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CHAPTER I

INTRODUCTION

Multiprocessor computer systems offer many advantages over single processor comput-

ers. The multiprocessor can be devoted to a single job reducing its overall execution time.

This also allows more difficult jobs to be attempted. Multiple jobs can also be run simul-

taneously increasing the throughput of the system. Shared resources are efficiently utilized

because the average workload will contain a mix of processor-bound and memory-bound

jobs. Multiprocessors are very reliable. They can be designed so that the failure of one pro-

cessor only degrades the system perfomance, not crashes the entire system. A multiproces-

sor can also be designed so that processors can be added as needed. Multiprocessors can

therefore be tailored for specific applications or grow incrementally to meet demand. A

tightly coupled multiprocessor is a computer system containing two or more processors that

can execute instructions independently, that are not highly specialized, and that share most

or all of memory. Many multiprocessor computer systems do not share memory, but these

will not be considered in this thesis. Therefore, the term multiprocessor will be used to

C' mean tightly coupled multiprocessor hereafter.

As the number of processors in a multiprocessor increases, the throughput of each pro-

cessor decreases. This is due mainly to memory interference. The effects of memory

interference can be reduced by increasing the number of parallel memory modules. There-

fore, a multiprocessor system requires a large number of memory modules and as a result a

. large processor to memory switch. Using faster processors is another way to increase the

throughput. In order to efficiently utilize fast processors, memory access time must be close

to the cycle time of the processors. Memory access time increases with the size of the

switch. However, fast processors require fast access time. The solution to achieve a fast

.. . . . . . .
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access time with a large shared memory is to use a memory hierarchy. A memory hierar-

chy is a storage system of two or more levels of storage with dissimilar technologies, capa-

cities, access times, and per-unit costs. Using a program's property of locality, memory

accesses are often completed at the speed of the fastest and smallest memories while the

cost per unit of storage approaches that of the least costly and slowest storage. The need to

keep the cost of memory low is another motivation for memory hierarchies.

Most recently produced computers have cache memories as the highest level of their

memory hierarchy. Examples include large computer systems such as the IBM 3081 as

well as medium and small computers such as the DEC VAX 11/780 and PDP-11/70. Cache

memories are designed to hold temporarily those memory words believed to be currently in

use. When a processor makes a memory request, the cache is checked to see if it holds the

desired word. If the word is in the cache, a hit occurs and the word is sent to the processor

at a speed close to the processor cycle time without accessing main memory. If the word is

not in the cache, a miss occurs. A miss is processed by bringing into the cache the block in

main memory containing the word and sending it to the processor. Room must be found in

the cache for this new block which typically involves replacing a previously cached block.

Blocks are usually larger than the largest unit of data that the processor can access in order

to exploit the program's property of locality. It is not the intention of this thesis to docu-

ment the operations and advantages of cache memory, so an acquaintance with cache prin-

ciples will be assumed. Refer to (Conti69], (Meade70], [Kaplan73, [Strecker76, [Rao78,

[Smith82] for additional background on cache memories.

The cache miss ratio is the fraction of processor requests not found in the cache. It is

easy to see that a low miss ratio is needed for good performance. Usually, as the size of the

cache increases, its miss ratio decreases. Therefore, the cache must be large enough to pro-

vide a low miss ratio. Unfortunately, as the cache size grows, its access time increases
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which defeats its purpose. It also becomes more expensive. A solution to this problem is to

*. extend the memory hierarchy concept to the cache memory creating a two-level cache.

This thesis studies the performance of two-level cache configurations in multiprocessor

- computer systems.

Each cache level can either be shared by all processors or split into a number of

.; independent caches, one for each processor. This latter configuration will be referred to as

private cache. Shared cache offers many advantages over private cache [Yeh83. Private

cache is constrained to a fixed cache allocation per processor while shared cache allows for

* the dynamic allocation of the total cache space. Memory words requested by more than one

processor have to be brought into each private cache while only one copy is needed in a

shared cache. For these reasons, a shared cache can attain a lower miss ratio. Interprocessor

communication can easily be achieved through a shared cache. Shared cache also avoids the

S cache coherence problem. This problem occurs in a private cache configuration when more

-" than one private cache holds the same memory block and one processor modifies its copy.

Unfortunately, a shared cache causes performance degradation due to access conflicts. In

order to obtain reasonable performance, the number of cache modules should be greater

than the number of processors [Yeh83]. Since one of the reasons for using a two-level cache

• is to efficiently utilize fast processors, the first level of the cache (LI cache) will be com-

posed of private caches. Most processor requests will be found in LI cache, so the second

level of the cache (L2 cache) will receive far fewer requests than LI cache. Therefore, the

access conflict problem is not as serious in L2 cache allowing it to be a shared cache. Figure

i-i shows the proposed two-level cache configuration.

In Chapter 2, the cache coherence problem is examined. Section 2.1 defines cache

coherency and describes the sources of the coherence problems. It also reviews some general

techniques for dealing with these problems. Specific cache coherence algorithms are

t
at
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These algorithms distribute the directory information among the caches and use a bus to

broadcast needed information. A coherence solution for the two-level cache is proposed in

Section 2.4. Ideas from the previously proposed cache coherence solutions are adopted into

an algorithm appropriate for the proposed two-level cache configuration.

In Chapter 3, the performance of the proposed two-level cache configuration and

coherence solution is evaluated. Section 3.1 presents a performance model for the proposed

two-level cache and the jobs run on it. An approximate analytical method is used to derive

a number of equations in Section 3.2. These equations can be solved by numerical analysis

two-level cache....an.. ....... ........ ..o-it.- Anapoiaeaayia mehd..se odrv
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to evaluate the performance of the two-level cache. The results of the performance

analysis are discussed in Section 3.3.

It will be shown in Chapter 3 that the bus needed for cache coherence is the

U bottleneck of the system. Chapter 4 presents a method that attempts to reduce the bus

usage. The previously derived equations are modified to evaluate the performance of this

bus usage reduction method. The results of the performance analysis are presented at the

end of Chapter 4.

In the final chapter, the future applicability of multiprocessors with two-level caches

is discussed. Areas where further research is needed are also pointed out.

