts a memory operation because other streams can take
advantage of those cycles. Instruction interleaving was introduced in the peripheral
processor of the CDC6600 [thor64] to hide high latency memory operations. Ten processes
were interleaved in a cyclic way in the pipeline and the instruction cycle time was equal to
the memory access time. This scheme also eliminates hazards from pipeline execution by
interleaving independent instructions from different streams.

It isimportant to distinguish the ideas of thread and stream. Thread relates to software,
while instruction stream (1S) relates to hardware. 1S refers to the hardware support required
to sustain software threads that share many resources, such as the stream's register file. In
other words, for a thread to become active, a IS must accept it. We say that athread is
alocated to a processor stream. In this context, interleaved multithreading requires support
for several |Ss, blocked multithreading supports only one IS, and both may support multiple
threads in software. In any case, the number of |Ssimplemented is less than or equal to the
number of threads.

Multistreamed machines employ different scheduling schemes. The Denelcor HEP
computer [smit81] interleaves several streams using static scheduling. The HEP pipeline
multiplexes eight streams; thus, each stream has a fixed 1/8 dot partition of the processor.
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This leads to waste of throughput when a stream cannot make use of its time. Dynamic
scheduling assigns time to each stream according to a static partition, but the time can be
reassigned to active streams if a stream does not make use of its time [nemi90,pras9l].
Thus, the scheduler dynamically reallocates time when a thread blocks.

Figure 2.1 illustrates the coarse-grain (blocked) and fine-grain (static and dynamic)
multithreading schemes on a single-issue processor; we use two streams in our example. We
assume that a single thread runs on a single stream. The example assumes a context switch
cost of one cycle, data dependency stalls of one cycle, and amemory latency of three cycles.
In blocked multithreading, thread A switches out of the processor when it issues a high
latency memory instruction, and thread B switches in and starts running. Thread A resumes
when thread B issues a memory instruction. Note that a data dependency between the
instructions R1«—R>+R3 and Rg4<—R1+R3 in thread B stalls the pipeline for one cycle. In
static interleaving, threads A and B share the processor in a multiplexed manner; Thread's A
dlot is wasted while its memory access is performed. In dynamic interleaving, thread B can
usethread's A dot while A isidle.

It is important to understand the performance of each of the multithreading forms
discussed so far. Let R be the average number of instructions executed until a memory
instruction appears in a thread. Let | be the average number of pipeline stalls (idle)
produced executing these R instructions; thus, R+ is the total number of cycles until a
memory instruction appears. Let L be the average memory latency in cycles. Therefore, the
processor efficiency in aconventional processor (single thread, single stream) is

R

ST RYTAL

We expect that multithreading will improve the utilization of a processor with the

number of threads as shown in Figure 2.2. The utilization of the single-thread, single-stream
processor is defined as &;. The utilization increases with the number of threads, but it

saturates at some value &, for a number of threads sufficiently high. In practice, the
utilization of a multithreading machine could degrade as the number of threads increases, as
suggested by the dotted lines. The degradation analysis will be seen in Chapter 5.



Coarse-grain (blocked) Fine-grain (static interleaved) Fine-grain (dynamic)
cycle Thread A Thread B Thread A Thread B Thread A Thread B
1 |Ri1< Ry+R3 R« Ry+R3 Ri < Ry +R3
2 | Load Ry R1 < Ry>+R3 R1 < R>+R3
3 CONTEXT SWITCH -> Load R Load Ro
4 Ry« Ry+R3 Ra<« R1+R3 Ra<« R1+R3
5 STALL STALL R7<R1+Rg
6 R4 R1+R3 R7<R1+Rg | Ri< Rs+Rg
7 R7«—Ry+Rg [ Ry « R4 +Rj5 Load Ry
8 Load Ry Load Ry
9 | <- CONTEXT SWITCH
10 |Ri<R4+Rs

In coarse-grain multithreading a thread executes on the average R instructions until a
memory request is found. Assuming a thread is ready, the processor switches to a new

Figure 2.1. Examples of blocked, static, and dynamic multithreading.
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Figure 2.2. Utilization of the multithreaded processor.

thread after a switch delay of C cycles (C < L). If no thread is ready, the processor idles. If

busy, switching, and idle are the times the processor spends in the corresponding states, the

utilization is[cull92]




£= busy
busy + switching+idle

If there is a sufficiently large number N of threads, then the L cycles for a memory
request will elapse before all the other ready threads have a turn at the processor. Thus, the
memory latency is entirely masked and the utilization of the processor is determined by the
run length and the switch delay. The processor saturates, since increasing the number of
threads has no effect on performance. The utilization in saturation is

_ R
Solocked.» = RT3 G

In the static interleaved scheme, the pipeline multiplexes S streams. The utilization is
just Egatic1 =YS (for large S) when only one thread is running. The efficiency increases
with the number of threads but does not reach unity, because slot times are wasted while
memory or synchronization operations execute. Thus, the maximum utilization is

R
gstatic,oo = R+L

In the dynamic interleaved scheme, the utilization for a single thread is the same asin
the conventional processor since the throughput is reallocated to the single thread. Thus,
5dynamic,1= &1. Assuming a large number of streams S, the processor will reallocate
throughput if a stream cannot make use of a time slot. Thus, the theoretical limit of
utilization using an ideal scheduler approaches one

édynamic,oo =1

From our discussion, we derive several conclusions

* The primary benefit of blocked multithreading is to hide memory latency, provided
that the context switching cost C is lower than the memory latency L. A possible
application target is modern multiprocessor systems with distributed shared-
memory. For example, the worst case of access for a remote memory module in the
DASH multiprocessor [1en092] is 132 cycles. Another application is real-time
systems where the access time to sensory information is high. A problem with
modern conventional processors is the high cost of context switching; however,
some attempts have been made with the SPARC [hida93].
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* The primary benefit of static interleaving is to hide data and control hazards, if there
is a sufficient number of active threads. The performance of the processor running a
single thread is horrendous, which excludes this scheme from many applications
dominated by Amdahl's law.

* Dynamic interleaving gives the best performance for any given number of threads.
However, it implies more complex hardware that comes of holding more contexts
and implementing a dynamic scheduler. The additional overhead could also reduce
the maximum achievable clock speed.

We can see that the relative order of the hardware costs for the three schemes is:

COStplocked < COSttatic < COStdynamic:

This discussion raises the following questions: What is the cost and performance of a
multistreamed architecture ? What is the expected performance of a combined workload
running on a multistreamed computer ? Is there an optimal number of threads ? We will
address these questionsin thisthesis.

Finally, consider the dynamic scheme. There are other schemes that achieve a processor
utilization close to unity. For example, the Tera Computer [smit90] and DART [shet91] can
execute multiple instruction streams simultaneously. On every tick of the clock, a stream
that is ready to execute is selected and allowed to issue. When an instruction finish, the
stream to which it belongs becomes ready to execute the next instruction. The utilization of
the processor can reach 100% if there are enough instruction streams in the processor such
that the average instruction latency is filled with instructions from other streams. However,
the single thread performance is horrendous, as in the static scheme with one thread.

Multithreading is a technique that is orthogonal to superscalar or superpipelining. Thus,
multithreading adds a degree of freedom to the design of a processor.

2.1.2 Examples of Recent Multithreaded Processors

The MASA architecture proposed by Halstead et a [hals88] is intended as a basic building
block for a shared-memory multiprocessor that can execute parallel Lisp programs
efficiently. MASA is an interleaved architecture in which each processor can have severa
active tasks loaded at once and can switch from one to another on every clock cycle.
Tolerance to communication improves by allowing other tasks to run while some are
blocked, even if only briefly. There are several task context frames, each consisting of a set
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of process state registers and a set of general purpose registers for each resident process.
One task frame is selected among the ready Tasks, and its state is changed to running.
Instructions are selected from the running Tasks. In MASA, likein HEP, an instruction of a
process is not issued until the previous instruction of that process is completed. However,
MASA employs dynamic scheduling, while HEP uses round-robin scheduling.

MASA uses parallel streams for lightweight procedure calls and traps. This feature is
supported by its bank of registers shared in the style of register windows. Children streams
have their own registers and share several registers with their parents. When atrap occurs, a
trap handler isinstalled on a new stream. The new stream is allowed to probe the context of
the trapped stream. Similarly, by creating a new stream for each procedure invocation,
parameters of the procedure are passed in the shared registers automatically.

TERA [alve90,smit90], the successor of HEP, is a shared-memory multiprocessor with
multi-stream processors and interleaved memory units interconnected by a packet-switched
pipelined interconnection network. Each processor has support for 16 protection domains
and 128 streams. A protection domain contains an independent set of registers holding
stream resource limits, accounting information, and a memory map. Therefore, each
processor can execute 16 tasks in paralel, and can interleave 128 streams. Streams have
their own register set and are hardware scheduled. On every tick of the clock, the processor
logic selects an instruction from aready stream. When an instruction completes, the stream
to which it belongs becomes ready to execute the next instruction. The processor is fully
utilized provided that there are enough instruction streams in the processor such that the
average latency isfilled with instructions from other streams. TERA employs a VLIW wide
instruction format, packed with three operations: Memory, Arithmetic, and Control.

*T is a blocked multithreaded architecture for massively parallel systems using a
pipelined interconnection network [nikh92]. This processor is a descendant of dataflow
architectures such as P-RISC and Monsoon [nikh89,cull90], but unlike them, *T attemptsto
be compatible with conventional von Neumann processors. The architecture concentrates on
an efficient context switch mechanism and on an efficient split-phase communication
mechanism for threads with atypical life span of afew tens of instructions. Messages carry
continuations, i.e. an identifier for the appropriate thread which is reactived on the arrival of
the response. As in TERA, many threads are needed to avoid idling the processor if the
memory latency is long. The processor is separated into three coprocessors: 1) a remote
memory request coprocessor in charge of replying to incoming messages, 2) a
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synchronization coprocessor in charge of preparing and receiving messages, and 3) the data
COProcessor.

DISC is an interleaved pipelined multithreaded processor that addresses the need for
faster response to hard-deadline real-time requests, while still providing efficient operation
of non-critical threads [nemi90,nemi91,serr93]. Its pipeline can run from a single instruction
stream (1S) to multiple instruction streams. The processor throughput can be allocated
among |Ss, and can be dynamically reallocated when an IS scheduled to run is not ready.
Scheduling of streams on an instruction basis using a hardware scheduler allows simple
partitioning of the processing power among the several active real time tasks. It is thus
possible to assign an interrupt to a given stream which begins processing in parallel with a
level of partitioned throughput. Streams can also trigger other instruction streams and
multiple streams can synchronize with each other when necessary. For example, consider a
machine running three streams concurrently and one of the streams halts. The other streams
are automatically allocated the instruction slots which would otherwise be wasted.

Real-time systems also require hard deadline management which is often implemented
via timer based interrupts. In conventional architectures, these interrupts require context
switches. In DISC, an interrupt, instead of suspending a running process, can create its own
instruction stream. When the interrupt routine finishes, the throughput will be dynamically
reallocated to the remaining instruction streams. Context switching is not required aslong as
the number of instruction streams supported by the processor is less than or equal to that
required by the application.

Other examples are the multiple instruction stream processor of Kaminsky and Davidson
[kami79,kowaB5], DART [shet91], and others [stal86,agar90,mccr91]. A dynamic
interleaving model has been proposed to improve the rate of instruction issue to functional
units [pras9l]. Several researchers have proposed multithreaded superscalar architectures
[dadd91,dodd92,pras91, hira92].

2.1.3 Superscalar Machines

Even though the CDC 6600 [thor64] had multiple functional units, the idea of multiple
instruction issue was not pursued until many years after its introduction in 1964. Several
studies in the early 70's concluded that the instruction-level parallelism was very small
[flyn70]. However, by the mid 80's, new work showed significant parallelism available.
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Both Superscalar and VLIW machines exploit instruction-level parallelism of a single
instruction stream. The primary difference is that superscalar processors perform run-time
scheduling while in VLIW processors this is performed at compile-time [fish81,fish84]. A
disadvantage of compile-time scheduling is the variable latency of memory operations; a
data cache miss may stop issue of all subsequent instructions until the memory delivers the
data, since most VLIW machines do not have data conflict resolution hardware. Dynamic
scheduling in a superscalar processor does not have this problem. However, dynamic
scheduling needs complex hardware for conflict resolution.

Instruction-level paralelism is defined as the average number of instructions issued per
cycle in an ideal machine having an unlimited number of functional units and an infinite
window size. The amount of parallelism is limited by the data, control, and structural
hazards [henn90]. Several compiler techniques increase the amount of parallelism, for
example, loop unfolding, software pipelining, and instruction reordering [henn90]. At the
hardware level, techniques such as speculative execution and register renaming reduce but
do not eliminate the effect of the hazards.

The performance gains possible through speeding up serial execution rates are very
limited using reasonable hardware. Jouppi shows that the available parallelism for most
nonscientific applications is around 2.5 instructions [joup89]. Results indicate that the
paralelism in aprogram can vary by orders of magnitude over relatively short time intervals.
Optimized numerical programs also show wide and rapid variance in available parallelism.
Good machine utilization requires finding a way to smaooth out these resource profiles.

Recent studies on the limits of instruction parallelism in applications show respectable
speedups for many programs [aust90,but| 92,thec92]. However, unrealistic assumptions such
as big window sizes, perfect speculative execution, perfect register renaming, and memory
disambiguation are needed to exploit that parallelism. For example, the study by Theobald et
a [theo92] shows results for window sizes of 64 and 2048 instructions. The complexity of
implementing a large window size is prohibitively expensive in both clock speed and chip
area. Dwyer et a [dwyeB7] estimate that the issue, compression, and allocation logic for a
proposed implementation of an 8-entry window based on the dispatch stack idea consumes
150,000 transistors. The complexity of awindow is roughly proportional to the square of the
window size since each instruction must check dependencies with all the instructions that
precede it. We can see that big window sizes are out of reach of today's technology.
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Figure 2.3. Block diagram of a multistreamed, superscalar processor.

2.2 Dynamic Multistreamed Super scalar Processors

A multistreamed superscalar processor is a multithreaded architecture that uses chip real
estate efficiently to implement a processor that takes advantage of the multithreaded
parallelism in applications. A multistreamed, superscalar processor is organized to support
the simultaneous execution of several instruction streams by holding the context of each
stream in hardware and fine-grain sharing of the functional units (cycle-by-cycle). Each
hardware stream can be viewed as a logical superscalar processor.

Dynamic Multistreamed Superscalar Processors (DMSP) run multiple instruction
streams simultaneously. DM SP processors combine the multiple instruction issue per cycle
concept (superscalar) with the ability to dynamically interleave the execution of multiple
threads. There are multiple active streams and the sequencer selects instructions from any of
the active streams. The processor can adapt to the number of threads running. It can execute
in single stream or multiple stream mode. When a single stream is running, the processor
issues as many instructions as dependencies and the configuration allow. Asthe number of
streams increases, the instruction issue scheme changes to accommodate instructions from
severa streams at the same time.

Figure 2.3 shows asimplified block diagram of the multistreamed superscalar processor.
The diagram has three major parts: the instruction streams, the scheduler, and the functional
units. An instruction stream consists of the context of a process and a buffer containing the
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Figure 2.4. Detailed hardware organization.

next instructions to be executed. The scheduler selects instructions from the stream issue
windows. Instructions within the stream issue window can be dispatched out-of-sequence
provided no dependencies exist. The scheduler checks the instructions in each stream's issue
window for data and control hazards and then moves the unblocked instructions into the
global issue window. The global issue window contains all the instructions in the stream
issue windows that are ready to execute, i.e., that have no data or control dependencies.
From the global issue window, instructions are dispatched to the appropriate functional units
provided no structural hazards are present. The processor has the capacity to execute N
instruction streams simultaneously. In Figure 2.3, the streams share the functional units and
multiple copies of certain functional units can improve overall performance as the number of
streams increases. In Figure 2.3, the implementation has four functional unit types. two
integer units (1U), two floating point units (FPU), one memory unit (Mem), and one branch
unit (BR).

Figure 2.4 shows a more realistic hardware organization. The hardware is organized to
support several instruction streams running concurrently. Each stream has its own program
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Figure 2.5. Decoupling control and data.

counter and register set. Instructions are brought by the fetch unit from the instruction cache
and stored in each of the stream prefetch buffers. From these buffers, instructions are sent to
the scheduling unit where the logic determines the data dependencies on its preceding
instructions that have not yet completed. The scheduler dispatches instructions that are free
of dependencies to the appropriate functional unit provided structural hazards do not exist.
Instructions are dispatched to the functiona units through an issue network.

Functional units return results to the corresponding stream's register file based upon a
stream identification tag appended to each instruction. Also, functional units return
instruction identification tags to the scheduler. As a result, the scheduler can release new
instructions to the functional units. Interleaving requires additional hardware; however,
many resources can be shared.

2.2.1 Decoupling Control and Data

To minimize global interconnections, data values and control signals are separated in the
multistreamed processor, using the argument-fetching principle [denn88,mont92]. An
instruction operates on values stored in registers and gets executed by a functional unit.
Upon completion, the unit generates asignal to the control unit.

As seen in Figure 2.5, the scheduler takes instructions from the stream instruction
buffers and issues them to the functional units. Instructions are sent to the scheduling unit
where the logic determines the data dependencies on earlier uncompleted instructions from
the same stream. The scheduler issues instructions free of conflicts to the functional units.
The scheduler unit maintains register dependency tags. Functional units return the results to
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Figure 2.6. Two approaches for the data network: a) using a global data interconnection
network, and b) using the principle of datatype locality.

the corresponding register file. The communication unit directly takes or deposits data from
the register files to the external world.

The main characteristic of this model is that data never flows through the control unit.
Instead, signals that hold the sequencing information among the instructions are the only
entities that move around the circular structure of the processor [denn88]. The advantage of
this approach is the reduction of global communication and the relaxing of the
synchronization constraints between the different modules of the processor. This makes
possible designs with a higher clock rate. Also, this reduces the complexity of the
instruction issue network since only instructions are passed through, not data.

2.2.2 Data Type Locality Principle

Using the data type locality principle to reduce global interconnections, instructions are
separated according to the data types they operate on. An instruction gets executed by a
determined functional unit that has access to register files containing a data type. The
communication between functional unit types processing the same data type is high, while
the communication of functional unit types operating on different data types is kept to the
minimum. Functional units are in proximity to their data type register stores.
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Figure 2.6 (a) shows a common data network used to access different data types.
Unfortunately, thisis a complex network because a) the functional units must coordinate the
use of the data network using a control bus, b) the data network must support many data
types and many simultaneous accesses by the functional units, and c) the load/store unit must
use the data network. The resulting data network employs alot of global interconnection.