6:A
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CHAPTER 2

CACHE COHERENCE ALGORITHMS

2.1. The Cache Coherence Problem

A multiprocessor system is cache coherent if a read request for any word always

returns the most recently written value of that word. The private cache configuration

chosen for LI cache has coherence problems, as previously mentioned. The problems come

about when memory blocks exist in more than one private cache. Multiple copies of

= . memory blocks in private caches is the result of morc than one job requesting tlhe same

memory block or a job being switched from one processor to another (task switching) that

requests the memory block while in each processor. If one copy of a melaory block is

modified, all other copies must be informed of this change to guarantee that all subsequent

read requests to that block from any processor return this updated version.

If no shared and writable memory blocks are allowed to be cached, then no cache

coherence problems exist. Since task switching makes any memory block potentially shar-

able, the above solution limits cached blocks to be read-only. This can be implemented by

* requiring the operating system to designate which memory blocks can be cached. A special

operating system is then required since cache memories are usually designed to be tran-

sparent to the operating system. Poor performance results when jobs with high write rates

are executed. Much better performance can be achieved by allowing writable memory

blocks to be cached.

The classical coherence solution uses a data path connected to every cache over which

all the processors send the addresses of the blocks that they modify. Each cache monitors

the data path and invalidates or updates those blocks that it contains. In addition, the

~~~~~~. . ......................... ,.- .° -...... ..... :
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modification is sent to main memory (write-through policy) so that it always contains the

most recently written value of the block. The main drawback of this scheme is the high

traffic on the data path. As the number of processors in the system increases, this traffic

increases to the point that the data path becomes the bottleneck of the system. Also, every

cache in the system must surrender a cycle to check to see if it has the block that has been

modified. This causes much cache interference. The problem can be reduced by using a bias

filter [Bean79] which is a small memory associated with each cache. It keeps track of the

most recently invalidated blocks so that repeated invalidations to the same block only

interrupt a cache once.

The best place to reduce data path traffic and cache interference is at the source, the

caches themselves. Two classes of coherence solutions exist that attempt to do this. One

scheme is to use a directory to keep track of which blocks are currently being shared. Only

write requests to these shared blocks need to be sent on the data path. The other scheme is

to connect all the caches to a bus and broadcast write requests on the bus. The directory

information in the previous scheme is distributed among the caches to reduce bus traffic.

.U Specific proposals of directory schemes are presented in the next section and specific bus

schemes are reviewed in the section following that.

2.2. Directory Schemes

The central directory scheme [Tang76] uses a "store controller" to control the com-

mumcation among the caches. Cached blocks are declared shared or private. Shared blocks

may exist in more than one cache and are consistent with their corresponding main

memory block. Only one private block can exist among all the caches. A private block is

one that has been modified or has a write request to it pending. The store controller must

* know at all times the status of every cache block. The central directory is used for this

purpose. It contains a duplicate of each cache's directory. For a processor to modify a
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previously unmodified block, it must first issue a request to the store controller to convert

the shared block to a private block. If the "shared" block was actually shared by more than

one cache, these additional copies are invalidated. The store controller can also cause a cache

to send a private block to main memory and then change its status to shared, or invalidate

it. This scheme requires extensive central directory searching for each cache miss and block

status checking for each cache write. This scheme works well for a small number of pro-

cessors, but access conflict problems occur at the central directory for a larger number of

processors. The central directory also becomes prohibitively large for a large number of

4 processors. .

A similar coherence solution is the presence flag solution [Censier781. Its main objec-

tive is to eliminate all or almost all ineffective invalidation requests. Each block in cache

contains a private flag to indicate whether the block is private or shared. Each main

memory block contains a presence flag for each cache in the system. The presence flag indi-

cates whether or not the memory block is in a particular cache. Each main memory block

also contains a modified flag to indicate whether or not the block has been modified in a

cache. The presence flags allow the invalidation and update requests to be sent only to

those caches whose presence flag is set. The S-I Multiprocessor uses a coherence solution

similar to this [Widdoes79]. The main drawback of this scheme is the extra memory

required for the presence flags.

The objective of the logical semi-critical section scheme [Yen 821 is to fulfill as many

requests as possible entirely in a private cache. In the previous two proposals, a processor

can not commence writing into an unmodified block until the state of the corresponding

main memory block is changed even if its cache contains the only copy. This scheme

allows write requests to be executed on unmodified and unshared blocks without first con-

sulting a global directory. The same global information used in the presence flag solution is

- -
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U used, but more local information is kept for each cache block. Each cache block contains a

valid bit, a single bit, and a modify bit. Different combinations of these bits produce four

possible states for each cache block: invalid, single-unmodified, shared-unmodified, and

o single-modified. Main memory and each cache has a separate controller to keep track of all

the status information. The key to this scheme is the local single states. These states are

maintained by checking if any other cache holds a copy of the block when it is first read in,

and checking if a single copy remains when a shared block is replaced. This scheme pro-

.L vides a performance improvement over the previous presence flag scheme, but requires even

more memory ov-rhead.

The amount of extra memory needed can be greatly reduced by using the two-bit

solution [Archibald84 Each main memory block is in one of four states: absent, private-

unmodified, shared-unmodified, or private-modified. These states are encoded using only

two bits and describe the state of each main memory block in the caches. For example, the

_ private-unmodified state means this memory block is in only one cache and has not been

" modified. The smaller main memory block tag does not allow the identities of the caches

* holding a particular block to be known. Invalidations and status updates must be broadcast

to all the caches. This scheme is therefore not as time efficient as the previous ones, but is

. mucdi more memory space efficient. Another advantage is that it is easily expandable as its

main memory block tags are the same size for any number of processors.

2.3. Bus Schemes

Bus schemes differ from directory schemes in that nc tag bits are kept in main

* memory. The directory scheme's global information is distributed among the individual

caches. A shared bus is used to broadcast requests among the caches. The write-once

"-' scheme [Goodman83] is designed to produce minimal bus traffic. Each block in a cache con-

tains two bits indicating that it is in one of four states invalid, valid, reserved, or dirty.

! - ..

,. '. ." -". " . e "#,'e " ': ." • ." ," .' . '- '. ' " . *', . . . "" - . " -' .- _ .-
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The valid state indicates that the block is unmodified. The reserved state means that the

. block has been modified once and its corresponding main memory block has been updated.

The dirty state signifies that the block has been modified more than once and its correspond-

ing main memory block has not been updated. The first write to an unmodified (valid)

block causes the block's status to be changed to reserved, its corresponding main memory

block to be updated, and any other copies of this block in other caches to be invalidated. A

write to a reserved block changes its status to dirty. No other cache is informed of this

write as it is guaranteed that no other cache holds a reserved or a dirty block. When a

dirty block is replaced in a cache, it must be written back to main memory. No other block

*- itype is required to do this. Therefore, this scheme uses a write-through policy for the first

write to a block and a write-back policy for subsequent writes to that block.

Another important feature of this scheme is that it uses dual directories. One direc-

tory is used conventionally to help process requests made by its processor. The second

directory monitors the bus for requests for blocks contained in that cache. Both directories

*hold the same address data and are always updated simultaneously. The second directory

reduces cache interference because each cache is interrupted only when the bus request is

for a block it currently holds. The write-once scheme is similar to the classical solution,

but attempts to reduce both of its drawbacks- high traffic intensity and large cache interfer-

ence.

The RWB scheme [Rudolph84] is in many ways an extension of the write-once

9"  scheme. The main difference is in how a broadcasted write request is handled. In the

write-once scheme, when a cache receives a write request over the bus to a block it holds,

. the block is invalidated. In the RWB scheme, the written data is broadcast on the first

*2 write to an unmodified block and all caches holding that block are updated. Subsequent

writes to that block are treated as in the write-once scheme. This scheme produces a lower

S,-.S- ''* *,- .- *" .. - .- . " * . . . . . .'-' ... . .. . . .. . . .. . . . ., im,--'- mk u~~m~mumnmIni~ ~ m ,#m .~ .nn~i ,-. .N mau n . . '" ° '" ' ' ' ": ' ' " """ "" " ""
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P miss ratio since fewer blocks will be invalidated, but increases the bus usage. If a block is

written to more than once, the write-once scheme broadcasts over the bus just once while

the RWB scheme broadcasts over the bus twice. To deal with the higher bus traffic, the use

a of multiple shared buses is suggested. This involves splitting the caches using the least

significant address bits and using each part of the divided cache to monitor a separate bus.

In [Papamarcos84], a low-overhead coherence solution is presented and its performance

is analyzed. This solution is also similar to the write-once scheme, but a write-back policy

is used for all write requests. Two status bits are associated with each block in a cache: a

shared/exclusive bit and a modified bit. All combinations of these bits are allowed except

for the shared and modified state which is used for the encoding of the invalid state. Dual

-. directories are utilized, but the second directory only uses one status bit along with the

address data to indicate whether the block is present or invalid. Write requests to a block

cause its state to become exclusive-modified. An invalidation signal is broadcast for a write

- •to a currently held block only if its status was shared-unmodified. Replaced cache blocks

are written back to main memory only if their status was exclusive-modified. Upon a

cache miss, a read request is broadcast on the bus to all caches and main memory. If a cache

holds the block, it responds with the data and changes its status to shared. If the data had

been modified, it is written back to main memory at the same time. The new cache block is

declared shared or exclusive depending on whether or not another cache holds a valid copy

of that block. The shared-unmodified state indicates only that the block may be present in

more than one cache. When the block was initially declared shared-unmodified, it came

from another cache guaranteeing that at least two caches held this block. When all but one

of these blocks have been replaced, this one block is no longer shared. Unlike the logical

semi-critical section scheme, the block's status is not changed to simplify implementation.

[ The performance analysis showed that very little performance degradation resulted from

using this coherence solution. -

.. * . . . . . .
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2.4. Two-Level Cache Coherence Solution

The goal of the two-level cache configuration is to fulfill requests from the processors

at the highest possible level without accessing lower levels. Private caches have been

chosen for LI cache so that fast processors can be eficiently utilized. The private caches

must be able to operate independently with as little interference as possible. These things

must be kept in mind when deciding how to implement a two-level cache coherence solu-

tion. The cache coherence solutions reviewed in the previous sections are all intended for

one level of private caches backed by main memory. The proposed two-level cache

configuration adds a shared cache between the private caches and main memory. Main

memory holds all or most of the global status information for the cached blocks in the

directory schemes. If a directory scheme is used for the proposed two-level cache

configuration, L2 cache will do little to reduce the number of main memory accesses from

the processors. A bus scheme therefore seems more appropriate for the proposed two-level

cache configuration.

A major drawback of bus schemes is the amount of interference that a "private" cache

suffers due to requests broadcast by the other caches. The dual directory greatly reduces

this interference and will be used for the two-level cache coherence solution. Interference

still occurs in the caches for invalidations, status checks and updates. and requests for data

transfers over the bus for the blocks they hold. Requests for data transfers usually are

accompanied by status updates, but it seems reasonable to assume that the status updates

can be processed faster than data transfers. Therefore, interference can be reduced by not

allowing data transfers on the bus. The performance degradation due to this restriction

.-.. should not be too severe since most blocks in LI cache will also be in L2 cache. Block

transfers from L2 cache are not much slower than from another private Li cache and do

not use the bus. This restriction requires that all modifications of blocks in Li cache be
.:,

Ii. .--:-' --:'-::-:: :-:: :- . .:: : --- " -::-::- -:::--:'- --: ::' :',:: ;.:.: -:.:'-:: -- -:.:" ;-: ::' " : :': :: - :: ' :-.4
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S. reflected in L2 cache. Therefore, a write-through policy to L2 cache will be used. This

write-through policy does not affect the bus traffic because L2 cache is not attached to the