Under the principle of datatype locality shown in Figure 2.6 (b), the functional units and
their data types stores (registers) are in proximity. The functional units access their data
types locally. Only in some cases it is necessary to provide global interconnection; for
example, load/store units accessing the register files.

The Power architecture (see Figure 3.1, next chapter) uses this principle of data type
locality [whit93]. The Power2 processor is separated in three integrated circuits: The ICU
unit isin charge of prefetching and storing instructions in buffers; it also processes branches
and dispatches instructions to the FPU and FXU chips; the special registers are contained in
this chip. The FXU contains the integer register files and processes integer instructions
using two functional units. The FPU contains two floating-point functional units that access
the floating-point register files. Only for floating-point memory operations must there be
synchronization between the FPU and FXU, because the effective address is contained in
integer registers and the data in the floating-point registers. Also, branch operations need
communication since operands are compared in either the FXU or FPU for integer or
floating-point operands, respectively. The flags resulting from the comparison are
transferred to the ICU for branch processing. Using this locality principle the Power
architecture separates the processor in integrated circuits with the minimum of
communication between them. It also helps to provide some decoupling between the
integrated circuits.

2.2.3 Scheduling Instructions

The number of instructions issued by single thread is restricted by the data and control
dependencies between instructions. However, instructions from different independent
threads can be issued concurrently. One of the objectives of a multistreamed architecture is
to schedule instructions from alternate threads whenever conflicts lead to wasted cyclesin a
thread. In every clock cycle the scheduler interleaves instructions from different threads to
keep the utilization of the functional units at their highest.
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One important objective is to provide excellent single thread performance, i.e., when
only asingle thread is available the processor should be as fast as an equivalent conventional
superscalar processor. Thus, the processor could dynamically work in either single-stream or
multiple-stream maode, according to the number of streams available. When the processor is
working in a single-stream mode, the issue scheme is vertical by taking instructions from the
same stream, as in a conventional processor. In a multiple stream mode the issue scheme
adds a horizontal component by taking instructions from different streams.

Several authors have proposed static schemes for scheduling [wang91]. In a static
scheme, the scheduler extracts information at compile-time indicating the precise schedule
to be followed at run-time. Static scheduling works well for the single thread if the
processing elements are tightly synchronized; the scheduler knows precisely how many
cycles an instruction will take (except for memory and branch instructions). While we do
not discard that static scheduling is useful to schedule instructions for some multithreaded
programs (for example, threads extracted from an iteration loop), we feel that dynamic
hardware scheduling at run-time makes better use of the multistreamed processor in more
cases than the static scheme.

Dynamic scheduling allows several streams to issue instructions whenever the single
stream does not have enough ready-to-issue instructions for the functional units. Two (often
conflicting) objectives for a dynamic scheduler are: @) maximize the overall efficiency of the
processor, and b) maximize the effective processor share given to each thread
(responsiveness), important in real-time systems to guarantee a minimum of processor
throughput to each thread.

A dynamic schedule to maximize the overall efficiency could select threads using a
priority scheme and a round-robin strategy. Figure 2.7 shows an example with three
instruction threads and four functional units: two integer (1), onefloat (F), and one load/store
(L). We assume that instructions execute in a single cycle, and that the memory is perfectly
pipelined. Figure 2.7 (a) shows the ready-to-issue instructions from threads 1, 2, and 3 at
clock=1; thread 1 has two ready-to-issue instructions while threads 2 and 3 each has three.
The instruction windows can contain a maximum of three ready-to-issue instructions. The
notation 1;j meansthe ith instruction (integer) from thread j; thus 111 is an integer instruction
that occurs just before the floating-point instruction F 1 in thread 1. The notation (-)
indicates an empty slot, i.e. there is no aready-to-issue instruction in this space.
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thread 1 threed2 | thread 3 thread 1 thread 2 thread 3
- * Lap L33 - - * L33
* Faa 12,2 F23 Laaz | * la2 * F23
* ol * hp 113 131 * 122 113
(8 clock=1 (b) clock=2
thread 1 threed2 | thread 3 Clock | Integer 1 | Integer 2 | Float L/S
- 172 - 1 l11 l12 F21 L32
l41 l62 * Fa3 2 122 l42 F23 L33
* 131 * Lsp2 |* 113 3 113 131 Fa3 Ls2
(c) clock=3 (d) summary of issue to functional units

Figure2.7. Example of dynamic scheduling instructions from different threads using round-
robin. Instructionsissued in each cycle are marked with (*).

At clock=1 (a), thread 1 is selected as the highest priority; thread 1 issues one integer
(I1,2) and one float (F2 7). There are still one integer and load/store free functional units, so
thread 2 is selected on around-basis, and issues |1 and L 3.

As aresult of issuing instructions at clock=1, new instructions become ready-to-issuein
the instruction windows of threads 1 and 2 (131, L41.142). At clock=2 (b), thread 2 is
selected as the highest priority and issues I 22 and 4 2. The next in the priority lineis thread
3, whichissues Fpz3and L3 3.

Thread 3 becomes the highest priority at clock=3 (c) and issues |1 3 and F4 3. Next,
thread 1 issues| 31 and since it does not have any |oad/store instructions, thread 2 issues Ls ».
Figure 2.7 (d) shows the summary of instructions issued in these three clock cycles.

The processor utilization is maximal for our example. This schedule does not always
obtain the maximum efficiency, but it provides a degree of ‘fairness for the threads. This
schedule can be modified to maximize the processor share given to a thread by fixing the
priority of the streams. For example, if thread one always has the highest priority, its
performance is equivalent to the single thread one. If thread two is next in the priority line,
it obtains the 'leftover's from thread one. Thread three would issue only to those functional

units not used by threads one and two. In any case, Chapters 3 and 4 analyze the
characteristics of severa schedules under determined workloadse
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3 Performance Evaluation of Multistreamed Architectures

A way to evaluate performance is to build a hardware prototype, involving high
development cost. Instead, we use a software simulator to evaluate different configurations
at afraction of what a prototype would cost. The idea is that the simulator interprets the
instruction set of some existing architecture and simulates the scheduling of instructions on a
new architecture. In this way, an existing base of programs and utilities can be used in
testing a new architecture, reducing the costs and time of developing. The simulator is used
to study the effect of different hardware configurations on the performance. In addition, the
simulator helps to identify bottlenecks in designs and perform corrective measures.

3.1 A Multistreamed Simulator for the Power Architecture

3.1.1 The Power Architecture

We chose the IBM Power architecture [groh90,hall91,ibm92,mot093,0ehl 91,whit93] as the
base for our multistreamed architecture. Implementations of the Power architecture can
issue more than one instruction per cycle, and support alimited out-of-order execution. The
Power architecture has separate pipelined functional units that execute most instructionsin a
single cycle: fixed point units (FXU), floating point units (FPU), and a branch unit (ICU).
Each unit type is located on a different chip and has its own set of registers. Figure 3.1
shows the interaction among the three units, the instruction and data caches (I-Cache, D-
Cache), and main memory.

The instruction set defines 184 instructions that are executed by one of three functional
unit types. A few of the instructions are executed on one unit type, but alter or use registers
located on another unit type. For example, the floating-point compare is executed in a
floating-point unit and alters the condition register (CR) located on the branch unit.
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Figure 3.1. Functional blocks of the Power architecture.

3.1.2 Powersm

Powersim is the interactive program that we developed to simulate the operation of a
multithreaded Power computer. Powersim can load programs compiled for the AIX
operating system, interpret the instruction set of the RS/6000, and simulate the issue of
instructions to different functional units in a multistreamed architecture.

load load AlX executable binaries.
run, step | run or single step instructions.
get, put mani pulate data from registers and memory.

stop, trace | debug (breakpoints, trace).

sats get diverse statistics about program execution.

Table 3.1. Principal commands of Powersim

Powersim provides an interactive programming environment. Commands are provided
for debugging, single-stepping, continuous execution, view/modify internal data, and collect
statistics of the execution of the program. The user can collect information on the run-time
properties of a program, for example, the utilization of the functional units and the
performance of each stream under a determined hardware configuration. Table 3.1
summarizes the principal commands of Powersim.

Our simulator is based on the DLX simulator [henn90]. We rewrote most of the code to
provide support for the Power architecture, superscalar, multistreaming, and cache. Our
objective was also to build a simulator that could be targeted for diverse architectures.
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Figure 3.2. Functional block diagram of Powersim.

Figure 3.2 shows the division of modulesin Powersm. The loader interprets the header
portion of an AlX executable binary and loads the program into the simulator memory. The
simulator is the part of the code that interprets the instruction set and schedul es operations
to the functional units. The C-Trap handler module emulates the execution of C-library
routines that a program calls. Memory references are passed to the cache simulator module.
The branch module implements different branch prediction schemes. The debug module
handles breakpoints and disassemble instructions when executed. The functionality
provided by debug is similar to the standard Unix utility dbx.

The modules are interconnected through the Tcl language interface [oust93], which
provides the interface to the user. Tcl is an interpreted application-independent command
language. It consists of a library package that is embedded in tools (such as editors,
debuggers, etc.) as the basic command interpreter. Tcl provides a parser for a simple textual
command language, a collection of built-in utility commands, and a C interface that tools use
to augment the built-in commands with tool-specific commands.

3.1.3 A High Level Model of Instruction Execution

In order for the simulator to be useful in running realistic workloads, the simulation needs to
be fast. Therefore, a detailed hardware description is not implemented in Powersim.
Instead, Powersim is afunctional simulator using a high level model of instruction execution
reflecting the hardware behavior. Clearly, there are differences in the performance measures
of Powersim and the real hardware; however the differences in run-times of programs is
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small. For example, the average error for the floating-point SPEC'92 benchmark set running
in the original RS/6000 is 10%, with a peak error of 20% occurring in only one of the
benchmarks.

The instruction execution model specifies a (unit, latency, lock) for each instruction. The
unit is the functional unit that will execute the instruction. The latency is the number of
cycles that the functional unit will take to produce the result. The lock is the number of
cycles that the functional unit will be unavailable while executing the instruction. For
example, perfectly pipelined units have a lock=1. Another example is the instruction div
(integer divide) which uses the integer unit, takes 17 cycles to produce a result, and locks the
unit while executing, i.e., div=(unit, latency, lock)=(integer,17,17).

In addition to the basic functional unit latency, some instructions may add a run-time
latency. For example, load/store instructions add a cache access latency that depends on the
cache behavior. Another example is branch instructions, which may add a performance-
penalty latency in case that branches are mispredicted. The Power architecture specifies the
fall-through path of branches as the predicted path, with software hints to change the
prediction [moto93].

3.1.4 Hardware Simulation in Powersim

Powersim simulates diverse hardware modules, including instruction and data caches,
instruction buffers, scheduler, and functional units. We describe the hardware simulation
scheme of Powersim.

Instructions are fetched from the I-Cache and stored in issue buffers. An instruction
must pass the data (RAW,WAW,WAR), control, and structural tests before it issues to one
of the functional units. An instruction stalls in the issue buffer if any of these tests is not
passed. An instruction must pass data and control checks with all other instructions
preceding it in the issue buffer and in execution in the functional units. Even if the data and
control tests are passed, an instruction must check the availability of a functional unit
(structural test).

Powersim marks instructions that have passed the data and control dependencies checks
as ready-to-issue. Powersim's scheduler may dispatch instructions out-of-order within the
stream issue window in the absence of data hazards. An instruction is removed from the
stream issue window as soon as the scheduler dispatches it to a functional unit. The window
is then compacted and refilled with new instructions.
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Figure 3.3. Operation of the Dispatch Stack.

Instructions are stored initially in a prefetch buffer. Instructions are then transferred to
the dispatch stack [dwye91]. The dispatch stack performs operations that are very similar to
those performed in a reservation station. Instructions are placed at the top of the dispatch
stack by the decoder and are issued from the bottom of the stack. Instructions conserve the
decoding order; the oldest instruction is at the bottom of the stack, with the highest priority.
An instruction can remain in the dispatch stack for any arbitrary amount of time until it
issues. The number of entries of the dispatch stack defines the instruction window. The
operations performed in the window are:

* |dentify ready-to-issue instructions by checking data and control dependencies.

* Select instructions based on structural reguirements. If more than one instruction
require the same functional unit, the one with the highest priority is selected. A
functional unit accepts an instruction if the unit is free and there is a bus (if defined)
connected to the register file, such that the operands can be fetched.

* [ssueinstructionsto the selected functional units. Their respective dots are freed and
the stack is compacted as shown in Figure 3.3. The registers that receive results are
locked while the instruction is executing, preventing succeeding instructions from
using them.
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The multistreamed operation is similar to the single stream operation discussed so far.
The difference is that streams are assigned different prioritiesto issue. At every cycle, one
stream is selected as the highest priority, from a priority list specified by the user.
Instructions that pass all the checkings are selected from the highest priority stream and sent
to the functional units. If there are free functional units after the highest priority stream has
issued, the next stream is selected from a give away list of streams. Issue stops in a
determined cycle when either the give away list is exhausted or all the functional units are
busy. The priority and give away lists are advanced in a cyclic manner, similar to the
operation of a circular shift register. For example, if the priority list is (1,2,3), then the
highest priority stream at consecutive cyclesis: 1,2,3,1,2,3,1,..,etc.

Powersim allows the user to specify many parameters for the different hardware
modules. For example, the scheme used for branch prediction can be chosen. The user can
select the functional unit types and the latency of each instruction. Table 3.2 summarizes the
different parameters that can be specified for the simulation.

Hardware module Description

« Icache, Dcache Specification parameters of the instruction and data caches.
* |ssue buffer Window of instructions and size of the buffer

« Branch unit Branch prediction scheme and misprediction penalty.
 Scheduler Lists used by the scheduler (type, priority, and give away).
« Functional units Type, number, and latency of functional units.

* Buses Communication buses for units, register files, and caches.

Table 3.2. Powersim's hardware specification parameters.

3.2 Preliminary Study

We present a preliminary study of our multistreamed architecture, using Powersim and the
SPEC'89 benchmark set. The following is our smulation framework and its justification:
* Fully pipelined functional units were assumed. Using non pipelined FUs will show
greater benefit of multithreading since the cost of data dependencies increases.
Instructions execute in exactly one of the following functional units: Integer,
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Floating Point, Multiply (Integer), Divide (Integer), CR (conditional register),
Branch, and Memory (Load/Store Unit).

Register renaming is not used. Register renaming can increase the performance on
the single streamed processor; however, we do not include renaming to show the
performance advantage of multistreaming.

Branches do not incur any performance penalty. No extra cost for branches was
assumed to obtain a more conservative result. Asthe cost of abranch increases, the
performance of a single-streamed architecture reduces but its penalty is much lower
in amultistreamed architecture.

Single-cycle memory access is used to exclude the effect of memory/cache and
concentrate on data, control, and structural dependencies. As the memory latency
increases, the benefit of multistreaming increases too, since there are other streams
ready to execute. Therefore, this assumption produces a conservative result. Later,
it is shown that alarger latency will result in better performance of multistreaming
over single stream.

We compiled the SPEC'89 benchmarks with the C optimizer (-O) option. The
AT&T Fortran-to-C converter [feld91] translated the Fortran benchmarks. No
modifications to the code were performed to increase the performance. The
benchmarks were not run to completion and a statistical sampling method was used
[cont92] to reduce the simulation time. However, each simulation was run with at
least one hundred million (100 M) simulated cycles.

3.2.1 Effect of Configuration

We examine the effect of the configuration on the performance. The machine configurations

match functional unit capabilities to instruction class frequencies; frequencies for the

benchmarks used are shown in Table 3.3. Table 3.4 lists the number of functional units for

configurations C1, C2, and C3, and the latency of each functional type. Configuration C1

resembles closely (except for multiply and divide units) the original RS/6000 architecture.

Configurations C2 and C3 represent a step further in exploiting higher performance. The

integer, float, and memory types have more functional units, as they appear more frequently.

The multiply (integer), divide (integer), and cr logic (conditional register) frequencies are too

low to justify more than one unit.
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Benchmark integer | float | multiply | divide | crlogic | branch | memory
eqgntott 39.3 0.0 0.0 0.0 0.0 355 252
espresso 515 0.0 0.1 0.0 0.7 219 25.8
li 36.4 0.0 0.0 0.0 1.3 212 41.0
doduc 17.3 27.8 0.2 0.0 3.3 10.2 41.2
fpppp 3.6 35.3 0.0 0.0 0.3 2.3 58.4
matrix300 1.4 16.2 0.1 0.0 0.0 16.7 65.5
spice2g6 435 1.9 0.3 0.0 0.7 19.6 338
tomcatv 6.1 45.1 0.0 0.0 3.4 9.3 36.1

Table 3.3. SPEC '89 instruction mixes. The numbers indicate the percentage
of each instruction type.

Configuration
Functional unit | Latency| C1 C2 C3
integer 1 1 2 6
float 2 1 2 3
multiply 5 1 1 1
divide 17 1 1 1
CR logic 1 1 1 1
branch 1 1 1 2
load/store 1 1 2 3

Table 3.4. Configurations eval uated.

We obtained results with the following simul ation framework:

* Most of the simulations use a window size of four for each stream; however
configuration C2 uses a window size of 8 when running one stream, and C3 uses a
window size of 16 and 8 for one and two streams, respectively. Thisis necessary to
adequately exploit C2 and C3, since they have atotal of 10 and 17 functional units,
respectively.

* Multiple copies of the same program were loaded in all the streams of the machine.
The copies share the same code segment, but have independent data segments. This
is aworst-case since the probability of stream inter-collision is higher.

* A fair scheduleis used. In any given cycle, the highest priority stream is chosen
randomly among all the active streams. The highest priority stream issues as many
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instructions as it can in that cycle. If 'free’ slotsin functional units exist, then the
other streams issue instructions to these 'leftover' functional units. The scheduler is
'fair' since each stream is given the highest priority equal number of times.

Figure 3.4 shows the results of the simulations. The columns indicate the Instruction-
per-Cycle (IPC) for one, two, three, and four streams. One can notice that for configuration
C1, small increases in |PC are obtained as the number of streamsisincreased. This effect is
due to saturation.