bus. Each private LI cache will contain a buffer to store several write requests so that its

processor will not have to wait for them to be completed. Very little (if any) performance

degradation should result from the selection of this write policy.

The other major drawback of bus schemes is the high bus traffic. The two-level cache

coherence solution will strive to minimize this traffic. Not allowing data transfers reduces

the bus traffic, as previously mentioned. The number of invalidations and status checks

and updates must now be minimized. Invalidations are broadcast for write requests when-
S

ever another private LI cache possibly holds a copy of the block written into. This means

. that all write requests must be broadcast except to those cached blocks guaranteed not to

have any other copies in LI cache. It is advantageous, then, to know if a block is shared or

exclusive. A block is declared shared or exclusive when it is brought into a private LI

cache depending on whether or not another private Li cache already holds a copy of the

block. An exclusive block remains in that state unless another private LI cache broadcasts

a read request for that block. When a read request broadcast on the bus hits an exclusive

block, it is changed to a shared block. A shared block can become exclusive only if it is

written into. A write to a shared block causes a write request to be broadcast on the bus

- invalidating all other copies of the block. Shared blocks are not updated to exclusive blocks

-" when all but one copy of the block is replaced. This may cause unnecessary invalidates to

- be broadcast on the bus, but is better than the alternative. To determine when only one

copy of a shared block is left in LI cache, all shared block replacements must be broadcast

over the bus to see if only one private Li cache now holds the block. This causes at least

one extra bus broadcast, while leaving the block as shared causes at most one unnecessary

bus broadcast. Each block in LI cache therefore will have two bits associated with it in

each directory: one to indicate whether it is shared or exclusive and another to indicate

| . .a
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whether it is valid or invalid.

When a processor requests to read a word, its private LI cache is checked to see if it is

present there. If it is. it is sent to the processor. The bus is not used and no status changes

take place. If the word is not found in its private LI cache, the read request is broadcast on

the bus to all the private LI caches. If the word is found in another private LI cache, that

cache responds with a hit signal on the bus and changes its block's status to shared if it had

• >been exclusive. While this broadcast takes place, L2 cache is checked to see if it contains

the block containing the word. If it does, the block is sent to the private Li cache of the

,| processor making the read request through the N xL crossbar switch. If the word is not

found in L2 cache, the block containing the word is found in main memory, sent to L2

cache through the L xM crossbar switch, and then sent to the requesting private Li cache

through the N xL crossbar switch. The procemor reads the word from its private Li cache

once it arrives there. The block brought into Li cache is declared shared if the read broad-

cast returns a hit, or exclusive if no hit is returned. Figure 2-i is a flow chart showing the

required operations to fulfill a read request.

Processing a write request is a little more complicated. If the block containing the

word is found in a processor's private LI cache, the word is updated. If the word was

found in a shared block, a write request must be broadcast on the bus to invalidate all other

copies. No bus activity results from writing to an exclusive block. If the word is not

found in a processor's private LI cache, a write request must be broadcast on the bus since

it possibly exists in another private Li cache. It must now be decided whether or not to

allocate space for the word's block in Li cache. The processor does not need any data from

the block to complete its write request, so the block need not be brought into LI cache.

Bringing in the block ties up the cache and usually replaces a block that may be needed for

a future read request. An alternative is to allocate space for the block without bringing it

I.

*. . . . . . . . . . . . .'..*I~~
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Figure 2-1. Read request operations.

3 in and to write the word into the allocated space with the rest of the block being invalid.

This a is faster solution, but increases the miss ratio because a totally valid block is usually

. replaced. Since a write-through policy to L2 cache is being used, a write request missing in

a private LI cache need not affect LI cache at all. No blocks will be replaced, but bus traffic

will be increased. Allocating space for the block creates an exclusive block with subse-

quent writes to it not being broadcast on the bus. Not affecting Li cache causes subsequent

writes to the same block to be broadcast on the bus as they will result in Li cache misses.

It is difficult to determine what the best alternative is. The no-alocate policy is chosen to

keep the performance analysis from being too difficult.

Regardless of whether or not the word's block is found in a processor's private Li

cache, it is written into a buffer in the processor's Li cache controller. This write is done

simultaneously with the write into the private LI cache if the word's block is present

there. When the write to this buffer has been completed, the processor is free to continue.

Figure 2-2 shows the operations performed by a processor to complete a write request. 7
Ii

.!
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Figure 2-2. Write request operations performed by a processor.

Each Li cache controller is responsible for sending the words in its buffer to L2 cache. The

LI cache controllers must establish a path to the appropriate L2 cache module through the

N xL crossbar switch and send the word along the path. When L2 cache holds the block

for the word, it is simply updated. If the block is not present, the question again arises

whether or not to bring the block into L2 cache. The same technique can be used at an L2

cache module as is being used at the private LI caches. The word can be written into a

buffer in the appropriate L2 cache module controller and later sent to main memory. This

write-through, no-allocate technique for L2 cache quickly processes the Li cache write-

throughs. The operations of the Li cache controllers for a write request using this write-

t through policy are shown in Figure 2-3. If this technique causes too much main memory

traffic, a write-back technique can be used. A write to a block not found in L2 cache will

cause the block to be transferred from main memory. When the block is in L2 cache, the

U word is written into the block. Main memory is not updated until the block is replaced in -

L2 cache. The write-through technique requires that L2 cache blocks be declared valid or

.. . ... .. " " " " " " .. " . '.,-. -: _-_:: .'- :" " " '

......... ..... , . ... .&a.a.a..a+.... . . .. . . .. -.... .. ,,,,...-...._-. : : :-_ :;: . -
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3 invalid, while the write-back technique requires an extra status bit to determine if the

block has been modified or not upon replacement. Only modified blocks need to be sent to

main memory. The performance of both techniques will be analyzed in the next chapter.

* Shared blocks allow simultaneous accesses to a block by different processors. Any

instruction using a shared block that might be interfered with by another processor simul-

taneously accessing the block will be required to first gain control of the bus before proced-