Saturation depends on the machine configuration. Saturation is reached when the
utilization of one functional unit type reaches one hundred percent; the functional unit
becomes the bottleneck of the system. For example, if integer operations are the majority of
the instructions and the machine has only one integer unit, then the integer unit is likely to
become saturated and, therefore, multistreaming does not increase performance. Thus, the
contention for the integer unit primarily determines execution time.

Asafirst order approximation, the |PC of saturation can be determined by the minimum

.
of the number/frequency ratios, or MIN Cynit /Vynit » Where T is the number of functional unit
unit=1

types, V =(vq,W,..,v7) isthe instruction mix vector (i.e. the fraction of each instruction type),
and C =(cq,C,,...c7) describes the number of functional units of each type. For example,
memory operations dominate matrix300 (65.5%); the saturation point for configurations C1,
C2, and C3 are given by 1/0.655=1.53, 2/0.655=3.05, and 3/0.655=4.58 respectively. These
saturation values match closely the simulation results.

Most of the benchmarks reached saturation for configuration C1 with as few as two
streams. The instruction-level parallelism of the benchmark is sufficient to adequately
exploit the configuration. The improvement for configuration C1 with four streamsis low
because one stream can amost reach saturation; the improvement is approximately 30%.
Configurations C2 and C3 obtain larger throughput gains. As the number of streams
increases, performance grows to exploit the instruction parallelism. The saturation point
determines the upper bound of performance. Increasing the number of functional units
increases the performance for one stream until data and control dependencies dominate
performance.
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Figure 3.4. Statistics for configuration C1 (top), C2 (middlie), and C3 (bottom), with
random (fair) schedule. The columns indicate the Instruction-per-Cycle (IPC) for one,
two, three, and four streams.
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Number Configuration

of streams Cl 2 C3
1 0 40.8 58.8
2 23.8 | 108.0 | 1855
3 29.3 | 130.0 | 2481
4 315 | 137.0 | 284.6

Table 3.5. Multistream improvement with arandom schedule. Average
percentage improvement compared to configuration C1, single-stream.

Table 3.5 shows the average gain from multistreaming. The reference point is the
performance for one stream in configuration C1. Performance grows with the increase in the
number of functional units up to 59% for configuration C3. However, resource usage is
lower since configurations C3 has 17 functional units compared with 7 for configuration C1.
Adding more streams improves performance (up to 285% for four streams) resulting in
better resource usage.

3.2.2 Effect of Memory Latency

Section 3.2.1 assumed single memory latency. We now examine simulations with a memory
latency of four. Memory is still assumed perfectly pipelined, and instruction fetch is single
cycle. In our scheme, the stream remains active, while the load/store functional unit
performs the memory operation. In the meantime, ready-to-issue instructions from the same
stream can issue. The main purpose of this test is to demonstrate that the benefit of
multithreading increases as the latency increases.

Figure 3.5 show the results. The higher memory latency resulted in lower single stream
performance, as expected; however, the improvement of multistreaming is more evident.
Even configuration C1 shows significant improvement from multistreaming. The higher the
percentage of memory instructions in the benchmark, the higher the improvement. For
example, matrix300 is a memory-bound benchmark (65.5%) that exhibits the highest
improvement with multistreaming. Table 3.6 shows the multistreaming improvement for
configurations C1, C2 and C3. The reference point is the performance of one stream for each
configuration. The upper bound of improvement is 100% for each additional stream. This
improvement is achieved in matrix300; the performance grows linearly with the number of
streams.
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random (fair) schedule and memory latency 4.
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configuration C1 configuration C2 configuration C3
benchmark 2 ‘ 3 ’ 4 2 ‘ 3 ‘ 4 2 ’ 3 ‘ 4
eqntott 718 1107 129.1| 842 139.2 150.0 | 100.0 185.3 262.8
espresso 66.7 93.1 1020 ]| 916 1471 179.0| 985 178.8 265.2
f 63.6 91.6 104.7 | 828 1484 1926 | 924 1695 247.3
doduc 726 105.7 1189 | 80.3 1523 203.0| 929 1624 237.6
foppp 60.0 800 821]| 759 1405 176.7| 90.8 163.0 2345
matrix300 84.1 130.2 139.7 |100.0 1952 2714|1000 196.8 296.8
spice2g6 710 103.0 1150 80.7 1504 200.0| 904 168.0 251.2
tomcatv 371 509 526 | 524 819 982 | 832 116.3 144.6
AVERAGE 659 95.6 1055 | 810 1444 1839 | 93.7 1675 2425

Table 3.6. Multistreaming improvement for memory latency 4, random schedule and
configurations C1, C2, C3. Percentage of improvement for 2, 3, and 4 streams over one
stream for each configuration.

3.2.3 Effect of Schedule

The scheduler in a dynamic interleaved architecture adds overhead and complexity to the
architecture. Different schedule schemes have diverse implementation costs. Here we
compare the fair schedule used in Sections 3.2.1 and 3.2.2 with a prioritized (or unfair)
schedule. In the prioritized schedule, the priority of the streams is fixed. Stream 1 has the
highest priority and stream 4 the lowest priority. Stream 1 issues as many instructions as it
can. Clearly, stream 1 has the same performance as it was running in a single streamed
machine and stream 4 can only issue in agiven cycle if there are remaining functional units
after streams 1, 2, and 3issue.

The simulations were run with all streams active throughout the run. The IPCs obtained
from the two schedules are similar, as expected. This does not mean that the individual
stream performance is similar; the prioritized schedule clearly makes some streams starve.
More interesting is to observe the effect of the memory latency on performance for the
prioritized schedule. For our experiment we chose configuration C3 and ran it with four
streams, with memory latency 1 and 4. Figure 3.6 and Figure 3.7 show the results.
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Figure 3.6 shows the performance of each stream for the prioritized schedule for
memory latency 1. Stream 1 has the highest priority. Thus, stream 1 has the same
performance asif it were running alone. The results for stream 1 are slightly lower than the
ones presented in Figure 3.4 because we used awindow size of 4 (previous window size was
16). Stream 2isnext in the line of priority. Stream 2 has amost 80% of the performance of
stream 1 running in a cycle steal mode or more precisely in afunctional unit steal mode. In
other words, stream 2 will steal (or use) the functional units that stream 1 cannot use because
of dependencies; thus, the configuration is adequate to support two streams. The
performance of the third stream varies with the benchmark, for example matrix300 and spice
have enough leftover instructions to support this stream, while the performance for egntott is
regular. The fourth stream shows a significant decrease of performance.

Figure 3.7 shows the effect of increasing the memory latency to four. A high memory
latency is an obstacle to exploiting instruction-level parallelism. Thus, increasing the
memory latency levels the performance of the four streams. The figure shows that a single
stream cannot exploit the configuration adequately. There are enough resources in
configuration C3 to support four streams. Thus, performance growth is ailmost linear with the
number of streams. By using multistreaming, one virtually gets an extra processor with

memory latency of 1. We see that this amost approximates the work of four single stream
processorse
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4 Performance Estimation of Multistreamed Architectures

We present a model to estimate the performance of superscalar multistreamed architectures..
The input parameters of the model are the workload and architectural descriptions that are
estimated or obtained using commonly available tools. The model produces instructions
executed per cycle (IPC) estimates. To validate this technique, estimates of the model for
several benchmarks are compared against results from Powersim.

A simulation study demonstrating performance benefits of multistreamed, superscalar
processors was presented in Chapter 3. Due to the cost of the simulations in this study, both
in complexity and execution time, we develop a simple analytical model to estimate the
overall performance of these architectures. A purely analytic model is often too complex.
Often, many simplifying assumptions have to be taken for the model to be tractable. Instead,
we propose a model that combines simulation and analysis to get performance measures
faster than a pure simulation method. Our approach views the instruction stream as arandom
source of instruction types. The characteristics of the instruction stream are extracted from
simulations and used in the analytic model. Our results show that this interpretation gives a
good approximation in the context of independent instruction streams. In addition, the model
allows us to analyze the behavior of the design using programs for which we know the
characteristics but do not have the code.

4.1 The Mode€

The model we developed is stochastic in nature and is based upon a Markov model. The
model calculates the expected overall performance in number of instructions executed per
cycle (IPC) by the processor. The performance of individual streamsis not calculated by the
model since we are attempting to calculate the best possible overall system performance
independent of individual stream performance. The overall performance uses this formula

G
IPC= YR, IPC, (4.2)

w=1
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where Py, is the probability of having w instructions in the global window, IPC,, is the
expected IPC measured for an issue window of size w, and G is the size of the global
window. The technigue is separated into two major parts. one modeling structural hazards
(contention for resources) and the other modeling control and data hazards (RAW, WAW,
WAR, and branches). [IPC,, models the effect of structural hazards while P,y is a scaling
factor used to model the performance degradation due to the data and control hazards. The
rationale behind this division is that the modeling of structural hazards is primarily
dependent on the architectural (hardware) configuration while the modeling of control and
data hazards is primarily dependent on the workload. In addition, since we employ a
Markov chain in our technigue, combining the structural hazards as well as dependencies
into a single chain resultsin an extremely large number of states. Our division simplifiesthe
Markov Chain and makes the problem more tractable.

4.1.1 Architecture Characterization

The architecture of the processor is specified by a number of streams (N), a stream issue
window size (S), and afunctional unit configuration vector (C). The stream issue window is
the buffer consisting of instructions that can be issued in a given cycle. Issued instructions
are removed from the window and new instructions are brought in the buffer to maintain it
full. We assume that all the stream windows are of the same size,i.e, S; =S, =..= Sy=S
Thus, the total number of instructions in the machine (G) considered for issue is equal to
G=NS, i.e. the sum of all the stream windows.

Aninstruction is ready-to-issue if it passes the data and control dependency constraints.
A ready-to-issue instruction is issued if there is any functional unit that can accept it in a
given cycle. We assume that there is a perfect scheduler that dispatches instructions from the
streams in a fair manner, i.e. giving a fair opportunity to each stream to issue instructions.
Functional units are assumed perfectly pipelined so each unit can accept an instruction every
cycle. The parameter T describes the number of distinct functional unit types. The functional
unit configuration vector (C) describes the number of units of each type. Each element c; of
C contains the number of functional units of type i. For example, the IBM RS/6000 can
issue up to four instructions per cycle (integer, branch, floating point, and condition register).
Its parameters are: S=4, T=4, C=(Cinteger, C branch» Cfloating-point: Ccr)=(1,1,1,1). Table 4.1
summarizes the architectural specification parameters.
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N Total number of streams.
S Stream issue window size.

C =(C1,C.-Cp) Functional unit configuration vector

Table 4.1. Architectural specification parameters.

4.1.2 Workload Characterization

The workload is the programs or threads that are running on the multistreamed processor.
The workload is characterized by the type and number of threads loaded and running in the
hardware streams of the machine. We assume that each stream is loaded with a thread; thus,
the number of threadsis equal to the number of streams.

The workload of the system is characterized by its runtime instruction mix vector (V),
the number of active streams (N), and a histogram vector (H). We view each thread as a
stochastic stream of instructions of different types, and we use the instruction mix to
characterize the thread. The instruction mix specifies the percentage of instructions of each
type. For example, the instruction mix for the benchmark hanoi is: 56% integer, 12%
branch, and 32% memory instructions, €.g. V =(Vinteger,Vbranch,¥memory)=(0.56,0.12,0.32).
The histogram vector (H) models the data and control dependencies. A complete
description of the histogram vector will be presented in the subsequent sections. Table 4.2
summarizes the workload characterization parameters.

V= (v, Vo,eiVy) Runtime instruction mix vector.

H Histogram vector
Table 4.2. Workload characterization parameters.

4.1.3 Model of Structural Hazards

In the model of structural hazards, we calculate the expected IPC (IPC,,) of a workload
for agiven processor configuration as a function of the global issue window size. The global
issue window contains all the instructions that are ready to be dispatched to a functional unit,
i.e., that have no data or control dependencies. Thus, only the effects of structural hazards
are calculated; data and control dependencies are not considered.
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We assume that there are w ready-to-issue instructions in the global window for our
model of structural hazards, where 0 <w <NS The state of the instructionsis represented by
avector M, =(my,m,,..my), where each element m; describes the number of instructions of
typei [serr94,yama94]. The sum of the elements of M, isequal to w. Given aglobal issue
window of sizew and T functional types, the total number of states for the window is equal

to the number of w-selections of a T-set [bose84], or (W; : 1) .

For a global window state M, the number of instructions dispatched in a given cycleis
determined by the number and type of ready-to-issue instructions in the global window and
the number and type of functional units. For example, consider a machine with one floating
point unit, two integer units (C=(1,2)), and global window size of three (w=3). If no
floating point and three integer instructions are in the global window (M3=[0,3]), then only
two integer instructions are dispatched in that cycle. For a given functional unit
configuration and global window state, the number of instructions of type | dispatched,
referred to asij, isthe smaller of the number of functional units of type j and the number of
instructions of type j within the window. We define Iy, the total number of instructions

dispatched for the state M , of the window, as the sum of i; over all functional unit types:
IMW=2ij, |J=m|n(CJ,mJ) (42)

The expected IPC for a window of w instructions is the sum of the instructions issued
I'my times the probability of being in state My, defined as Q. for all the states of the

global window:

IPC,, = 2 I, Qua,, (4.3)

My

We obtain Qy,, by calculating the steady state probabilities of a Markov chain involving
the states of the global issue window. The states are not independent due to the relationship
between the window size and configuration of functional units. For a given processor
configuration and global window state, the next states are determined by the instructions
dispatched. For our example, two integer instructions are dispatched and one remains.
Therefore, the next state must contain at least one integer instruction ([2,1], [1,2], and [0,3]).
Table 4.3 lists al states, the possible next states, and the number of instructions dispatched
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Figure4.1. Markov chain and the state transition matrix (STM) for the example with homogeneous
workloads, w=3, M 3=[0,3], C=(1,2).

in each state. Thus, the next state is dependent on the current state of the global window M,
and the functional unit configuration C.

The state transition probahilities are computed from V, the runtime instruction mix for
the workload. For our next discussion, we restrict workloads to a single instruction mix
even though more than one stream may be executing. Later we discuss workloads of
different instruction mixes.

Current Sate M3l Possible Next Sates IM3
[3,0] [3,0][2 1] 1
[2,1] [3,01[2, 1] [1, 2] 2
[1,2] [3,0][2,1][1, 2] [0, 3] 3
[0,3] [2,1][1,2] [0, 3] 2

Table 4.3. State table for the examplein Figure 4.1. 1), isthe total number of
instructions dispatched for the current state.

We assume that instructions of different types are uniformly distributed throughout the
execution of the workload. For our example, since two instructionsissuein state [0,3], the
probability of atransition to state [2,1] is equal to the probability of filling the global issue
window with two floating point instructions. This probability, obtained from the runtime
instruction mix V =(vg, V1), is just the square of the probability vp. Figure 4.1 shows the
Markov chain model and the state transition matrix STM for our example.
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After solving for the steady state probabilities Q[xy], we calculate the expected IPC for
awindow of size w, IPCy,, using equation (4.1). For our example, the expected IPC for a
window size of threeis

IPC3 =11301Q3,01 + I[29R2,1 *+ I[1,21Q1,2] + 1[0,31Q0,3)-
4.1.4 Model of Data and Control Hazards

The instruction-level-parallelism of aworkload is degraded by data and control hazards. An
estimated degradation factor obtained from the workload is used to scale the performance
obtained by the structural hazard model. This section describes a measure of the instruction-
level-parallelism of aworkload, i.e., the capacity to issue a number of instructionsin acycle.

The histogram vector H= (hg,hy,h,,...,hs) characterizes an active stream issuing part or
al of itswindow of instructionsin a cycle. Each element hy, describes the probability that w
instructions issue in a given cycle. The single stream measure H for the benchmark can be
obtained with performance monitoring hardware, as in the new POWER?2 architecture
[welb93]. In our case, we use Powersim to extract the histogram vector.

We define Py, as the probability of having w instructions ready-to-issue in a cycle. For
the case of two homogeneous workloads (and therefore the same histogram vector), the
probability Py of zero ready-to-issue instructions is equal to the probability of the two
workloads having zero ready-to-issue instructions, or hZ. For example, the following

coefficients are obtained with two workloads (N=2) and a stream window size of two (S=2)

Po = hg,

P =2hghy,

P, = hf +2hghy,
Py =2hhy,
Py 1%

For convenience of notation we group all the histogram vectors of the streams in a
matrix H of dimensions N xS. An element h,xi in H contains the probability that X;

instructions from stream i are issued in a given cycle. In general, for a given number of
streams N and amatrix H, the probability that w instructions are ready to be issued in acycle
is obtained from the probability that each stream i has X; ready-to-issue instructions, such
that X;+X%+..+X=wW, and 0 <x; <S In other words
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PW = 2 h1,xlhz,x2 . hN,xN (4-4)
X+ X+t Xy =W,
0<x<S

Estimating the histogram vector is important. Often, the actual values cannot be
obtained and must be predicted. For example, the executable code, actual machine
configuration, or tools to extract data may not be available. However, since we had the tools
to extract this information, we chose to execute the programs and measure the values. A
machine configuration with an infinite number of functional units is used to collect the
values. Therationae is that the infinite number of functional units will negate any effect of
structural hazards, allowing us to measure more accurately the data and control hazards.

4.1.5 Rationde

One of the main problems faced by the analyst is the large state space of many Markov
chains, which precludes not only the model solution, but also the generation of the transition
rate matrix [souz92]. The storage and time needed for alarge non-sparse Markov chain of N
statesis O(N2) and O(N3) respectively.! Methods must be devised to reduce the number of
states, while retaining the accuracy of the solution.

In our case, alarger Markov chain can be built with all states. The total number of states
is equal to the sum of the number of statesfor all possible w ready-to-issue instructions, i.e.

'%5 (W+T—1) _(NS+T)

wool T-1 T
In contrast, the maximum number of states in our approach occurs when the number of
ready-to-issue instructions is equal to the window size, i.e.

NS+T-1
T-1
Thus, the ratio of the total number of states to the maximum number of statesis (1 + NST).
For example, for four streams (N=4), four instruction types (T=4), and stream window sizes
of four (S=4), the total number of states is 4844 requiring 188 Mbytes of storage in double

precision. Our method requires at most 968 states and 7.7 Mbytes of storage in double
precision for a non-sparse state transition matrix.

lRe(:ent methods have cut down the time complexity to O(N 2-4) approximately.
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In practice, the number of states can be further reduced by considering only the most
significant instruction types. Thus, T isreduced by selecting the most significant v nit/Cynit
values since the less frequent instruction types do not often experience structural conflicts.
Thisis specialy true for the bigger window sizes where saturation effects are observed.