ing. It will invalidate the other shared blocks causing accesses to those blocks to miss. Any

memory request that misses must use the bus. By requiring these requests to control the

bus before completing, problems from simultaneous accesses are eliminated because only one

* cache can control the bus at a time. Only the memory requests from instructions are con-

sidered in the next chapter. Simultaneous memory reads are allowed, but simultaneous

mem-,±y writes are not. A write request to a shared block must broadcast the write request

O WRITE WORD INTO L2

Fiue23.Wierqus prtin efomdb n iccecotolr

CACHE BUFFER TO BE
LATER WRITTEN INTO

•:MAIN MEMORY HIT. HIT/MISS MS

WR IT E WORD
. INTO HIT BLOCKI

.o.

~Figure 2-3. Write request operations performed by an LI cache controller.



on the bus. Simultaneous write requests to the same block will not therefore cause any

difficulty. The first one to capture the bus will invalidate the other block, write into its

own cache, and declare it exclusive. The second one to capture the bus will find its block

- invalidated and proceed as a write request that misses in LI cache. This involves a broad-

" " casted write request which invalidates the block written in LI cache by the first one. The --

only resultant valid copies of this block are therefore in L2 cache and/or main memory.

iL

[:.
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E CHAPTER 3

PERFORM AN CE EVALUATION

3.1. Performance Model For The Proposed Two-Level Cache

The performance of the proposed two-level cache configuration will be modeled using

a number of parameters. These parameters attempt to completely specify the behavior of

both the two-level cache and the jobs run on it. The parameters are defined as follows:

N Number of processors
L Number of L2 cache modules
M Number of main memory modules
m t Private Li cache miss ratio

M2 z Shared L2 cache miss ratio
T 12 Number of cycles to transfer a block from L2 cache to LI cache
T 2mm Number of cycles to transfer a block from main memory to L2 cache
T,112  Number of cycles to write one word into an L2 cache buffer by an Li cache con-

troller
TsImm Number of cycles to write one word into main memory by an L2 cache con-

troller
a Percentage of processor cycles that access memory
w Percentage of memory accesses that are write requests
s Percentage of memory accesses that reference blocks that are declared shared
I Number of cycles the bus is occupied for an inva: dation broadcast

A Number of cycles needed for bus arbitration logic

Each processor has its own cache, so N is also the number of private Li caches. Each of the

L shared L2 cache modules contains part of the L2 cache memory and its own controller

and functions independently. The M main memory modules also function independently.

The remaining parameters require a more thorough explanation.

m : The miss ratio of each private Li cache is affected by many things: the cache size,
h.

the block sie, when the blocks are brought in, how the blocks are placed and replaced. the

.....
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frequency of task switching, and program behavior. These effects are not considered indivi-

dually, but are all considered to be part of m I. A single miss ratio is used for all memory

accesses, both read and write requests. It is assumed that either the difference for the two

requests is small or that an average of the two is used.

M_ The parameter M is the miss ratio of the shared L2 cache calculated as if the LI

and L2 caches are combined. Therefore, it is the miss ratio of all memory accesses. The

explanation given for m , also applies to M 2 A more useful parameter for measuring per-

formance is the miss ratio of L2 cache for only those memory accesses not found in Li

cache. This miss ratio will be defined as m. L2 cache should be large enough to hold most

of the blocks in the private Li caches. The parameter M 2 is then the product of mI and

m , as it is the percentage of memory accesses not found in a private Li cache nor found in

IN M2
L2 cache. The parameter m 2 is therefore simply: -.

T 12: The block transfer time from L2 cache to LI cache through the N XL crossbar

depends on the bandwidth of the path and the size of the block transferred. The transfer

time does not include the wait time if the path or cache module is already being used.

These wait times will be considered separately.

T 2mm: This parameter is similar to T 12 but applies to transfers through the L XM

'." crossbar between L2 cache and main memory.

T 112: All write requests are written into a buffer in the private Li caches so that the

.* processors do not have to wait for the word to be written through to L2 cache. The Li

cache controllers take the words from their buffers and write them to the appropriate L2

cache module's buffer as well as to L2 cache if its block is present there. This write time

also does not include the wait time if the L2 cache module is already busy, a quantity that

will be considered separately.

.....................................- m-7-
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TsImm: This parameter is similar to T,1, 2 except that the words are wrtten out of the

L2 cache buffers through the L XM crossbar to the appropriate main memory block.

a: Only instructions that access memory are considered in this model. The parameter

a is the fraction of processor cycles that access memory. This parameter combines the

effects due to the computer's instruction set and use of registers as well as program

behavior. Some programs are processor-bound while others are memory-bound.

w: Memory accesses are either write requests or read requests. The parameter w is the

fraction of memory accesses that are write requests. The remaining I-w memory accesses

are therefore read requests.

s: All valid LI cache blocks are declared shared or exclusive. The parameter s is the

fraction of memory accesses found in LI cache that references blocks that are declared

shared. These shared blocks are a result of shared data and code as well as task switching.

I: The bus is used to broadcast invalidations and to determine if new blocks in Li

cache are shared or exclusive. The parameter I is the number of cycles that the bus is

occupied when an invalidation is broadcast. Unlike an invalidation, a read request requires

a response on the bus from the private Li caches. This will be assumed to take an addi-

tional cycle. Therefore, a read request occupies the bus for 1 +I cycles.

A: Only one processor can control the bus at a time. When more than one processor

- requests the bus simultaneously, it must be decided which will gain control. This is done

with arbitration logic. When the bus is heavily used, the time needed for a bus request to

pass through this logic is overlapped with the bus wait time. This parameter is needed

when the bus is lightly used. In this case the request can not immediately access the bus

because it must first pass through the arbitration logic. Therefore, the parameter A is the

minimum number of cycles required to access the bus.
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3.2. Mathematical Analysis Of The Write-Through To Main Memory Case

An approximate analytical model will be used to study the performance of the pro-

posed two-level cache configuration. This model was first proposed in [Patel82] to analyze

the performance of multiprocessors with private cache memories and shared main memory.

The central idea of this model is to break up the block transfer requests into several unit

requests for service. The wait time for these requests is also broken up into a series of unit

request. These unit requests are treated as random and independent. This transformation

simplifies the analysis and produces quite accurate results. It was shown in that paper that