Our method applies a decomposition method of large Markov chains [cour77]. The
Markov chain is decomposed into smaller chains that are solved independently. The
probability of each subchain is computed from the characteristics of the workload. From the
way we decompose the chain, we expect the method to be more accurate for streams that
don't have enough instruction-level parallelism to saturate the configuration of functional
units, or for configurations with many functional units.

4.2 Saturation Point

An examination of the graphs in Chapter 3 reveals that the performance gain levels out as
the number of streams increases. This is due to the contention for functional unit resources.
The phenomenon is most obvious in configuration C1 where saturation occurs when
executing as few as two streams. For the larger configurations (C2 and C3), saturation
occurs when executing a larger number of streams. Performance in a multistreamed
processor increases with the number of streams until one or more functional units saturate.
The saturation point is an important performance measure indicating the maximum
performance for a configuration and a type of schedule.

The saturation point depends on the characteristics of the workloads running on the
streams as well as the type of schedule employed for dispatching instructions. We assume
an infinite number of streams running in the machine. We review three interesting cases
where the saturation point is computed in closed form.

4.2.1 Extended Workload Specification Parameters

Our study of saturation considers the characteristics of different thread types, not just
homogeneous workloads. We extend the workload specification parameters defined in
Section 4.1.2. We define K as the number of distinct thread types running on the machine.
The vector W=(w; ,W;,...,w) is used to describe the workload of threads of each type. Each
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element Wiype represents the fraction of each thread type in the streams of the machine. For
example, a machine with four streams loaded with three copies of hanoi and one copy of
dhrystone has the following characterization: K=2, W=(Wani Wahry)=(0.75,0.25).

We generalize the instruction vector V described in Section 4.1.2 to the instruction mix
matrix V that specifies the percentage of instructions executed in each functional unit type.
Each element viype it Of V contains the dynamic probability that instructions from a thread
type require execution in a functional unit. For example, hanoi's instructions are 56%
integer, 12% branch, and 32% load/store, €.g., Vhanoi,integer=0.56, Vhanoi branch=0.12,
Vhanoi,memory=0.32. Table 4.4 summarizes the extended workload specification parameters.

K Number of distinct thread types
W=, Ws,.... W) Workload of threads of each type

\ Dynamic instruction mix (KxT) matrix

Table 4.4. Extended workload characterization parameters.

4.2.2 Homogeneous Workload

We consider the special case of multiple copies of the same thread type loaded on the N
streams of the machine (K=1). A simple bottleneck analysisis used for the saturation point.
Assume that saturation occurs in some unit type and that there are cypjt functional units of
this type. In saturation the utilization of the units reaches 100 percent; thus, on each cycle
Cunit instructions are fed to the unit type. We define 1P ’ﬁitt as the maximum instructions-
per-cycle attainable from a unit type. If viype unit is the probability that athread type needs a
functional unit, then this performance measureis

sat
IPClnit = Cunit / Viype,unit
Different unit types have different saturation points. The unit type with the minimum
saturation val ue constitutes the bottleneck of the system. Thus, the overall saturation valueis

determined by taking the minimum of the saturation values for al functional units. We refer
to this result as the saturation value of each thread type:

T .
IPCS, = MIN —unit (4.5)
unit=1 Vtype,unit
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For example, if there are 40% integer instructions in some thread type and one integer
unit, the saturation point for the integer unit is 1/0.40=2.5. If there are 60% floating-point
instructions and two floating-point units, the saturation point for the floating-point unitsis
2/0.6=3.33. Theinteger unit determines saturation, and the overall saturation valueis 2.5.

4.2.3 Best-Case Schedule

The previous section considered homogeneous workloads. Combining heterogeneous
workloads makes better use of the functional units. Higher saturation values could be
achieved. For example, consider the case of two heterogeneous thread types: one with only
integer instructions, and the other with only floating point instructions. The saturation value
of the first thread type is G (the number of integer units), while the saturation value of the
second thread typeis Cq5 (the number of float units). Combining the two workloads gives a
saturation value of G+ cfoqt. the sum of theindividual saturation values.

Here we consider a hypothetical best-case schedule that mixes the benchmark typesin
such away as to obtain the highest saturation value. The obtained saturation value is used to
compare the optimality of any schedule with the best-case schedule.

Assume that the instruction mixes from the different thread types are mixed in some

optima way, according to some workload W. The fraction of instructions sent from athread
type to afunctional unit is equal to the fraction of time of the benchmark type Wype, times

the probability Viype unit - Thus, the combined instruction mix for each unit type is equal to

K
the sum over all the thread types, or ¥ WyypeViypeunit-  The saturation value for the
type=1

combined instruction mix is computed using equation (4.5)

T .
1 WhypeVtype,unit
type=1

Obtaining the highest value of saturation is as a linear optimization problem. The
problem consists in finding the optimal workload W such as to maximize the saturation
value, or conversely, to minimize the scaled-instruction-mix. The scaled-instruction-mix is
defined as the instruction mix divided by the number of functional units of each type. In
other words, the problemis
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Figure 4.2. Example of optimization with two benchmark types.
Find W=(wq ,W,,..w,) (optimal workload)
K
such that 2 WiypeViype,unit» UNit=1,..., T (scaled-instruction-mix) is minimal
Cunit type=1

subjectto: 0 <w; <1, Wy+Wo+..+wy =1

For example, if two benchmark types containing only integer and floating-point
operations are mixed, the scaled-instruction-mix system of equations reduces to two lines,
because w,=1-w;. The optimization problem consists of finding the lowest value for the
interval. Figure 4.2 illustrates three possible scenarios of the two lines, as a function of w.
For cases (a), and (c), the minimum value is found in the extremes, i.e. w,=0 and w,=1,
respectively; thus, one of the benchmarks is excluded. For case (b), the minimum value is
found in the intersection of the two lines.

We use the result of this optimization problem to determine the optimality of a schedule.
In other words, comparing the saturation values of a determined schedule and the best-case
gives the degree of optimality of the schedule.

4.2.4 Fair Schedule

A fair schedule attempts to give each stream a proportion of processor time close to /N of
the total time. In this schedule, the priority is alternated on a cycle-by-cycle basis to each
stream in arandom fashion. The highest priority stream of agiven cycleis alowed to issue
as many instructions as possible in that cycle. If free slots in functional units exist, then
other streams are allowed to issue instructions to these leftover functional units.
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Since the schedule is fair, each thread type will have the highest priority for a fraction
Wiype of the total time on the average. We now assume that all the streams saturate on the
same functional unit. Each thread type will then execute a number of instructions in the

saturation unit proportional to its share Wiy, i.€. WypeCynjt instructions-per-cycle in the
saturation unit. Since the frequency of the instruction type is Viype unit for each thread type,

each thread type will execute WiypeCinit /Viype,unit INStructions-per-cycle. Asin Section 4.2.2,

the saturation point is determined by taking the minimum over all functional units for the
sum of the instructions-per-cycle of all thread types:

pest = pin| Y MoweCunit

unit= type=l Vtype,unit

4.7

The reader should compare this result to Equation (4.6). Thus, fairness does not
necessarily produce the most optimal utilization of the functional units. However, optimality
is obtained in some cases, as we will explain later with an example.

It is interesting to see the contribution of each thread type to the total number of
instructions issued. Instructions are taken from each stream in the same proportion under
low-load conditions, when the number of instructions issued is low compared with the
number of functional units. Thus, each thread type issues afraction Wiy, of the total number

of instructions issued. As saturation is approached, the fraction taken from each thread type
changes; we refer to this value as Wt%e. If we define sat_unit as the unit where saturation

occurs, then the number of instructions-per-cycle executed by each thread type is
WiypeCsat_unit / Viype,sat_unit- 1 he share of each type is computed as the number of

instructions-per-cycle executed by the type divided by the total number of instructions:

Wiype/ Vtype,sat_unit
Wtsyege: Typ/ ype,sal_ , type=12,..,K (4.8)

2 Wiype /Viype,unit

unit=1

The rest of the analysis will consider benchmarks that saturate in different functional
units. Without loss of generality, we present an example with only two benchmark types.

The analysisis similar to the linear optimization problem described in Section 4.3.2. The
scaled-instruction-mix as a function of the workload W is drawn as aline for the case of two
thread types, since w;+w,=1. Figure 4.3 plots the scaled-instruction-mix as a function of

48



scaled instruction mix

Figure 4.3. Scaled instruction mix for two benchmarks. The figure shows the scaled-
instruction-mix (instruction mix divided by the number of functional units) for two thread
types, as afunction of w, the fraction of thread type 2.

w,, for the integer, float, memory, and branch instruction types. The value w,=0 corresponds
to the scaled-instruction-mix for thread type 1, while w,=1 corresponds to the one for thread
type 2. As seen from Figure 4.4 the integer instruction mix dominate performance for type 1
(wn=0), while the floating-point instruction mix dominate type 2 (W»=1).

Suppose that in our example we have equal numbers of programs of each thread type,
i.e. wp=w»>=0.5. We start our search by assuming that saturation occurs in the integer units.
We can use Equation (4.4) with sat_unit=integer to obtain the share of thread type 2 in the
instruction mix in saturation, i.e. w?‘t =0.714. However, Figure 4.3 shows that for the value
0.714 the floating-point instruction mix determines saturation since its value is higher;
therefore, our assumption of saturation in the integer unit is incorrect. In our next step, we
assume that saturation occurs in the floating-point units. By using Equation (4.4) again, we

obtain w3at=

0 (by taking the limit when the instruction mix approaches zero). However, this
is not correct because the integer instruction mix is higher for such a value. By using an
iterative procedure, it can be shown that the correct saturation point converges to the

intersection of the integer and float mix lines. Thus, the correct answer is w?‘t =0.55.
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For our example we abtain W?‘t as afunction of w, using this procedure:

10w, /(4+6Wy)  0<w, <13

wdt = 5/9 13w, <1
1 Wo = 1
Wt is amaximum for 1/3 <w, <1, and is found in the intersection of the integer and float

scaled mix lines. Thisisthe saturation point of the best-case schedule.

The procedure solves alinear optimization problem. For the example, WSat is computed.
If we determine that this value corresponds to our assumption of saturation for some
functiona unit, then the result is correct and the search terminates. Otherwise, the search
continues until some optimal value is found.

4.3 Validation

We validated the analytic technique by comparing its estimations to the results of Powersim.
First, we describe our simulation environment and benchmark suite. Next, we present the
results from both the analytical technique and the hardware simulator. Finally, we quantify
the differences between the model and the simulator and discuss the discrepancies.

We studied the three different hardware configurations shown in Chapter 3, Table 3.5.
The scheduler employs afair scheduling algorithm. In this algorithm, priority is alternated
among the streams on every cycle in a round-robin fashion. The scheduler dispatches as
many instructions from the high-priority stream's window as possible in the current cycle. If
free dots in functional units still exist, the scheduler attempts to dispatch instructions from
the other streams to fill the slots. For our experiments we used a stream issue window of
four. This means that the maximum number of instructions that a stream can issue is four,
resembling the original RS6000 architecture [groh9Q].

As explained before, each instruction stream is interpreted as a random stream of
instructions of each type. The instruction stream is characterized by its instruction mix, i.e.
each instruction type has a probability derived from the instruction mix. Instructions are
generated from a binomial distribution using the instruction type probabilities. The accuracy
of the model depends on the assumptions that 1) the instruction mix is a stationary process,
and 2) instructions appear in the instruction stream in a random manner. We used two
estimators (o, 6) to measure the degree of closeness to these assumptions:

50



hanoi dhrystone | fibonacci savage fft doduc li

skew 0.134 0.143 0.165 0.199 0.132 0.314 0.198

integer 56.1+0.1 465+0.0 484+00 151+02 232+09 1731x40 364%65
float 0 0 0 381+02 168+35 279+48 0
cr logic 0 09 0 25x00 0 33x14 1300

branch 122+00 20.0+0.0 226+00 92+01 189+x15 102+31 21.2+12
memory [ 3L7+01 31.5+01 290+0.0 351+01 581+13 412+39 410169

Table 4.5. Workload characteristics. The skew and the percentage (mean + standard deviation) of
each instruction type. Values were sampled at fixed intervals of 1600 cycles.

* o The standard deviation of each instruction type computed from samples collected
periodically from the ssimulations.
* O Theskew measure of the degree of randomness of the workload

T T
5: 2 ZVI‘V] _tl,]‘

i=1j=1
where v; is the probability of the instruction type i, and t; ; is the probability of transition
from instruction type i to instruction type j, measured by the smulator. The skew measure is
zero for a perfectly random workload because v; must be equal to t; ;. The skew measure
approaches one for a deterministic workload. Thus, the skew is a good indicator of the
fraction of randomness of a workload.

4.3.1 Benchmarks

A set of common benchmark programs is the workload. We selected the small benchmarks
hanoi, dhrystone, fibonacci, savage, and fft. From the SPEC'89 benchmark suit we selected
doduc and li. All the benchmarks ran to completion, with the exception of doduc and li
which ran with traces of 150 million of instructions each. Table 4.5 shows the characteristics
of the workloads evaluated. The numbers indicate the mean and standard deviation of each
instruction type (mean £ &) in percentage, and the skew of each benchmark (8). Integer
multiply and divide instruction mixes are not shown since they constitute a very small
percentage of the instructions.

51



4.3.2 Comparison to Simulation Results

The first experiment consisted in running homogeneous workloads, with multiple copies of
the same thread loaded in al streams of the machines. For example, we ran hanoi with one,
two, three, and four copies of hanoi in the streams of the machine.

The number of instructions-per-cycle issued (IPC) are shown in Table 4.6 for one, two,
three, and four streams. Table 4.6 compares the predicted and simulation results for
homogeneous workloads and shows the percentage of error of the prediction. As seen from
the results, the benchmarks with the smallest error are hanoi and dhrystone. They correspond
to the benchmarks with the smallest skew and standard deviation values. In any case, the
peak error does not exceed eight percent for all the configurations and benchmarks. The
average error is smaller for configuration C3 where the number of resources is bigger than
what an individual stream may use.

The previous results used homogeneous workloads. Combining heterogeneous
workloads makes better use of the functional units. Higher saturation values could be
achieved. We expect that the model gives results closer to the simulations, since the behavior
of a heterogeneous workload is expected to be more random than a homogeneous workload.

Although the model was explained with homogeneous workloads, the model can be
extended to model heterogeneous workloads. This is accomplished by using an averaging
technique over the heterogeneous workload to obtain average homogenous workload
characteristics (V average), Using the instruction mix at saturation. These characteristics are
entered into the analytical model to obtain performance estimates of heterogeneous
workloads. Table 4.7 shows the results for heterogeneous workloads. We selected pairs of
benchmarks and ran simulations for one, two, three, and four pairs, (2, 4, 6, 8 streams). For
example, for the experiment with four streams, two copies of hanoi and dhrystone were
loaded in the four streams of the machine.

4.3.3 Discussion

Our results show that the analytical technique produces estimates very close to those of
the simulation results. Over the 168 total estimates, the average deviation from the
simulation results was 2.3%. On average, the analytic technique produced fairly even results
across the various configurations and number of streams employed within aworkload.
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C1l C2 C3
benchmark| streams | predicted | simul. error % | predicted | simul. error % | predicted | simul. error %
hanoi 1 1.55 1.52 194 2.34 2.37 -0.93 2.56 2.56 -0.10
2 1.76 1.76 -0.17 3.33 3.31 0.44 5.02 5.13 -2.05
3 1.78 1.78 -0.04 3.53 3.53 -0.12 7.05 6.96 1.38
4 1.78 1.78 0.00 3.56 3.56 -0.03 8.28 8.14 1.77
dhrystone 1 1.59 1.64 -3.29 2.15 221 -2.58 2.34 2.36 -0.89
2 2.01 2.03 -0.98 3.35 341 -1.73 454 455 -0.40
3 212 212 -0.05 3.89 3.90 -0.36 6.35 6.39 -0.63
4 214 214 0.05 4.12 4.12 0.00 7.62 7.67 -0.59
fibonacci 1 1.86 2.02 -7.75 2.58 2.72 -5.18 2.96 2.99 -0.73
2 2.05 2.07 -0.97 3.62 3.86 -6.26 5.61 5.70 -1.58
3 2.07 2.07 -0.07 3.91 4.08 -4.16 7.42 7.61 -2.45
4 2.07 2.07 0.00 4.02 4.12 -2.61 8.30 8.63 -3.79
savage 1 143 151 -5.53 1.78 181 -1.42 1.83 1.83 -0.15
2 2.07 2.16 -4.43 3.18 3.30 -3.57 3.57 3.60 -0.66
3 2.34 2.38 -1.69 4.07 4.21 -3.15 5.04 5.16 -2.41
4 2.46 248 -0.74 4.59 4.65 -1.43 6.13 6.29 -2.61
fft 1 1.16 122 -5.16 1.48 1.44 2.70 152 151 0.26
2 157 1.66 -5.23 2.55 2.61 -1.95 2.93 2.94 -0.26
3 1.68 1.72 -2.07 3.11 3.23 -3.85 4.00 4.09 -2.26
4 1.71 1.73 -0.82 3.33 3.42 -2.41 4.65 4.81 -3.48
doduc 1 1.56 1.57 -0.64 2.04 2.01 1.49 212 217 -2.30
2 2.15 211 1.90 3.50 344 1.74 4.08 4.05 0.74
3 2.34 2.30 1.74 4.29 4.16 3.13 5.59 5.53 1.08
4 241 2.36 212 4.65 4.50 3.33 6.54 6.41 2.03
l 1 1.77 1.68 5.36 242 2.32 431 2.73 2.67 2.25
2 222 2.06 7.77 3.65 344 6.10 5.03 4.88 3.07
3 2.35 2.19 7.31 4.16 3.90 6.67 6.40 6.19 3.39
4 2.40 2.26 6.19 4.41 4.26 3.52 7.01 6.79 3.24

Table 4.6. Results for homogeneous workloads. Predicted IPC and the simulation IPC for each

workload, configurations C1, C2, and C3, and for one, two, three, and four streams.

Table 4.8 shows the average percentage of error for different configurations and
workloads for homogeneous workloads. While the model makes many generalizations about
the architecture and workload that may not seem to be representative of most programs, our
results show that the predicted performance is close to the simulation results for all
configurations in six of the seven benchmarks (hanoi, dhrystone, fibonacci, savage, fft,
doduc). Also, the error is lower for configuration C3 than for configuration C1, confirming
that the error diminishes as the configuration grows in number of functiona units.
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c2 C3
benchmarks streams | predicted ‘simulation‘ error % | predicted ‘simulation‘ error %
hanoi - 2 341 3.40 0.17 4.79 4.81 -0.50
dhrystone. 4 3.90 3.87 0.90 8.07 8.04 0.41
6 3.93 3.91 0.69 9.19 9.09 112
8 3.94 3.92 0.49 9.44 9.37 0.69
hanoi - 2 3.31 3.30 0.34 3.99 3.94 117
fft 4 4.24 4.25 -0.24 6.60 6.63 -0.46
6 4.45 4.50 -1.11 7.24 7.29 -0.65
8 4.54 4.59 -1.21 7.31 7.35 -0.63
dhrystone - 2 3.19 3.27 -2.25 3.77 3.78 -0.14
fft 4 4.37 4.40 -0.80 6.35 6.49 -2.17
6 4.69 4.65 0.91 7.19 7.22 -0.39
8 4.80 4.73 1.49 7.33 7.29 0.49
fibonacci - 2 3.90 3.99 -2.13 4.70 4.75 -1.09
savage 4 5.27 5.29 -0.39 7.99 8.18 -2.33
6 5.68 5.76 -1.44 9.13 9.28 -1.59
8 5.85 5.99 -2.39 9.38 9.44 -0.62
fibonacci - 2 3.55 3.77 -5.68 4.37 4.43 -1.28
fft 4 4.55 4.80 -5.15 7.19 7.40 -2.81
6 4.80 4.95 -3.04 7.70 7.78 -1.11
8 4.90 4.99 -1.81 7.74 7.76 -0.29

Table 4.7. Results for heterogeneous workloads. Predicted |PC and simulation IPC for
combinations of two benchmarks. Results shown for two, four, six, and eight streams
taking two of each benchmark at atime. Configurations C2 and C3 were evaluated.

benchmark Cl c2 a3 AVERAGE
hanoi 054 0.38 133 0.75
dhry 1.09 117 0.63 0.96
fibonacci 220 455 214 2.96
savage 310 239 146 232

fft 332 273 157 254
doduc 1.60 242 154 185

li 6.66 5.15 299 4.93
AVERAGE 264 2.68 166

Table 4.8. Error for homogeneous workloads. The table shows the average percentage error
for each benchmark and configurations C1, C2, and C3.
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Table 4.9 summarizes the errors for heterogeneous workloads. When benchmarks are
combined the instruction mix behaves more randomly, thus the errors we obtain are smaller.
For example, the combination of hanoi and fft produces less error than either benchmark
considered individually. We also see that the performance of heterogeneous workloads in
some cases is better than the individual benchmarks. For example, when we run four streams
in configuration C2, the combination of hanoi-fft has an IPC of 4.25 compared to 3.56 and
3.42 for hanoi and fft respectively.

benchmarks c2 c3 AVERAGE
hanoi - dhrystone 0.56 0.68 0.62
hanoi - fft 0.72 0.73 0.73
dhrystone - fft 136 0.80 108
fibonacci - savage 159 141 150
fibonacci - fft 392 137 2.65
AVERAGE 163 1.00

Table 4.9. Error for heterogeneous workloads. The table shows the average percentage of
error for combinations of two benchmarks and configurations C2 and C3.

We tried our method with most of the SPEC'89 benchmarks to assess the differences
between prediction and simulation. Figure 4.4 compares the simulation results to the
prediction results for the SPEC benchmarks running homogeneous workloads. In spite of the
assumptions of our analytic model, the prediction shows good correlation with the
simulation results, with afew exceptions. For example, matrix300 shows linear growth with
the number of streams until the performance saturates. In fact, matrix300 spends more than
95% of the time in a small loop of only 5 instructions. We observed that instructions from
different streams coming from small loops tend to rearrange so as to produce a linear growth
with the number of streams. Thus, the behavior of matrix300 is more deterministic than
random. We have observed this behavior in afew small loops that have few instructions, for
example, double, short, and int from the Byte benchmark set.
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egntott | espresso li doduc foppp | matrix300| sSpice | tomcatv
Kew 0.557 0.247 0.198 0.314 0.284 0.464 0.202 0.183
integer 41.0+42 509+44 364+65 173+40 33t48 14+01 421+69 52+30
float 0 0 0 279+48 356+44 163+t05 25t54 44.3+16.
cr logic 0 3314 0 33t14 0 0 0 17t47
branch 36.3t24 10231 254+64 102+31 21+25 16.7£04 201+58 6.8t+74
memory | 227451 412+38 233+6.1 41.2+38 58.6+0.3 65.6£3.8 34.2+51 42.0+18.

Table 4.10. SPEC’ 89 characteristics. Skew, and percentage (mean + std. deviation) of
each instruction type. Vaues were sampled at fixed intervals of 1600 cycles.

In most cases, the prediction is alower performance bound because of the conservative

assumptions of the model. In some cases, for example tomcatv, the prediction is higher than

the actual performance. The discrepancy in tomcatv is caused by the program spending

some time in aloop followed by another loop. Thus, the two loops have different behavior;

an average technique cannot predict properly the performance. The high standard deviation

of tomcatv reflects this behavior, as seen in Table 4.10. The best way to predict performance

in tomcatv is to divide the time spent by the benchmark in two sections, such that prediction

can be performed independently for the two sections; the instruction mix for each of the

sections is more stationary. This technique can be applied to benchmarks such as whetstone,

which runs consecutive timing loops, since the prediction using an average mix is quite

inaccuratee
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5 A Multistreamed I nstruction Issue M echanism

The issue mechanism guarantees that instruction results are maintained according to a
sequential model of computation. Thus, the mechanism deals with data, control, and
structural hazards for an adequate timing to correctly issue instructions to the functional
units. We present a novel instruction issue mechanism for a distributed multistreamed
superscalar processor that addresses the following aspects:

¢ Componentsthat can be shared by the streams or private to each stream.

* How data, control, and structural conflicts are resolved.

* Thedisgtribution of functionsin the issue mechanism.

* Minimization of global interconnections, relaxing of synchronization constraints,
decoupling of instructions and data, and the use of the data locality principle, as
explained in sections 2.3.1 and 2.3.2.

* Minimization of global communication by using information compression.

* Implementation of preciseinterrupts.

* Implementation of speculative execution with instruction sguashing.

* Thevariationsin the mechanism as aresult of tradeoffsin the design.

Since the imprecise interrupt problem could be caused by dynamic scheduling, it is
desirable to treat dynamic scheduling and implementation of precise interrupts together.
Also, the distributed nature of the processor needs a distributed approach for instruction
issue and implementation of precise interrupts. We present an algorithm that is a variant of
Tomasulo’s algorithm [toma67] and the Dispatch Stack [torn84]. Our scheme eliminates the
need for a reservation station and storage for tags associated with each register. However,
our scheme s limited to few functional units and streams because of the rising complexity of
the interconnection network.

Section 5.1 reviews the necessary background. Section 5.2 discusses the components of
the mechanism. Section 5.3 discusses the rules to issue instructions given many types of
conflicts. Finally, Section 5.4 briefly discusses the implementation of precise interrupts at a
coarser-level.
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Figure 5.1. Hardware implementation for Tomasulo's algorithm.

5.1 Background

We briefly discuss the most relevant literature. For more information, the reader may consult
[dwye91,john91,kato92,henn90,hwu87,park91,smit88,s0hi 90,toma67,torn94,uht92].
Data Conflicts

Data dependency conflicts may occur when storage locations are reused. Working
registers, memory locations, and special registers are examples of storage locations. For
example 1) an instruction may depend on a previous instruction if the second instruction
deposits data into a location read by the first instruction, 2) two instructions may update the
same storage location. Conflicts of this sort need to be properly resolved.

Data conflicts occur when there are non-null intersections in the domain and range of
instructions. The domain X of an instruction is the set of objects containing data needed by
the instruction, and the range Y of an instruction is the set of objects modified by the
instruction. Let S={ 1,2,..,N} be the set of instructions in the dynamic instruction stream
ordered by position in the dynamic instruction stream, where instruction i occurs before
instruction j if i < j. Three data conflicts can occur: @) RAW (read-after-write) if X;nYj=2,
b) WAR (write-after-read) if Yj~Xj=&, and c) WAW (write-after-write) if YjnYj=2.

Tomasulo's Algorithm

Tomasulo's agorithm [toma67] uses data forwarding and register renaming techniques
to resolve data conflicts. Figure 5.1 shows a block diagram of the hardware interconnection.
Each register has (valid, tag, data) fields. The tag is a copy of the tag of the latest
instruction that will modify the register. When an instruction issues, an identification tag is
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assigned from the tag pool, the new tag replaces the tag field of the destination register of
the issuing instruction, and the valid bit is cleared. The assigned tag returns to the tag pool
for future reuse when the instruction compl etes execution.

Each functional unit has a reservation station (RS). An instruction is dispatched to the
appropriate functional unit if there is an empty entry in its RS. The (valid, tag, data) fields
of the instruction's source registers are sent to the corresponding entry of the RS. The
instruction can execute if all the source operands are valid; otherwise, it will wait until this
happens. When an instruction finishes execution in afunctional unit, the result data and tag
are broadcast to all RSs and the register file. If there is a match with any tag, the result data
is written into the data field of the matched entry, and the valid bit of the corresponding
entry is set. Asaresult, some instructions waiting in RSs become ready to execute.

WAW and WAR hazards are eliminated because al instructions that read a determined
register issue before a subsequent instruction that writes the same register. When an
instruction writes to a register, all previously issued instructions that read the same register
have copies of either the data or the reservation station's name that will produce the data.
RAW hazards are also eliminated by the sequential nature of instruction tag assignment.
Dispatch Stack

The dispatch stack (DS) [torn84] is a centralized scheme using an instruction window
for data dependency resolution. In the DS, dependency resolution occurs before issue,
unlike Tomasulo's after issue. Data dependencies are checked with two usage counters (o, 3)
for each register, representing the number of times that the register is designated as a
destination (o) and source () register for the preceding but unfinished instructions.
Initially, the counters are set to zero. Each entry in the instruction window has several fields:

ITag | OP S1 o Sy o D o B

The S1, Sp, and D fields represent the source and destination registers. The «(S;) and a(S)
counter fields indicate the RAW data conflict, the (D) counter field indicates the WAW
data conflict, and the B(D) counter field indicates the WAR data conflict. These fields are
not simple storage, but counters. An instruction can issue from the window only if all of its
four counters are equal to zero.

When a new decoded instruction enters the instruction issue window, the o and 8
counter fields for the new entry are set with the current counter values of the corresponding
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registers. The o and B counters of the corresponding registers are then incremented. These
incremented counter values are used for subseguent instructions. When an instruction
completes, register usage counters and the corresponding counter fields in the instruction
issue window are decremented.

A difference with Tomasulo's algorithm is the method of passing data from functional
units to waiting instructions. The DS passes data through the register file; Tomasulo's
agorithm forwards data to an instruction holding buffer (the RS).

Precise I nterrupts

Interrupt execution is precise if the processor state can be reconstructed to the point of
the interrupt assuming a sequential computation model. This means that all the preceding
instructions previous to the interrupting instruction executed and updated the process state
correctly but the interrupting instruction itself and its subsequent instructions did not affect
the process state. Since an imprecise interrupt can leave the machine in an unrecoverable
state, an interrupt needs to be precise.

If al the instructions are forced to modify the process state in program order, the
interrupts are precise. However, this limits performance. For high-performance processors
where instructions can complete out-of-order, a hardware mechanism must be provided to
keep precise interrupts.

Reorder Buffer

The reorder buffer [pope91,smit88] is a queue to store results produced by instructions
that complete out-of-order. When an instruction is decoded, an entry is reserved for the
instruction and the index number of the reserved entry is attached to the instruction as a tag.
When an instruction completes, its result and error status are written to the corresponding
entry of the reorder buffer. An instruction updates the architectural register file with its
result after all preceding instructions finished and updated the register file, thereby in-order
system updates are ensured. The entry at the head of the reorder buffer is checked every
cycle. If its result is ready and there is no interrupt, the result updates the register file.
However, if the instruction is interrupted, the result as well as the result of all subsequent
instructions are discarded and the interrupt is handled.

The number of cycles from the time the instruction issues to the time its result updates
the register file can be large because of the in-order update. To avoid halting instructions
waiting for source data, results in the reorder buffer can be bypassed to functional units
before they are written to the register file.
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5.2 Components of the I ssue M echanism

5.2.1 Pipeline Structure

Figure 2.4 explains the hardware organization to support several instruction streams running
concurrently. Instructions are brought by the fetch unit from the instruction cache and stored
in each of the stream prefetch buffers. Instructions are sent to the window where the logic
determines data dependencies. The scheduler dispatches instructions free of dependencies to
the appropriate functional unit provided structural hazards do not exist. Instructions are
dispatched to the functional units through an issue interconnection network (ICN).

A modified RISC pipeline structure to process instructions in a multistreamed processor

is based on the following processing stages:

IF Instruction fetch and predecode. The instruction is brought from the instruction
cache and deposited into instruction buffers. Branches are detected. Predecoding
is performed for data dependency resolution in the next stage.

SC  Instruction scheduling. Instructions dependencies are determined and resolved in
the instruction window.

ICN Instructions are forwarded to the appropriate functional units using the
appropriate interconnection network.

ID Instruction decode. Instructions are decoded in the functional unit; operands are
fetched from the data storage (for example the register file).

EX  Instructions are executed.

WB  Results are written back to the data storage.

5.2.2 Instruction Tag Unit

To maintain precise interrupts, a way to identify the sequential order of appearance of
instructions in the instruction stream must be used. Our algorithm assigns consecutive tags to
instructions. The tags are obtained from an instruction counter that is updated as new
instructions appear. Using this unique tag, the sequential order can be reconstructed
regardless of the place where instructions and results are.

We use module arithmetic for tag assignment. Figure 5.2 shows that the relative modulo-
N order of instructions A, B, CisA >B > C, i.e. A occurs after B and B occurs after C in the
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Figure5.2. Example of tagsin the instruction window.

instruction stream. In several situations, it is not only necessary to identify if the instruction
tag matches any stored tag, but also to identify the relative order of two tags, namely an
instruction is classified as before, equal, or after areference instruction. Thisis an extension
to the match logic where the results of interest are equal, or not equal.

The module-N comparator is an ordinary arithmetic subtractor, provided that the
maximum tag distance is less than half of the window size, i.e.| Max - Min| < 2N-1 where
Max and Min are the maximum and minimum instruction tags. If this limit is exceeded
instruction decoding will stop until old tags are released. A tag counter of four bits is
enough in most cases because it is unlikely that more than seven instructions are active at a
time. Note that in many situations it suffices to determine whether an instruction is before or
equal/after another instruction (or before/equal or after), so only the most significant bit of
the subtractor is implemented. Thus, the comparator can be implemented with mgjority
gates [mukh86], which can be embedded in the cell design.

The comparator logic is a key factor to reduce tag traffic, since communication is one of
the most important bottlenecks in superscalar processors. For example, a single tag broadcast
can invalidate a group of instructions whose tags are equal/after some reference tag.

5.2.3 General Block Diagram

Figure 5.3 shows an example of the multistreamed hardware for two streams and two data
types (integer and floating-point); instruction cache, data cache, and load/store units are not
shown. The block diagram contains four components: @) the control units where instructions
are stored and scheduled, b) the issue network used to forward instructions from the control
units to the data units, c) the data units where instructions are executed, and d) the signal
buses between the control and data units.
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Figure5.3. Example of multistreamed hardware.

Each control unit has instruction buffers, an instruction window, branch predictor

hardware, and ainstruction tag unit (not shown in the figure). Each control unit

Fetch instructions from the instruction cache and store them in instruction buffers.
Predict branches and modify the instruction fetch target according to the prediction.
Invalidate instructions and results of instructions that follow a mispredicted branch.
Detect data dependencies (explained in Section 5.2.7).

Forward instructions to the appropriate data units.

Keep track and maintain the precise state of the instruction stream.

Each data unit has one or more functional units, a multistreamed architectural register

file, and one or more result buffers. The data units

Decode instructions, fetch operands, and execute instructions.

Forward operands to instructions waiting for operands, using pipeline bypasses.
Generate broadcast invalidation signals resulting from internal exceptions.
Commit results to the architectural register file on command from the control unit.

The issue networks forward instructions from the control units to the data units. A

scheduling policy is used to issue instructions from all the streams, detect structural hazards,

and allocate functional units to instructions.
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Figure5.4. The multistreamed result buffer.

Signal buses connect the data units to the control units. The buses

* Returninstruction tags to the control units once instructions complete execution.

* Broadcast commit signals to move results from the result buffers to the register files.
* Broadcast invalidation signals resulting from interrupts or mispredicted branches.

5.2.4 The Result Buffer

Result buffers maintain precise interrupts by holding intermediate results produced by the
functional units. Then, the intermediate results are committed to the respective architectural
register files which hold the precise state.

The scheduler must make sure that there is a free entry in the result buffer before an
instruction can be issued. The free entry is assigned to the issued instruction and marked
waiting. Once the instruction result is ready, the result is stored in the entry and the entry
marked valid. The result buffer releases the entry and updates the architectural register file
upon request from the control unit. Figure 5.4 shows the fields of each entry.

* Satus: Bitstoindicate that the entry isvalid, waiting, or free.

* |Tag: tagof theinstruction. Thisfield uses comparative logic (see Section 5.1.6).

* Rp: destination register. Thisfield uses match logic.

* Data: instruction results.

The result buffer is a multiported design with many simultaneous accesses in a cycle.
Fortunately, the accesses to the reorder buffer can be prioritized such that ports can be used
for several functions. The priorities are (1 isthe highest, 4 the lowest):

1) Storeresults. Thisisahigh priority operation to avoid freezing functional unit pipelines.
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2) Read operands. Some operands needed by an instruction may be in the result buffer. To
bypass data, it may be necessary to check whether the operands of a decoded instruction are
availablein the result buffer.

3) Update the precise state. The control unit sends a message requesting the architectural
register file to be updated from the reorder buffer with all the instructions whose tag is
before the Itag. This operation can be delayed. However, it may increase the need to read
operands from the result buffer.

4) Invalidate entries. Instruction results are invalidated when exceptions (internal and
external) are produced or because of a mispredicted branch.