the errors introduced by this approximation are less than 5% for a low miss ratio. This

model is used in this section to derive equations for the write-through to main memory

case. The write-back from L2 cache to main memory case will be considered later.

The chosen coherence solution causes interference in the private LI caches due to the

actions of the other processors. There are three sources of this interference. The first source

is due to write requests found in a shared block in a private Li cache. This causes an

invalidation to be broadcast on the bus and occurs at the rate of aw(1-m 1)s per processor

cycle. It is assumed that all these invalidations are effective and that one cache is invali-

dated. These assumptions tend to average each other out. Not all invalidations are effective

because a last remaining shared block produces ineffective invalidations, while a block can

be shared by more than two caches causing more than one cache to be invalidated. This

source is also assumed to produce one cycle of interference for the affected directory to be

updated. Each processor receives these invalidation requests from the N -1 other proces- - -

sors, but only one out of N -1 requests affects a particular Li cache. Therefore, each pro-

cessor experiences aw(l-m )s units of interference per cycle due to write requests found

in shared blocks.

.'.'. -"..' '. . .. '. *.. .. ." . ..- i- '. ' . ' .'.: * - . . . . "" . . . .
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The second source of interference is due to write requests not found in a private LI

cache. This occurs at the rate of awm I and causes an invalidation to be broadcast on the

bus. It is assumed that only a fraction equal to the fraction of blocks that are shared is

effective and that one cache is invalidated when effective. Each processor again receives

these invalidation requests from the N -1 other processors, but now s out of N -1 requests

affects a particular private Li cache. A one cycle penalty is again assumed causing each

processor to experience awm Is units of interference per cycle due to write requests not

found in a private Li cache.

The third source of interference is due to read requests not found in a private LI

cache. This causes the read request to be broadcast on the bus and occurs at the rate of

a(1-w)mn per cycle. Again, only a fraction equal to s causes interference. The affected

cache must signal on the bus that it holds the block and change its block's status to shared.

This is assumed to take one cycle. It should be noted that the status of at most one cache

block is changed since only one exclusive copy of a block can exist at a time and shared

blocks do not change their status. Once again, each processor receives read requests from the

N -1 other processors, but only s out of N -I requests affects a particular private Li

cache. Therefore, each processor experiences a ( -w )m Is units of interference per cycle

due to read requests not found in a private Li cache. Let Q be the sum of the three sources

of interference in the private Li caches due to the actions of the other processors:

Q =aw (-m )s +awm I +a (I-w)m s (3.1)

Processor utilization U is the fraction of time that a processor spends doing useful

work. This will be the main measure of performance. It will be calculated by determin-

" ing its reciprocal which is the actual execution time for one useful unit of work. Let this

time be Z. The time Z is composed of the useful unit of work plus the processor idle time

due to cache interference and memory accesses. Each processor experiences cache interfer-C
Q

.*. ence with probability -. A processor actually experiences interference only when it is
z

"I..
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, -busy doing useful work, one out of Z time units. Therefore, cache interference contributes

time units to time Z. To complete the equation for Z, the idle time due to memory
z 2

accesses must be calculated. -"

The write-through, no-allocate policy was chosen for the private Li caches so that

their processors can quickly complete their write requests. It is assumed that a processor

can write a word into its Li cache buffer as well as its cache (if the word's block is present

there) during the useful unit of work. The only time that a write request causes a proces-

sor to be idle, then, is when it must first gain control of the bus. This must be done for

write requests to shared blocks or to blocks not found in its private LI cache. The bus can

be controlled after a request passes through the arbitration logic and waits for the bus to be

unoccupied. Bus wait time will be defined to be Wb. These write requests are finished

after the invalidation is broadcast on the bus. Therefore aw (-m )s +awmr write requests

during a cycle cause a processor to be idle for A +Wb +I time units.

Each private LI cache has only one path to the N xL crossbar. A read request not

found in a private Li cache must therefore wait if the Li cache controller is writing a

word in its buffer through to L2 cache. A read request not found in a private Li cache is

assumed to have a higher priority over pending write-throughs, but once a write-through

has successfully established a path to the appropriate L2 cache module, it can not be

preempted. Let this wait time that a read request incurs because of write-thr ,ahs from

its own private Li cache be W r1 The read request can be issued to L2 cache after an aver-

age wait of W ri time units. Due to conflicts resulting fr( m requests of the other processors,

the read request will have to wait longer before accessing the appropriate L2 cache module.

This wait time will be defined to be W2

J
Each L2 cache module also has only one path to the L XM crossbar. A read request

not found in a private Li cache nor in L2 cache must wait if the 1.2 cache module

S

• .. . -.- .- . --. ' - " -.' . " .' ."". . -.. -. . . ..- -'. .-- . . '-" . --" -' , ,
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U controller is writing a word in its buffer through to main memory. Again, once a write-

through has sucessfully established a path to the appropriate main memory module, it can

not be preempted. Let W, 2 be the wait time that a read request incurs due to write-

.1 throughs from L2 cache to main memory. After this wait the read request is issued to

main memory. The wait time for a particular main memory module will be defined to be

Wmm. Due to conflicts resulting from requests of the other processors, the read requests

will wait on a,. -- Wmm more time units before accessing the appropriate main memory

module.

Now, the equation for Z can be completed. It is assumed that a processor can read a

word out of its private Li cache during the useful unit of work, causing no processor idle

time. If a read request is not found in its private Li cache, the processor is idle until the

word's block has been read into LI cache. If the word's block is found in L2 cache, the pro-

N cessor is idle for at least W ri+W 2+T 2. The read request can not be completed until the

result of the bus broadcast is known. This takes A +Wb +1 +1 time units. The processor is

idle for whichever process takes the longer to complete. If the word's block is not found in

L2 cache, the processor is idle an additional W r2 +Wm, +T 2 m time units to get the word's

block from main memory. During a cycle, a processor issues a (1-w)m1 read requests that

are not found in its private Li cache. Of these, 1--m, are found in L2 cache, while m 2

must access main memory. Therefore, the actual execution time for one useful unit of

work is:

Z =1+ 2 +(aw(1-m )s +awm XA +Wb +1)

z 2

+a (1-w)m (-m 2XMAX l(W r+W 2 +T 12 ),(A +Wb +1 +1)}]

+a(1-w)rnim MAX (Wri+W 2+TI2 +Wr 2+W,,,+Tzm,),(A+W+I 1))] (3.2)

The various wait times must now be determined.

........... . .'- .... ... ... ... ... . . .. ... ",.7