Sharing the result buffer among the streams has the advantage that while the number of
entries produced by each stream vary with the cycle, the total number of intermediate results
is approximately constant with the number of streams, i.e. it depends more on the number of
functional units that produce results. This means that the utilization is more uniform than
the utilization of separate stream reorder buffers.

On the other hand, sharing increases the pressure from simultaneous accesses to the
result buffer. The number of ports (read,write) of the multistreamed result buffer depends on
the number of functional units and the number of streams accessing it. State-of-the-art
technology implements ten-port register files [hara92]. Given current technology limiting
the number of ports, it is unlikely than more than a few functional units are connected to the
same result buffer. Also, the higher the number of functional units, the higher the
complexity of the data network needed to feed operands to the functional units. A possible
solution to reduce the port pressure is to adopt a hierarchical connection scheme. For
example, a reduced number of streams share a few functional units; several units remain
private to each stream. Also, areduced number of functional units share aresult buffer.

The result buffer is based on the reorder buffer [smit88]; however, the result buffer does
not need to be a queue, because of the ordering effect of the instruction tags.

The result buffer can resolve most of the data conflicts between instructions:

*  WAW hazards are resolved because results are ordered by the instruction tag. Note
that updating the architectural register file requires conflict resolution logic because
two or more instructions can be writing to the same register. In this case, the most
recent result updates the register file; other results are discarded.

* WAR hazards are resolved since results are ordered by the instruction tag.
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Figure 5.5. Block diagram of functional units.

* RAW hazards are resolved in alimited form. An instruction may need to perform an
associative search for an operand in the result buffer. There could be results for that
register from instructions before or after the current instruction. Instructions always
need data produced by the most recent “before” instruction. Thus, we limit the
number of “before” instructions to one, since the comparing logic can only tell if an
instruction is before or after another, not the relative distance between them.

5.2.5 Functional Units

Figure 5.5 shows a general block diagram for a functional unit in the multistreamed
processor. We assume pipelined functional units organized in groups that process the same
data type. Each functional unit may use buffers for decoupling purposes. The buffers may
be used to decode instructions, or for more sophisticated functions such as reservation
stations. Functional units read operands from the architectural register file, the reorder
buffer, or (optionally) from bypasses connected to functional units. However, bypasses are
expensive to implement because 1) an array of N functional units needs N2 bypasses, and 2)
determining if a bypass contains the needed operand may require tag matching logic.
Functional unit pipelines do not have freeze logic in order not to compromise the
response time of individual streams in a multistreamed environment. DEC's Alpha [digi92]
is an architecture without freeze logic in the execution pipelines; this choice simplifies the
timing of the pipeline stages. Thus, each pipeline produces results at a rate of one per cycle.
A result coming out from the pipeline is discarded if there is no waiting entry for the
corresponding instruction tag, Itag, in the result buffer. This may happen if a previous
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Figure5.6. The stream window.

invalidation signal marks the entry free in the result buffer. A buffer may be needed to store
temporarily the result if the write ports of the result buffer are busy.

If any error is produced, the functional unit broadcasts an invalidate signal to all data
sections and the stream control section, indicating that all the instructions "equal or after” the
faulting instruction are canceled. As far as the data units are concerned, this is the only
action needed. The control section decides at alater stage when to take the interrupt.

5.2.6 Stream Window

The stream window is the centralized issue control. It decides about instruction issue and
maintains the precise state of the stream. The stream window accepts instructions from the
buffers. Branches are folded, i.e. they are removed from the instruction buffers so they do
not enter the window. The stream window is a queue that holds instructions in different
phases: stalled for dependencies, ready-to-issue, issued, and executed. Executed instructions
are retired from the front of the queue to maintain the precise stream state.

Figure 5.6 shows the fields of each entry. Satus is the instruction status, Itag is the
instruction tag, Type is the instruction type, F.U. op is the functional unit op code,
(Ro,Rs1,Rsp) are the destination and source registers, and (R,W) are the read and write
vectors (explained in next section). The number of entries in the window depends on:

® Theinstruction fetch bandwidth, i.e. the maximum, average, and minimum number

of instructions that can be simultaneously fetched from the instruction cache.

® The number of functional units that can execute these instructions.

* The complexity of the register conflict circuit used for data hazard detection.

*  Whether branch prediction/speculation is used across several branch levels.
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® Theparalelism of the applications.

The complexity of the register conflict circuit grows rapidly with the increase in the
window size. Define Nraw(w), Nwaw(w), and Nywar(W) as the number of register RAW,
WAW, and WAR hazards among several instructions for a window of size w. The total
number of hazardsis Npyq = Nraw + Nwaw + Nwar. The size of the register conflict sets
for atypical RISC instruction with two source registers and one destination register is

NRraw(W) = w(w-1), Nwar(W) = w(w-1), Nwar(w) = w(w-1)/2
Therefore, the size of the register conflict set could grow to Npy=5w(w-1)/2. Asw increases
the hardware circuit complexity gets worse and/or the cycle time gets larger (tradeoffs can be
made); therefore, for simplicity of the design small windows sizes are typically chosen.

5.2.7 Determining the Register Conflict Set

Two instructions are register independent if no register dependencies exists between them.
A set of instructions is register independent if they are pairwise register independent.
Register independence is a necessary (but not sufficient) condition for the out-of-order issue
of instructions. Other dependencies related to hardware resources and storage operations
need to be considered.

We formalize the method developed by Dwyer [dwye91] for determining the register
conflict set. The conflict set is determined in two steps in the | F and SC pipeline stages.
Two binary vectors Rj and Wj are computed in the |F stage for each fetched instruction i :

R = Vv decode(u,S)

USUi

W, = Vv decode(v,S)

V8Vi

(5.1)

Where Uj and Vj are the read and write register sets, Vv is the bitwise-or operator, and
decode transforms aregister binary code in abinary vector of length S where Sisthe size of
the register file. For example, if an instruction reads registers {4,6} and writes register 2,
and there are 8 registers, then (bit 0 isthe MSB)

ui={46},Vi={2, R{=(0,0,0,0,1,0,1,0,0), W;=(0,0,1,0,0,0,0,0,0).

The register hazard vectors are computed in the SC stage with the help of two

associative semigroup computations: ‘

) j o
Wij= VW Rj=V R, i< (5.2)
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(5.3)

Aninstruction j has aregister WAW hazard if WAW, j#0 wherei is the first instruction

scheme to compute the RAW/WAW vectors that can be used for small window sizes.

5.3 Issue M echanism

5.3.1 Issue Rules

there are only two situations when an instruction cannot or may not issue:
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inthewindow (i < j). Similarly, aninstruction has a RAW hazard if RAW; j#0, andaWAR
hazard if WAR; j#0. Note that there are two basic semigroup computations, since the RAW
semigroup vector can be computed from the W ; semigroup vector. We will show in Section
5.3 that only the W semigroup vector is needed. Figure 5.7 shows a single or-propagate

We already mentioned the data dependency resolution properties of the result buffer. This
makes it unnecessary to solve many of the dependencies at the stream window. In particular,
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Figure 5.8. Example of dependency graph for awindow of four instructions.

An instruction cannot issue if there are a RAW hazard at the instruction and a WAW
hazard at the previous instruction, i.e. (RAW j#0)A(WAW; j.1#0), because at most
one result from a previous instruction can be in the result buffer (Section 5.1.5).

An instruction may or may not issue if thereis a RAW hazard at the instruction but
there is not a WAW hazard at the previous instruction, i.e. (RAW, jZ0)A(WAW; -
1=0). This depends on the available hardware resources. If the functional units have
reservation stations (RS), then the instruction may issue because the instruction may
wait in the RS until its operands are available. Even without RS, an instruction may
issue if the conflict involves only one register, i.e. if ((+/(RAW;,j)=1)A(WAW; -
1=0)), where * + adds the elements of the vector. The instruction may issue because
the operand from the register in conflict may be obtained from a functional unit
bypass mechanism or from the result buffer.

Figure 5.8 shows an example of the issue rules for register dependencies. Instruction 11

isthe oldest instruction in the window. 13 canissuein spite of the WAW and WAR hazards,

because the result buffers resolve these dependencies. 12 may issue but it may need to wait

until R1 from 11 is computed. Finally, 14 cannot issue because the result buffer holds two

entries for R1 and there is not way to determine that the needed data comes from the most

recent instruction 13.
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5.3.2 Instruction Issue Format

The instruction issue format is kept to a minimum to simplify the issue networks. The
instruction format uses a maximum of 40 bits for a POWER instruction and two streams:

‘Stream‘ Itag ‘F.U.Op‘ Rp ‘ Hs; Rg ‘ Hsy  Rgp/lmmediate

® Sream, ltag identify an instruction from a stream (5 bits)

* F.U. Op: Functional unit operation code (6 bits).

* Rp, Rs;, Rsp/immediate: destination and source registers. The second source operand

could be a 16-bit short immediate (5+5+16=26 bits).

® Hsg;, Hsy: optional hint bits (one or two) indicating the location of a source operand.

The hint bits are optional because operands can be found by simultaneous access of the
register file and the result buffer. If the operand is not in the result buffer, then the operand is
inthe register file. The hint bits improve the efficiency of locating operands:

1) An operand k for instruction j isin the architectural register fileif RAWj j ®=0, where AK
isthe k-element of vector A. Thisis true because the instruction that produced the operand
has completed, left the window, and updated the register file.

2) An operand k for instruction j may be in the result buffer or in a pipeline bypass if
RAW; j ®=0.

3) Aninstruction j with a RAW hazard on an instruction i may issue one or two cycles after
i, if the plan is to use a pipeline bypass. However, this requires additional countersin the
window to keep track of the number of cycles elapsed since the instruction issued.

5.3.3 Register Renaming

Register renaming is automatic in Tomasulo's algorithm since RAW, WAW, and WAR
hazards are resolved in the reservation stations. Our issue rules limit register renaming. In
particular, instructions which overwrite operands can complete out-of-order, but instructions
that need the operands must wait in the presence of a conflict.

Better register renaming can be provided by adding a renaming field to the field
specifying a register. Thus (D,R) specifies a register in the result buffer, where D is the
register field and R is the renaming field; however, only D updates the architectural register
file. For example, assume a one-bit renaming field ( R| =1) and that the following four
instructions in the window have a conflict in register R2 (Itag=1 is the oldest instruction)
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ITag Write Read
4 R2
3 R2
2 R2
1 R2

Instructions 1 and 3 write R2, and instructions 2 and 4 read R2. R2 is identified in
instructions 2 and 3 with a'0' rename field. Since there isa WAW conflict at instruction 3,
the rename field for register R2 is changed to '1' for all subsequent instructions. Therefore,
instruction 4 can issue in spite of its RAW hazard and the WAW hazard at instruction 3.
However, subsequent instructions with conflicts cannot issue since the rename field length is
1-bit. All the subsequent references to R2 will use ‘1’ for the rename field, until another
conflicts changes the rename field back to ‘0’. Thus, the renaming field works as a counter.

5.3.4 Control Hazards

Branch instructions are usually folded or removed from the instruction buffers before they
enter the instruction window. Instructions following a conditional branch whose outcomes
are not determined can conditionally issue to the functional units. All that is needed is to
record the Itag of the first conditionally issued instruction. If the branch prediction turns out
to bewrong, an invalidate signal for al the instructions equal/after the Itag is broadcast. This
scheme can be extended to an arbitrary number of speculated levels by keeping track of the
Itag at each of the branch boundaries.

5.3.5 Memory Hazards

Performance can be improved by executing concurrently several memory instructions.
However, two or more |oad/store instructions executing out-of-order may have data memory
address conflicts. Since these conflicts cannot be determined in the window until the
instructions execute, a conservative approach would change the scheduling pattern to in-
order issue by considering the instruction type patterns. Many methods such as run-time
disambiguation have been proposed. However, these techniques may not be too effective at
the object code level, because some new instructions may have to be inserted in the object
code to detect alias resolution.
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We can relax this conservative scheme if we assume that instructions are not self-

modified, thus only data dependency resolution is needed:

®* Load instructions can issue and complete out-of-order if there are not store
instructions in the window.

® Store instructions can issue out-of-order but need to complete in-order (write to
memory) to maintain the precise state of the stream.

* A load instruction can issue only after all the preceding store instructions have
issued. After issue, the load must wait until the effective addresses of the preceding
store instructions are computed. Then, the load must check its effective address
against the effective address of the store instructions. If there is any conflict, the
load stalls until all the store instructions with address conflict finish execution. In
particular, the hardware is simpler if aload issues only if there is at most one
preceding store in the window and the preceding store has stored its effective
address somewhere for the load to check for a memory conflict. The reason is that
there could be more than one address conflict between the load and two or more
previous store instructions. With our tag comparing scheme, it is impossible to
determine if the load needs the data that correspond to the most recent store to the
same location.

The memory or cache must be updated in program order to keep precise interrupts. This
isthe function of the store buffer, with similar functions to aresult buffer. Thefieldsin each
entry of the store buffer are

status Itag address data

Itag is the tag of the store instruction (comparative logic). Address is the effective address
(associative logic). Status indicates that the entry isvalid, invalid, or reserved by a store that
has not finished computing its effective address. Subsequent stores do not conflict, because
they are ordered by the Itag. Subsequent loads compare their effective address |ooking for a
match with a previous store. If there is a match, the load is delayed by inserting it in a
waiting queue. The load can execute only after the data from the conflicting stores are sent
to memory.
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5.3.6 Exception Rules

There can be several exceptions produced by each stream as instructions execute. The
exception mechanism must recognize only the earliest exception and discard the remaining
exceptions. The exception mechanism resides in the control unit, where the sequential order
isrecorded. Internal interrupts are handled in this order:

1. If an instruction generates an error status, the functional unit processing the

instruction broadcasts an invalidation signal containing the instruction Itag.

2. Theinvalidation signal reaches the data units, where the results for the instructions
that have an instruction tag equal or after Itag are annulled.

3. Theinvalidation signal reaches the stream window, where no action is taken if there
is at least one unfinished instruction preceding the faulting instruction. Instead, the
error status is stored in the status field of the instruction with the same Itag. The
control unit may free the locations of all subsequent instructions and start fetching
the interrupt service routine.

4. The stream window takes action when the faulting instruction reaches the top of the
window, i.e. it is the oldest instruction in the window. The program counter (PC) of
the instruction is saved in a register and the PC takes the address of the interrupt
service vector. Thus, only the interrupt at the earliest instruction is serviced.

The reader may note that in step 4 the stream window could start dispatching out-of -
order instructions of the interrupt service routine before the exception reaches the top of the
window. However, the problem is that memory instructions from the interrupt routine may
use TLB entries that have not been updated. Thus, step 4 guarantees that the processor is
synchronized before the interrupt routine starts (the SYNCH instruction does the same).

External asynchronous interrupts are handled in a similar way to internal exceptions, the
only difference isthat the oldest instruction in the window is associated with the interrupt so
fast interrupt serviceis guaranteed. Branch squashing is handled in this order:

1. If the branch prediction turns out to be incorrect, the branch predictor broadcasts an

invalidate signal containing the branch Itag.

2. The invalidation signal reaches the data units, where all the results for the
instructions with tag equal or after Itag are invalidated.

3. Theinvalidation signal reaches the stream window, where all the instructions with
tag equal or after Itag areimmediately purged from the window.
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Instruction type Frequency | Exception Frequencyl Needsto be
instruction exception | precise ?

*most integer instructions high no - -

eunconditional branches

eresolved conditional branches

speculated branches low yes low yes

integer division very low yes low language dependent

floating point medium optional low language dependent

load/store medium yes high yes

Table5.1. Classification of instructions by interrupts.

5.4 Relaxing Precise Interrupts

So far, our discussion has concentrated in the implementation of precise interrupts at the
finest-granularity, i.e. at instruction level. The implementation of precise interrupts can
often be relaxed. Many instructions do not produce interrupts, or asynchronous interrupts
such as Reset do not need precise state since they are catastrophic events. Table 5.1 showsa
classification of instructions according to interrupts. For example, floating-point interrupts
may not be precise because many languages, Fortran for example, do not provide a
mechanism for exception recovery for floating-point exceptions. Processors such as Power
[groh90] allow the disabling of floating-point exceptions. The compiler must insert code to
check exceptions at intervals and execute repair code if needed. For example, the AlX
Fortran compiler inserts a trap 'barrier' instruction before an integer division. The trap tests
whether the divisor is equal to zero and traps to the operating system if this is the case. In
another example, the compiler can also insert special instructions to inform the hardware of
maintaining the precise state at some points. Typically, only load/store instructions produce
interrupts that need to be handled in hardware completely. Schemes can be devised to take
advantage of thisfact.

The granularity of the interrupt implementation can be reduced. One ideais to consider
load/store and branches as interrupt barriers. We can identify a block of instructions with a
single tag to reduce the issue granularity. Table 5.2 shows an example. Block 2 startswith a
memory instruction. Block 3 starts with the instruction following a conditional branch (BC)
so while the branch itself is completed, the instructions following the branch may need to be
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reexecuted if the branch is not properly predicted. Thus, a load/store is associated with a
barrier for its own block, while a branch is associated with a barrier for the next block.
Instructions associated with the first barrier, and before a second barrier, can issue out-
of-order. Assume the instructions of the first barrier issue with the corresponding block tag.
These instructions are canceled if there is an exception. The ideais to raise the barrier as
early as possible; for example, it can be determined if aload/store will produce a page fault
early in the address tranglation process. If the barrier is raised, the instructions in the block
associated with the barrier can write results directly to the architectural register file. Thereis
no need to use a result buffer. However, the issue is restricted because RAW, WAW, and
WAR hazards must be determined in the instruction window before an instruction can issue,

because of the lower tag granularity. This scheme still requires that the software inserts code
to check for floating-point exceptions and take corrective actions if needede

group | tag instruction
1 1 ADD R1,R2,R3
2 SUB  R4,R5,R6
2 3 LOAD R1,R2
4 CMP RLR2
5 MUL R3RLR2
6 ADD  R3,R8R9
7 BC  GE|abd
3 8 ADD R1,R2R3
9 SUB  R4,R5R6

Table5.2. Example of tagging blocks of instructions.
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6 Performance Tradeoffs of Multistreamed Ar chitectures

Integration of a group of processors on a single chip provides opportunities for better
utilization of resources. A multistreamed processor is a group of processors in proximity
that time-share hardware resources such as the cache, instruction decoder, functional units,
the interconnection network, and the bus interface.