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Let Rr, be the probability that a read request is issued by a processor during a cycle

and is not found in its private Li cache: RrI2fa (1-w)m. If a read miss occurs in a

private Li cache immediately after the first unit of service of its LI cache controller writ-

ing through a word to L2 cache, then the read request must wait for T,,, 2-1 cycles for the

path to the N XL crossbar. This occurs with probability Ri . If the read miss occurs after

the second unit of service, then it waits T3 1,-2 cycles. This happens with a probability

(I-Rr 2)Rri? Therefore, the average wait time for a read request missing in a private LI

cache due to its controller writing through a word to L2 cache is:

E R, 2(1-Rl 2Y(T siT,'**-).
I<i <T.U 2

During a processor cycle, aw write requests contribute the above average wait time to Rr ,

read requests. Therefore, the average wait time incurred by a read request missing in a

private Li cache due to write-throughs from its controller to L2 cache is:

Wraw E (1-R,12) -(Ts112-1 (3.3)

S~ '~U2

W r2 can be similarly calculated. Let Rr,, be the probability that an L2 cache

module receives a read request during a cycle and that it is not found there. N processors

each produce read requests during a cycle with probability a (I-w). These are not found

* in a private LI cache with probability m, and are equally distributed among the L L2

cache modules. Each L2 cache module therefore receives read requests during a cycle with

Na(-w)m1  Na(i-w)m m2
probability , so , . The average wait time for a read

L L

request missing in L2 cache due to write-throughs to main memory is:

R, (1R (T l-0

I' slmn,

Each of the N processors issue aw write requests during a cycle which are equally distri-

Naw
*.' buted among the L L2 cache modules, so each L2 cache module executes - write-

L

"......................
.. *~..* -,.--..---. -.
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I throughs per cycle. These contribute the above wait time to R,, read requests. Therefore,

the average wait incurred by a read request not found in a private Li cache nor in L2 cache

- due to write-throughs to main memory is:

m Naw

- rmm (Tsmm-) (3.4)
L I< T .slmm

.4.. The remaining unknown wait times will be determined by finding the bandwidths of

main memory. L2 cache, and the bus using two different methods. Main memory is used to

transfer blocks to L2 cache and to complete write-throughs. Blocks are transferred to L2

cache whenever one of the N processors issues a read request not found in its private Li

cache nor in L2 cache. All write requests from the N processors eventually are written

into main memory. Therefore, the bandwidth of main memory is:

Na(l-w)mjm2T2m. NawTsim(nBm,, - + (3.5)
z z

Another way to determine the bandwidth of main memory is to calculate the average

number of busy main memory modules. This is done by first determining the main

p memory request rate from each L2 cache module. As can be seen above, an L2 cache

module requests service from main memory for block transfers and write-throughs. The

wait time for a particular main memory module W~m is also part of the request rate. The

total number of requests to main memory comes equally from each of the L L2 cache

- modules. Therefore, the unit request rate for main memory from each L2 cache module is:

. Na (-w )m im 2(Wmm +T 2,) Naw(W,, +Tsimm)
u1-+ (3.6)

LZ LZ

All the requests to main memory are equally divided among the M main memory

modules. Each main memory module then receives a request from an L2 cache module

U12

L with probability -. The probability that none of the L L2 cache modules are requesting
M

p. . .. ... . .... : . .
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U12
a particular main memory module is: (I- . Therefore, the probability that an L2

M

cache module is requesting a particular main memory module is: 1 ... (1 .......Z)L The aver-

age number of busy main memory modules is then the number of main memory modules

times the above probability:

- B,,., =M [1-(1 - ) ]1 (3.7)
M

Substituting (3.6) into (3.7) and equating it to (3.5) produces an equation with which Wm,

can be determined when the value of Z is known.

The wait time for a particular L2 cache module is determined similarly. L2 cache is

used to transfer blocks to LI cache and to store write-throughs from the LI cache controll-

ers. If a read request is found in L2 cache, the cache module is occupied for the duration of

the block transfer. If not, the cache module is occupied for the block transfer as well as the

wait times for the path to main memory and for a particular main memory module and

the transfer time from main memory to L2 cache for a block. All write requests pass

through L2 cache. Therefore, the bandwidth of L2 cache is:

Na(I-w)m ,(1-m 2 )T, 2  Na(I-w)m m2 (W. 2+W,,.+Tz,, y+T 2) NawT 11 2 (3.8)
J. ++z z z
*$ The wait time for a particular L2 cache module is also included in the unit request rate for

L2 cache from each LI cache controller.

""i a(I-w )m (I-m 2XW 2+T a(-w)m -rn(W .,+Wr+Wm +T .+T 12)
"L I "u l1 - +

. + (3.9)
Z

The requests to L2 cache are equally distributed among the L L2 cache modules causing

each to receive a request from an Li cache controller with probability -. The probabil-
L

. - / , .r'I
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ity that none of the N LI cache controllers are requesting a particular L2 cache module is

U 1 1 V
(1-- ) " . The probability that a particular L2 cache module is being used is

L

U 1 1
! 0-(- . The bandwidth of L2 cache is therefore:

L
U 11

B, 2=L[-(1-- )" ] (3.10)
L

W can be determined when the values of Z and W,,, are known by substituting (3.9)

into (3.10) and equating it to (3.8).

The bus is used to broadcast invalidations when write requests reference shared

blocks or when write requests are not found in a private LI cache. Read requests are

broadcast when they are not found in a private Li cache. An invalidation occupies the bus

"" for I cycles, while a read request requires an extra cycle. All N processors use the same

bus. Therefore, the bus bandwidth is:

Naw(1-m ,)sl NawmI Na(1-w)m ,(I +1) (.1
B6. - + + (3.11)

z z z
The bus unit request rate from each processor also includes the wait time Wb that a request

. experiences when the bus is busy:

aw(l-m,)s(W,,+l) awmi(W,,+I) a(1-w)ml(Wb+l+l)

u+ + (3.12)
z z z

There is only one bus, so the probability that none of the N processors are requesting the

bus is (1-u )'. The probability that the bus is being used is the bus bandwidth:

Bb. =i_(1_ub . (313) "-

The bus wait time can be determined if Z is known by substituting (3.12) into (3.13) and

equating it to (3.11). Since Z must be known to calculate the wait times and the wait

times must be known to calculate Z, these variables are found by using numerical analysis.

. *"
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3.3. Discussion of Results

The results of the analysis of the previous section are presented in this section.

Because of the large number of parameters. a default value will be chosen for each. Then

the effect of each parameter can be studied individually by changing its value while keep-

ing the others at their default value. The values of most parameters can vary over a large

range. The chosen default values are as follows:

L =16 If L2 cache is the bottleneck of the system, it can be divided into more

modules. This increases the possible bandwidth of L2 cache. Since this can

*be done, a large number of L2 cache modules will be assumed. For indivi-

dual cases, it is fairly easy to find the smallest number of L2 cache modules

needed. This will be done for the default parameters. The reason that the

smallest possible number of modules should be used is that the smaller the