Hardware sharing causes extra overhead for scheduling, communication, and resource
conflict resolution. Also, the interconnect network poses a significant problem as the
number of shared resources increases. In some cases hardware sharing is advantageous. For
example, cache sharing simplifies maintaining data coherence in a group of caches.
However, the contention for the shared resources can cause performance degradation.

These examples illustrate that the optimal configuration of the multistreamed hardware
depends on many factors such as the workload characteristics, communication costs, and
implementation technology, to name a few.

We examine several of the problems of sharing different hardware modules. We assume
a small group of shared resources, such that the interconnection complexity is not
significant. We propose solutions to reduce the extra overhead cost, and to improve the
performance degradation caused by sharing. The aspects we consider are instruction
scheduling and cache sharing.

We present two studies of tradeoffs in a multistreamed superscalar processor. Section
6.1 studies the problem of instruction scheduling and proposes a novel arbitration scheme to
reduce the critical path delay. Finally, Section 6.2 studies the problems of sharing the cache
and studies the performance of victim caching holding multithreaded contexts.

6.1 Scheduling I nstructions

The scheduler is the hardware that dispatches instructions from the control section to the
data section. Scheduling instructions in a multistreamed architecture introduces overhead
and complexity to the dispatching mechanism, because 1) the streams need to use arbitration
hardware before they can use the functional units, and 2) an instruction dispatching network
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isneeded. While a detailed cost-performance tradeoff analysis can be done to determine the
best configuration, we concentrate in ways of reducing the overhead of multistreaming (for
example, reduction of the critical path delay) while still providing enough instructions to the
functiona units to maintain them busy.

The objectives of an efficient dynamic scheduler for a multistreamed architecture are
summarized in two phrases: 1) provide an efficient issue mechanism when the processor is
running with a single thread, and 2) maintain an affordable instruction scheduling scheme
when multiple threads are running. This section concentrates on providing an efficient
instruction arbitration mechanism. Our study does not consider the effect of the increasing
complexity of the instruction interconnection network; therefore, we are limited to use afew
functional units of each type.

6.1.1 Instruction Network

Each of the data types needs a specialized instruction network. The network for every data
type transports data among functional units and register files of the same data type. The
instruction network sends several instructions per cycle to the functional units to maintain a
fast instruction issue rate. Thus, the higher the number of functional units, the higher the
bandwidth of the instruction network needs to be. Two kinds of networks are commonly
used: bus and multistage interconnection network. We assume a multistreamed computer
with four or fewer functional units such that a bus structure can meet the performance
reguirements.

Figure 6.1 shows an example of an interconnection network with four integer units and
two floating-point units. The objective of the scheduler isto send along integer instruction
word composed of four integer instructions to the integer units, and two floating-point
instructions to the floating point units. In the figure, the maximum number of instructions
that each stream can issue isthree, to limit the number of buses leaving each stream window.

The scheduling network uses a port architecture. The dispatcher transfers instructions
and tags from the stream window to ports that are gateways to the interconnection network.
There are four integer ports and two floating-point ports in Figure 6.1. Section 5.3.1
described the format used to carry instruction information (about 40 bits per instruction).
Thus, abus of 160 bits feeds the integer functional units with instructions.

Each stream window arbitrates the use of a port for each ready-to-issue instruction.
Arbitration for the port is overlapped with instruction transfer to increase performance. Each
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Figure 6.1. The scheduling network.

port has an associated instruction type. A port may be free or busy, depending on whether
the corresponding functional unit is busy.

Instructions are sent to free ports. Instructions are assigned ports based on precedence.
If the number of instructions to issue outnumber free ports of the right types, some
instructions are temporarily denied issue.

6.1.2 Single Stream Arbitration

We present a solution for arbitration of ports with a single stream. We assume that ports are
assigned using a precedence scheme. Two steps are needed for an instruction to use a port:
1) identify the instructions that may use ports of an instruction type, and 2) arbitrate the use
of these portsusing a priority scheme.

In our discussion we assume ports of a single type. The matrix R characterizes the
requests for ports. The status of ports of some type (free or busy) are characterized by the
freematrix F. Arbitration produces the use matrix U, which indicates the assignments from
instructions to ports.

Formally, the request matrix R={R; n} indicates that instruction n is requesting port i.
F={Fi n} indicates the status of the port i (free or busy) before instruction nis considered,
and U={Uj n} indicates the assignation of instruction n to port i.

Instructions and ports have assignment precedence. The instruction at the top (oldest) of
the window has the highest precedence. We also assume that ports have assignment
precedence. The instruction of highest precedence issues through port i, where i isthe lowest
port number that is free. The instruction of second highest precedence issues through port j,
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Figure 6.2. Wavefront computation cell for port arbitration.

where j isthe lowest free port higher than i, and so on. Inhibit lines are cascaded through the
arbitration logic to prevent simultaneous instruction issue through the same port.
The recurrence equations for arbitration are

I:i,n+l= I:i,nR'_,n
I:§+1,n :mR,n (6.1)
Ui,n = Fi,nR,n

The first equation indicates that port i will be free at instruction n+1 if the port is free at
instruction n, and instruction n does not request the port. The second equation indicates that
the reguest of instruction n for a port will be propagated to port i+1 if port i is not free.
Finally, the third equation indicates that instruction n will acquire port i, if the instruction
reguested the port, and the port is free.

Figure 6.2 shows an implementation of the recurrence equations (6.1) using standard
CMOS NAND/NOR gates. Note the aternating pattern of active low and high signals for
the requests and port status. This is to take advantage of a single gate delay per element.
Since the width of the window (number of instructions) is generally larger than the height
(number of ports), the circuit is optimized in the free direction. Thus, the propagation gates
in the free direction are larger than the other two gates. Figure 6.2 shows the critical delay
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path in thick lines. Each of the large gates in the critical delay path drives three gates. a
large one and two small ones (with less than half of the input capacitance of the large gate).
Thus, the fan-out of the large gate is less than two.

If the requests are computed with the help of the data dependency analysis network
shown in Figure 5.7, arbitration using the circuit of Figure 6.2 can be performed in parallel.
Computation is performed in a two-dimensional wave front manner, in the request and free
directions. Thus, the critical delay for both data dependency analysis and arbitration is
W+U +C gate delays, where W is the window size, U is the number of functional units of a
particular type, and C isasmall constant expressing the delay to determine the request from
the data dependency analysis. For example, the critical delay for awindow of size 8 (W=8)
and two functional units (U=2) is 12 gate delays:

« 8 gate delays for the RAW, and WAW vectors of the last instruction in the window.

» C=2 gate delaysto generate a request from the RAW, WAW.

« 2 gate delays to propagate port assignments.

6.1.3 Multistream Arbitration

Multistreaming requires a larger arbitration network for all the stream windows. Thus, the
critical delay path isincreased compared to single stream arbitration.

Figure 6.3 shows the interconnection of the stream windows for arbitration of the ports.
The scheduler distributes the free vector F to the stream windows. Each stream window
uses an input multiplexer to take the stream's F vector from the previous stream window's
output F, or directly from the port's F vector. For example, the free vector F isfed to stream
window 1 in acycle, thus stream 1 has the higher priority in using the ports. Stream window
2 takes the F vector from stream window 1; thus, it has the second highest priority. The F
vector is propagated until it reaches the last stream window. Thus, the last window has the
lowest priority.

The scheduler selects in each cycle the stream with the highest priority. The stream with
the highest priority will be alowed to arbitrate for all the ports serving the stream. The
remaining streams will be allowed to use the ports | eft free, following the priority chain. The
next section presents atechnique for reducing the critical delay path for this scheme.
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Figure 6.3. Port arbitration in a multistreamed processor.

6.1.4 Reducing the Critical Path

Unfortunately, if we employ the propagation network proposed in Figure 6.2, the critical
path for the multistream arbitration of Figure 6.3 is several times the one for a single stream
arbitration. The delay is 36 gate delays for atypical example with windows of size eight,
two functional units, and four streams. To reduce the delay of the critical path we could

* Limit the number of stream windows for port arbitration in each cycle. For example,
two streams could be selected for arbitration in a cycle, chosen among the streams
with the highest number of ready-to-issue instructions.

* Arrange for each port to be used by a subset of al the streams. For example, in
Figure 6.1 each integer port is used by at most three stream windows, thus reducing
the arbitration critical delay to three stream windows.

* Adopt alook-ahead scheme to reduce the critical path using redundant circuit.

6.1.5. A Look-Ahead Scheme for Arbitration

We discuss alook-ahead scheme for computation of the free vector. We want a solution that
separates the request matrix R from the free matrix F, such that the requests for all the
streams can be processed in parallel as much as possible.

It can be shown that a solution of the recurrence equations (6.1) for the F matrix is

Fima=Fin(CO+cB e +. +cl D6l n<m (6.2)

n,m>=n,i-1 n,i-1

where Cl) means that are most i instructions are ready-to-issue in the window of

instructions (n,m) and G }( means that at least i ports are free before instruction n, in the set

(i
n,

83



of ports starting with 1 and ending with k. In other words, the equation says that port i will
be free after the group of instructions n,n+1,..,m-1,m have been checked if the port was free
before (Fj n) and either 1) there were no requests, 2) there was at most one request and at
least one port free among the group of i-1 preceding ports,..., i-1) there were i-1 or fewer
requests and at least i-1 free ports.

For example, the equations for four ports and awindow of four instructions are

1
C':'r(1l)1 =Fin Gr(11)2 =Fin+Fan Gr(11)3 =Fint+Fon+Fsn
’ 2
GSZ% =FinFan Gr(132 =FinFon+FinFan+FonFan

3
Grg% =Fyn-Fon-Fan

Cr({)%+3 = E R1,n+1' R1,n+2 : R1,n+3
Cr(1:,L21+3 = E R1,n+1' R1,n+2 +R1_,n' R1,n+1' R1,n+3 + R1,n+1' R1,n+2 : R1,n+3
Cr(1’23+3 = m Rine+ E Rin+2 +?,n' Rin+es*+ Rinst  Rone2 + Rinet Runss + Ryns2 - Rynes

3 _
Cr(1,r)1+3 =Rn+Rinitt Rynio + Rinss

Fl,n+4 = Fl,n(Cr(1(,)r)1+3)
Fonsa = Fz,n(c(o) +cM G(l))

n,n+3 n,n+3=n,1

Fansa = Fan(Clna + CihaGld +CintaGl3)

n,n+3 n,n+3 n,n+3
Fuva = Fan(Ci%s + 04 + 2,012 + 30613

In general, the number of instructions to consider is much larger than the number of
portsto assign. In atypical case, there are eight instructions in the window and two or three
ports. Thus, our strategy is to compute the vector C in each of the stream windows and then
propagate the F vector using equation (6.2).

Fortunately, C can be computed as the requests are generated using the counter circuit
shown in Figure 6.4. The counter circuit is avariation of the tally circuit used in nMOS cells
[mead80,mukh86]. Each row j of the circuit becomes 1 if there are at least j requests. Thus,
C isgenerated. By exchanging AND with OR gates, the matrix C can be computed directly.
A CMOS implementation can also take advantage of propagate/kill schemes, using a
combination of standard gates with transmission gates [mukh86].
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Figure 6.4. Wavefront computation of the C vector.

Using this strategy, we can reduce the critical path of the arbitration for four stream
windows to less than the timing for two stream windows using propagation logic. The timing
isasfollows:

1) Thematrix C for each window is computed in parallel. Also, the output vector F for the
highest priority window is computed in parallel. This takes about W+ U gate delays, where
W isthe size of the window and U is the number of ports.

2) The output vector F of the second window is computed from the output F of the first
window using equation (6.1). Thistakestwo gate delays for atypical case.

3) Theoutput F of the third window is computed from the output F of the second window,
asin 2).

4) The use matrix U for the four window is computed from the output F of the third
window and theinternal matrix C. This takes about two to three gate delays.

The circuit of Figure 6.4 can be used for other purposes as well. For example, the
scheduler could select two streams for arbitration of some port type if the streams have the
highest number of requests for the port type. In this way, the scheduler is giving more
chance to those processes that need more resources.
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6.2 Multithreaded Cache

The speed gap between the processor cycle time and memory access time has continued to
grow in recent years. Thus, processors rely on caches to reduce the penalty of memory
accesses. However, the performance of a processor is severely reduced by the penalty
imposed by cache misses.

The penalty of a cache miss can be reduced by dynamically issuing instructions out-of -
order. In a superscalar processor, a data cache miss does not necessarily stop issue of
instructions until the cache missed datais delivered from memory. It may stop only issue of
the instructions that have data dependency on the cache missed load instruction, but the
processor can issue out-of-order subsequent instructions. Also, the processor does not need
to wait for stores that produce a cache miss. However, if the instruction-level parallelismis
low as suggested by some authors [joup89], it is very likely that many subsequent
instructions will depend on the stalled one therefore effectively stopping the processor until
the data comes from memory. Thus, the effect of cache misses on performance is more
significant for a superscalar processor because the number of instructions that might have
executed if acache miss did not occur is proportional to the machine paralelism.

A multistreamed superscalar processor running independent instructions streams has
more availability of ready-to-issue instructions and therefore does not have to stall on a
cache miss; instruction streams that have not missed may continue accessing the cache. The
miss rate for a multistreamed architecture may be higher than the corresponding
uniprocessor miss rate. However, if the cache design is lock-up free [chua90, krof81], then
the cache allows simultaneous accesses. For example, the cache can service a line refill
scheduled by a cache miss, while allowing access in parallel to different cache blocks.
While the multithreaded miss rate could be higher than the single-stream miss rate, the
performance can be higher, as well. This explains why the miss rate is no longer the most
important performance metric in multithreaded caches; thus, we must look for alternative
metrics.

Hill classifies the missesin uniprocessor cachesin four categories: conflict, compulsory,
capacity, and coherence [hill87]. Conflict misses are misses that would not occur if the cache
was fully-associative and had a true least-recently-used (LRU) replacement policy.
Compulsory misses are required in any cache organization because they are the first
references to an instruction or piece of data. Capacity misses occur when the cache size is
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not sufficient to hold data between references. Coherence misses are misses that occur as a
result of invalidation to preserve multiprocessor cache consistency.

Similarly, Agarwal [agar92] classifies the misses experienced by an application in four
groups. start-up effects, non-stationary behavior, intrinsic interference, and extrinsic
interference. Start-up is caused by initial execution of the program. Changes in the program's
working set cause nonstationary behavior misses. The size of the cache causes intrinsic
interference, i.e. cache lines owned by an application must be replaced because they conflict.
Multiprogramming causes extrinsic misses. Only the number of misses due to interference
(intrinsic and extrinsic) increases with a larger number of contexts in a multithreaded
architecture.

Sharing the cache has several advantages for multithreaded workloads:

®* The need for maintaining duplicated information is reduced, thus the combined
working set of the multithreaded cache is smaller than the corresponding single-
thread caches.

* The potential ping-pong problems of false sharing in a shared-memory
multiprocessor are eliminated. The ping-pong problem occurs when the pattern of
access of several processors causes a cache set to be invalidated in each cache
periodically, as each cache tries to get ownership of someline. False sharing occurs
when the data that processors access are not really shared but map to the same cache
line. This problem is specialy severe for direct mapped caches.

* Thecache utilization isimproved because the cache can serve a miss while the cache
is being accessed by other threads. This assumes a lock-up free cache design. While
the miss rate of a multithreaded cache may be higher, the overall performance may
be higher.

On the other hand, there are severe disadvantages of sharing the cache:

* The software design goals may be diametrically opposed for shared or private
caches. Sharing the cache encourages the use of false sharing to reduce miss rate.
False sharing should be avoided with private caches, even if special purpose cache
coherence hardware exists. This could lead to software portability problems for
multiprocessors that use combinations of shared/private cache.

® Sharing could lead to a very high extrinsic and intrinsic interference miss rate. The
higher miss rate could offset any performance gain of multithreading, leading to
contention and possible saturation of the bus used to service the misses. The
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problem can be so severe that the multithreaded performance could be lower than
the single stream performance.

® Lock-up-free cache designs are more complex since there are simultaneous cache
accesses, adl in parallel with linerefills caused by misses. There is contention for use
of resources; conflict resolution hardware may increase the cycle time. Thisimposes
restrictions in the number of simultaneous accesses allowed.

We see that the optimal cache configuration depends on many factors, including the
workload. This section analyzes the cache and discusses some ways to reduce the miss rate
and/or bus traffic in a shared cache. While it is important to explore many tradeoffs of
shared/private caches, we concentrate on ways to reduce the problems of shared caches.

Finally, we discuss implementation technology for the possible use of an on-chip shared
primary cache. The expected size of the on-chip caches depends on the implementation
technology, with higher-speed technologies generally resulting in smaller on-chip caches.
Large caches may be more adequate than small caches for multithread sharing. For
example, quite large on-chip caches should be feasible in CMOS but only small caches are
feasible in the near term for GaA s/bipolar processors. Thus, although GaAs and bipolar are
faster, the higher miss rate of multithreading from their smaller caches could decrease the
actual system performance compared to CMOS machines; their performance could be
dominated by the speed of the bus communicating with the secondary cache or main
memory.

6.2.1 Understanding Cache Degradation

A simple cache model helps to understand the adverse effects of increasing the number of
contexts on the cache miss ratio. Assume that each context uses afixed 1/N partition of the
total cache, instead of sharing the whole cache between the contexts. Therefore, the total
cache size is constant and each context will have a smaller cache for its own use as the
number of contexts increases. In reality, contexts may interfere constructively or
destructively on shared data. If they do not interfere at all, they might fit in the cache with
unequal partitions.

Empirical observations show that the miss ratio m as afunction of the size of the cache S
can be approximated by n= AS K, where A and K are positive constants that depend on the
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Figure 6.5. Simulation of the cache with amodel. The vertical axis shows the performance
in number of instructions per cycle (IPC).

workload [thie89]. The above miss ratio formula appears to be valid for caches between 1K
and 256K bytes under uniprocessor execution. An expression for the miss ratio m with N
contexts each using a cache of size SN has been proposed by Saavedra-Barrera[saav90]:
m(N) = A(SN) K= (ASKINK= m()NK,  for N <[ m(1)-VK |

where m(1) is the miss ratio for one thread. K is the cache degradation factor. Results
reported for three applications show K ranging from 0.1 to 0.6, with higher K corresponding
to lower initial missratio m(1). The model of cache degradation due to multithreading shows
that returns diminish as the number of threads becomes large.

Figure 6.5 shows the result of a simulation for a particular benchmark and configuration
of four functional units using this model for three different values of m(1) and K. The results
for the ideal cache are shown as the point of reference. As shown, the performance increases
until it reaches a maximum after which the performance starts to decline because of a higher
miss rate. For some benchmarks with higher miss ratio and/or degradation factors, the
maximum that can be obtained is lower with a rapid decrease in performance as the number
of threads increase.

From this simulation, it is evident that multithreaded caches can only be used to hold a
small number of contexts. The optimal number of streams depends on factors such as cache
size, characteristics of the workload, to name a few. For most workloads, the number of
threads that can share the cache is very reduced.
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6.2.2 Cache Behavior for a Small Number of Contexts

We present a study of the multithreaded cache behavior for a small nhumber of contexts,
namely one, two, and four. We chose doduc, fpppp, egntott, espresso, spice, and xlisp from
the SPEC’ 89 benchmark suit. We ran multiple copies of the benchmarks; thus, each stream
has an independent data segment, while all the streams share the code segment. Thisis a
worse case for the data cache behavior since the data accesses can only interfere with each
other.

We ran simulations for the data cache. To isolate data cache effects, an infinite
functional unit configuration and a perfect instruction cache are employed. Thus,
performance (IPC) is limited only by data dependencies and cache behavior. The data cache
is connected to the main memory through a data bus used to service cache refills. Cache
refills are non-split transactions that take 10 cycles. We assume a perfect lock-up free data
cache design. Theline sizeis 32 bytes, the cache is write-back and the replacement policy is
LRU.

The number of simultaneously active working sets in a multithreaded architecture is
higher than in a single thread cache. Thus, an increase in the associativity of the cache
reduces the conflicts, both intrinsic (within the thread) and extrinsic (between different
threads). Figure 6.6 shows the simulation results obtained for cache associativities one
(direct-mapped), and four.

Since the missratio is not truly indicative of multithreaded processor behavior, we chose
the relative improvement of N threads over one thread as our performance measure. The
relative performance is defined as

R(N)= (IPCy - IPC1)/IPCq
where IPC is the number of instructions-per-cycle, and N is the number of threads, i.e. two
or four. Therefore, the maximum relative performance is 100% and 300% for two and four
threads, respectively, since there are multiple copies of the same program with different data
setsin the data cache. Note that the relative performance could be negative indicating worse
performance than a single-thread.

Figure 6.6 shows results for two (a,b) and four threads (c,d), and cache associativities
one (a,c), and four (b,d). We chose 4, 8, 16, 32, 64, and 256 K bytes cache sizes as they
represent the range of primary cache sizes that can be found on existing processors.
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Figure 6.6. Relative improvement over one thread for two (a,b) and four threads (c,d), for
caches with associativity one (a,c), and four (b,d).
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Our simulation shows very distinct patterns of cache behavior. Doduc and fpppp are
benchmarks that exhibit bad cache behavior (negative improvement) for small caches for
two threads, and even worse for four threads. Increasing the associativity does not affect
performance for small caches (4, 8, and 16 Kilobytes), but the improvement becomes very
significant for relatively large caches. Eqntott performance is acceptable for small caches; its
performance improves with increasing associativity but does not reach the maximum
predicted (100% and 300 %); thereis a secondary effect that reduces performance growth.
Jice has an relatively acceptable small cache performance with a slow growth with the
cache size. Spice performance is relatively unaffected by increasing associativity (except for
256 K). Espresso has a relative good performance for small caches and improves
significantly with increasing cache size and associativity. Similarly, the performance of xlisp
improves with the cache size and associativity.

There is a positive correlation between the percentage of memory operations in the
instruction mix and the multithreaded cache performance. Table 3.3 in Chapter 3 shows the
instruction mixes of the benchmarks. For example, egntott and espresso with 25%
load/stores have the best performance. Benchmarks with high percentage of |oad/store
(feppp 59%, doduc 41% and xlisp 41%) have bad performance for small caches; however, an
increase in cache size dramatically improves their performance. Spice is a benchmark with
33% load/stores with fair performance for small caches; however, its performance increases
slowly with the cache size. Thus, the performance of spice is determined by the memory
access pattern.

Multithreaded loss of performanceis not only due to cache interference but to contention
in the bus used to service the refills. Figure 6.7 shows the average bus utilization for the six
benchmarks, for two/four threads and associativities 1, 2, and 4. As shown in the figure, the
bus is saturated (100% utilization) for four threads and small caches. Bus saturation is
highly undesirable because the average memory latency for a refill increases significantly
when the bus is amost saturated. The situation is even worse if we consider the bus traffic
generated by instruction cache which we have assumed ideal.

As shown in Figure 6.7, increasing associativity has the predictable effect of steadily
reducing the bus utilization. We can see that for one and two threads the reduction from
changing the associativity one to two is much greater than from two to four, indicating that
performance improvement will not grow beyond some given associativity value. For four
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threads the situation is different since there is more need for higher associativity for the
increasing number of working sets.

Figure 6.8 shows the average extrinsic interference (between threads) for cache
associativities 1, 2, and 4, and two and four threads. The extrinsic interference is defined as
the percentage of misses produced by a thread replacing another thread's cache line. By
definition, the interference of the single thread is zero. As expected, increasing the
associativity has the steady effect of reducing the interference.

We observe that while increasing associativity helps for most benchmarks, some
benchmarks remain relatively unaffected, spice, for example. Also, there is the severe
problem of the negative improvements for small caches; in these cases it is better to have
private caches. This suggests that new non-traditional approaches have to be examined to
improve multithreaded cache performance.
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Figure 6.7. Average percentage of bus utilization for multithreaded caches with
associativities 1, 2, and 4, and one, two, and four threads. The horizontal axisis the
cache sizein kilobytes.
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Figure 6.8. Average interference for two and four streams and associativities 1, 2,
and 4. The horizontal axis is the cache size in kilobytes. The vertical axis is the
percentage of cache interference.

6.2.3 Victim Cache

Jouppi [joup90] proposed the victim cache as a way to improve the performance of direct
mapped caches. Here we examine its performance for multithreaded contexts.

Even though direct-mapped caches have more conflict misses due to their lack of
associativity, their performance is still better than set-associative caches when the access
time costs for hits are considered. The direct-mapped cache is the only cache configuration
where the critical path is merely the time required to accessa RAM. Theideaisto somehow
provide additional associativity without adding to the critical access path for a direct-mapped
cache to reduce conflict misses. Conflicts misses account for between 20% and 40% of al
direct-mapped cache misses [hill87].

Victim caching is an improvement to miss caching [joup90] that loads a small fully-
associative cache with the victim of a miss and not the requested line. Victim caching places
a small fully-associative cache between a cache and its refill path. The small fully-
associative cache is loaded with the victim of amiss.
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Figure 6.9. Organization of victim cache.

Figure 6.9 shows the organization of our victim cache. The cacheis effectively divided
in two sections to exploit both the spatial and temporal locality of the memory references.
The two halves are accessed in parallel. While the set portion of an address is used to access
alarge direct mapped cache, the tag is compared (symbol ?) with all the tags of the victim
cache. A memory reference hitsif either of the two halves contain the corresponding tag. On
amiss, two separate replacement policies are activated in both caches. Thelineisreplaced in
the direct mapped cache while the displaced line from the direct mapped cache goes to the
victim cache where it replaces the |least-recently-used (LRU) line. With victim caching, no
dataline appears both in the direct-mapped cache and the victim cache.

Our victim cache is somehow different to the architecture proposed by Jouppi; in its
approach in the case of a miss in the direct-mapped cache that hits in the victim cache, the
contents of the direct-mapped cache line and the matching victim cache line are swapped. In
our approach the cache line remains in the victim cache until it gets displaced because it is
the oldest reference. Our approach exploits the victim cache for both temporal locality and
store buffering.

The function of the victim cache is similar to the function of the store buffers already
employed in architectures such as the MPC601 [moto93]. The store buffers are used to store
cache lines invalidated by the cache coherence detector mechanism that monitor a snoopy
bus. Victim caching reuses the store buffers for cache access. Thus, victim caching can be
seen as an extension to the use of store buffers.
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For example, the MPC601 has a memory unit with a write queue for buffering. Some
entries of the queue are dedicated to writing cache sectors to system memory after a
modified sector is hit by a snoop from another processor or snooping device on the system
bus, to guarantee that a high-priority operation receives a deterministic response when
snooping hits a modified sector; these entries obviously do not contain valid information in
the victim cache. The other entries of the queue which contain valid information are used in
a conventional way to store written back modified (dirty) lines that have been deallocated;
that is, when a cache sector is full, the least recently used cache line is deallocated by first
being copied into the write queue and from there to system memory if it is modified. In the
victim cache, both dirty and non-dirty displaced elements are stored. Note that snooping can
occur after a sector has been pushed out into the write queue and before the data has been
written to system memory. Therefore, to maintain a coherent memory, the tagsin the victim
cache are compared to snooped addresses in the same way as the cache tags. If a snoop hits
an entry the data are first stored in system memory before they can be loaded into the cache
of the snooping bus master.

Figure 6.10 shows the performance of our six benchmarks for a direct mapped cache of
size 32K as afunction of the number of entriesin the victim cache. A data cache size of 32K
is typical of processors such as the RS6000 [groh90]. Once again we observe different
patterns for the benchmarks. We can see that a victim cache with 15 entries almost
completely masks the interference effects for two threads; the average improvement is close
to 96%. For four threads the 15-entry victim cache brings a good improvement; the only
exception is spice, with a slow growth. We again observe the odd behavior of egntott, with
secondary effects that level off performance followed by a secondary improvement. A few
entries in the victim cache bring acceptable performance: six entries for two threads and
twelve entries for four threads.

Figure 6.11 shows the average performance improvement of the victim cache as a
function of the cache size. The figure shows results for 2, 4, 8, and 15 entries in the victim
cache used with direct-mapped data caches of different sizes. In spite of the dissimilar
behavior of the benchmarks, the figure shows the regular pattern of improvement of adding
more entries to the victim cache. In general, smaller caches benefit the most from the victim
cache since the improvement is amost linear with the number of entries. For mid-range
caches (32K), the improvement is amost logarithmic, i.e. doubling the number of entries
produces the same increase, approximately.

96



—®— doduc
= fpppp

—*— eqgntott

— espresso

N
o
SRR

—A— gpice
—— xlisp

0123456 78 9101112131415
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Figure 6.11. Average percentage of improvement as a function of the cache size (in kilobytes),
for 2, 4, 8, and 15 entries in the victim cache. The left figure is for two threads while the right
figureisfor four threads.
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Table 6.1 provides a performance comparison between the effect of the victim cache and
the effect of increasing the associativity in a conventional cache. The table shows the
average humber of entriesin the victim cache needed to produce the same or better |PC than
the effect of increasing the associativity in a conventional cache. As seen from the table, the
number of entries in the victim cache is small to produce the same effect. Thisis specially
true for small caches where the victim cache has more effect than the associativity of the
cache, because the size of the cache cannot simultaneously contain the whole working set of
al the threads. For large caches, there is not much difference between the victim cache and
the associativity since both have the same effect of reducing the number of conflictsin the
cache. We see that a victim cache with four entries provides equal or better performance
than a corresponding cache with associativity four. Furthermore, a victim cache with eight
entries can annihilate any performance degradation produced by multithreaded caches
holding up to four contexts.

cache Associativity 2 Associativity 4
size 1 2 4 1 2 4
stream | streams | streams| stream | streams| streams

4 17 18 25 25 25 38
8 22 18 2.7 30 25 38
16 22 27 30 32 28 37
32 15 23 25 18 28 32
64 15 20 2.3 17 22 32
128 12 15 18 12 20 22
256 10 13 15 10 15 20

Table 6.1. Average number of entriesin the victim cache to produce the same effect
as increasing the cache associativity for one, two and four streams.

Victim caches can be useful as second-level caches, especially for small caches where
capacity misses are important. As the size of the cache increases, the percentage of the
conflict/compulsory misses is more important than capacity misses. Since the number of
conflict misses increases with increasing line sizes, the large line sizes of second-level
caches also tend to increase the potential usefulness of victim caches.

A victim cache can contain many lines that conflict not only at the first level but also at

the second level. Thus, a first-level victim cache can aso reduce the number of conflict
misses at the second level [joup90] ¢
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7 Conclusion

Recent superscalar designs use several functional units [whit93]. As the trend moves
towards integrating more functional units within the processor, designers face the challenge
of utilizing these additional resources effectively. Superscalar processors face limitations to
exploit the additional functional units due to the inherent limit of instruction-level
parallelism within a single instruction stream. Multistreaming provides an aternative way to
improve the utilization of the superscalar processor with multiple functional units.

A multistreamed processor is provided with hardware support for a limited number of
streams. Each stream uses a context frame, which is the collection of al the registers needed
to hold the context of a program, such as the program counter, register file, etc. Therefore, a
limited number of threads can run simultaneously in the multistreamed processor.

Recent operating systems and parallelizing compilers provide multiple threads of
computation. Integrating multistreaming within superscalar architectures is an effective
method for maximally exploiting the additional functional units needed for this new
generation of software.

7.1 General Architecture

Chapter 2 presented a general framework for the study of multithreaded, multistreamed,
superscalar processors. We presented a classification of multithreading, namely coarse-grain
and fine-grain, according to the number of streams present in the processor. A stream is
defined as the hardware support needed to hold the running context of several threads
(activation), thus a stream has its own copy of register files (integer and floating-point) and
other special registers. Coarse-grain (blocked) multithreading uses one stream, and is used
mainly to hide long-latency memory operations. Fine-grain (interleaved) using several
streams (multistreamed) can improve both tolerance to memory latency and functional unit
utilization of the superscalar processor. However, interleaving implies a higher cost in terms
of additional scheduling hardware and duplicated register files.
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We also presented general architecture principles for building a multistreamed processor
using higher circuit integration. A processor with ahigher clock rate is easier to implement if
global interconnections are minimized using the principle of locality of the functions,
namely the minimization of the communication among the different building blocks of the
processor.

7.2 Perfor mance Evaluation

Chapter 3 presented a performance evaluation tool for Dynamic Superscalar Multistreamed
Processors (DSMP).

As more functional units are added within the processor, DSMP show that they can
make much more efficient use of the resources than single streamed, superscalar
architectures. Our simulation results for a random schedule and single memory latency
show performance increases ranging from 31.5 percent for a base configuration to 284
percent for a configuration with many functional units. DSMP processors provide good
tolerance to memory latency. Our studies also show little impact of the schedule policy on
the overall performance, but large impact on the individual streams. Results show that
multistreamed superscalar architectures can achieve high processor efficiency given the
constraints of functional units, dependencies, and issue window size. Small window sizes
can be used to obtain adequate performance.

7.3 Perfor mance Estimation

Chapter 4 presented an analytic technique for evaluating the performance of multistreamed,
superscalar processors. Our results demonstrate that the technique produces accurate
instructions-per-cycle (IPC) estimates of the overall performance through comparison with a
multistreamed RS/6000 simulator.

The analytical technique provides a quick way to examine the many variations of an
architecture at a high level of abstraction. The technique only requires simple descriptions
of the workload and architectural configuration as input parameters. These parameters are
easily measured or estimated using tools that are commonly available. In addition, the
simplicity of the model makes it easy to implement and much faster to execute than a
hardware simulator.
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Performance estimation is separated into two major parts: 1) model of structural hazards,
and 2) model of control and data hazards. The rationale behind this division is that the
modeling of structural hazards is primarily dependent on the architectural (hardware)
configuration while the modeling of control and data hazards is primarily dependent on the
workload. We employ a Markov Chain for the model of structural hazards. Furthermore, we
split the Markov Chain modeling all the structural hazards in smaller subchains to reduce the
complexity associated with solving a large Markov Chain. Control and data hazards are
characterized by a histogram vector obtained from simulations for a single stream.

We presented analytic expressions for the saturation value for different schedules. The
saturation value is the maximum performance that can be achieved, given the characteristics
of the workload, the configuration in terms of functional units, and the characteristics of the
schedule.

Each instruction stream is interpreted as a random stream of instructions of each type.
The accuracy of the model depends on the assumptions that 1) the instruction mix is a
stationary process, and 2) instructions appear in the instruction stream in a random manner.
We presented two estimators (¢,0) to measure the degree of closeness to these assumptions:

7.4 Multistreamed Instruction |1ssue M echanism

Chapter 5 presented an issue scheme that resolves dependencies in a way which can be
considered intermediate between the Tomasulo after-issue algorithm and the Dispatch stack
before-issue scheme. The paper exposes some of the tradeoffs for dependency resolution
with logic located in different places of the processor. Communication between the different
components constitutes an important bottleneck in a design of a superscalar processor. Thus,
the communication needed to keep the scheme is reduced by the use of comparative logic
which can be considered an extension of ordinary match logic.

The design uses a distributed version of the reorder buffer because its functions are
assumed by the issue window in the control unit, and the result buffer in the data units. The
result buffer supports a limited form of register renaming which can be improved with
additional logic that keeps track of WAW hazards. Another objective is to keep the logic
simple, regular, and amenable to VLSI layout to avoid long critical delay paths that reduce
the maximum achievable clock rate. For example, functional units do not have freeze logic.
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Several authors treat speculative execution, precise interrupts, and instruction issue
separately. However, these aspects are interrelated, so that the methodology treats themin a
simple, unified manner. The chapter mainly discusses the implementation of precise
interrupts at the finest granularity. However, there is a brief discussion of some of the
tradeoffs that can be done which reduce the hardware complexity at the cost of reducing the
granularity of interrupts.

7.5 Performance Tradeoffs

We discuss in Section 6.1 the problems of sharing functional units. In particular, we
concentrate on reducing the overhead caused by arbitration of functional units in a
multistreamed environment. Our scheme is designed for a small number of functional units
and streams. A high number of functional units and/or streams needs a more complex
interconnection network that probably is not cost effective because of the increased
complexity. In that case it would be better for each stream to share a reduced number of
functional units.. Only functional units with high implementation cost (area, for example)
could be shared by all the streams.

Section 6.2 discusses some of the problems of sharing a cache by multiple contexts. In
spite of the higher miss rate of multistreaming, the performance can be higher as well.
Instead of using the miss rate, we use the relative performance IPC improvement as our
performance metric. Small caches are probably not adequate for sharing because of the
working set size of multiple threads. Bigger caches, which experience more conflict than
capacity misses, are more amenable for sharing. We also show the improvement of adding a
small victim cache to exploit both spatial and temporal locality of the memory references.
Victim caches are shown more effective in improving performance than a corresponding
increase in the cache associativity.
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