number, the smaller the crossbar switches. Large crossbar switches are

slow and expensive.

M =16 The arguments for the number of L2 cache modules also apply to main

memory. Again, it is fairly easy to determine the smallest number of main

memory modules needed for a specific case and this will be done for the

default parameters.

m 1=10%O The private Li caches have been assumed to be small and fast. Therefore,

their miss ratio is fairly high. The chosen value of 10% should be the larg-

est allowable miss ratio. Higher miss ratios will not provide very good per-

formance. Lower miss ratios should be possible, so the values 7.5%, 5%, and

2.5%o will also be looked at.

M 2=1% Shared L2 cache should be quite large as it is shared by all the processors.

Large caches can have very low miss ratios. The value of I% has been

-. .



31

chosen as an average value. Shared L2 cache miss ratios of 2%, 5% and

0.1% will also be studied.

T 12=5 This parameter can have a large variation depending on the block size and

P bandwidth of the N XL crossbar. L2 cache is slower than LI cache so

more than one cycle is required for the transfer. The value of 5 is again

assumed to be an average value and values of 2, 8, and 10 will also be

analyzed.

T..2m=20 Main memory is significantly slower than the caches. This is why the

caches are used in the first place. The blocks transferred between main

memory and L2 cache wifl usuaUy be bigger than those transferred to LI

cache. Therefore, this transfer time is much longer than T ,, Again. T 2..

can have a wide range of values, so values of 10, 30, and 40 will also be

S studied.

T 112=2 A block will usually contain many words, so a single word transfer is fas-

ter than a block transfer. A word should be smal enOLah that it can all be

transferred at once. Therefore, the word transfer time to L2 cache is taken

to be only one more cycle than to Li cache due to the fact that L2 cache is

slower. Larger values will also be studied to see their effect.

TsImm=3 Main memory is slower than L2 cache, so a one word write into main

memory is assumed to require one more cycle than T,,., Again, larger

values will be substituted to see their effect.

a =90% The memory access rate is very dependent on program behavior. Since

some tasks tend to be processor-bound while others are memory-bound, this

parameter can vary over a large range. The pessimistic value of 90% has

been chosen to show that the proposed configuration gives good performance

K]
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even when mostly memory-bound tasks are being run on it. The effect of

this parameter will be shown by also looking at the values of 80% and

100% as well as 50%.

w =20% [Smith82I shows the percentages of memory accesses that result from write

requests for a number of program traces. This value ranges from 5% to

34% with an overall average of 16%. Most results are close to the average,

so this parameter will not be varied.

s =5% The degree of sharing can vary over a large range. It can be quite high if a

single task is running on multiple processors or a large amount of task

switching is taking place. If a different task is occupying each processor,

then very little communication is needed among them and s is very small.

This second case will be taken as the norm and the value 5% chosen as the

default value. Since s can vary significantly, the values 15% and 5(% ..

(more representative of the first case) as well as 1% will be studied.

I =2 The number of cycles that the bus is used for an invalidation broadcastan1

depends on how the requests are handled. If the requests are required to

remain on the bus until all the processors have taken care of them, the bus

can be occupied for many cycles per request. In the case of a broadcasted

read request, the processors are required to respond over the bus if they

hold the requested word. This response can be overlapped with other

. requests. If this is done, the bus can be more efficiently utilized. For the

default case, it is assumed that the processors quickly respond to broad-

casted requests and that the bus is occupied until the request is completed,

two cycles for invalidations and three cycles for read requests. To study

the effects of other implementations, the values of 1, 3, and 4 will be

S
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analyzed.

A = l It is important that the bus arbitration logic causes as little interference to

the system as possible. This logic should determine the type and source of

*I each request it receives during each cycle and signal who is allowed to use

the bus during the next cycle if it will be unoccupied. This parameter is

therefore taken to be one cycle and will not be varied.

In all cases, the number of processors will be varied from 2 to 20. A number of the

parameters will vary with the number of processors in the system. The shared L2 cache

miss ratio will increase with an increasing number of processors because each processor

must use smaller portions of L2 cache. More processors increase the chances of a block

being shared. Also, the bus must be longer for more processors making broadcast time

longer. These effects will nut be considered in this analysis. Therefore, the performance

measured for large numbers of processors will probably be slightly optimistic.

The effects of varying the private LI cache miss ratio are shown in Figures 3-1

through 3-3. Figure 3-1 shows the system performance of the four private LI cache miss

ratios studied. System performance is the total processor utilization in the system found by

multiplying the number of processors in the system and the utilization of each processor.

In each case, the system performance increases linearly with an increasing number of pro-

cessors and then levels off at its maximum value. It can be seen in Figure 3-2 that the

number of processors where the system performance levels off corresponds to the minimum

number of processors that saturate the bus. It takes about eight processors to saturate the

bus for the default case of m = 10%. The system performance increases almost linearly

with an increasing number of processors until N - 8 and then levels off. The bus is the

bottleneck of the system. Adding more processors beyond this point does not improve the

system performance because the utilization of each processor drops almost linearly with an

*. .-. ... .... . . . .
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Figure 3-1. System performance vs. number of processors.
Effect of private LI cache miss ratio on
system performance.

increasing number of processors. This can be seen in Figure 3-3. The processor utilization

decreases only slightly for an increasing number of processors due to increasing memory

* conflicts until the bus is saturated. Then it drops almost linearly. Therefore, the optimum

number of processors in the system is the smallest number that saturates or nearly

saturates the bus. It can be seen from the three figures that the smaller the private LI

cache miss ratio, the better the system performance. Only eight processors can be efficiently

utilized for m = 10%, while this number is 10 for m 7.5%, 13 for m = 5%, and 19 for

m = 2.5%.

The bus is the bottleneck for all cases looked at so far. This is because the default

values for L and M were chosen so that this would happen. The results for those cases

L -- 1
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Figure 3-2. Bus utilization vs. number of processors.
Effect of private LI cache miss ratio on
bus utilization.

show that the maximum L2 cache bandwidth needed is only 3.25 modules and that the

maximum main memory bandwidth needed is 2.55 for the default case. This implies that

only four L2 cache modules and three main memory modules are needed. The number of

modules was changed to L = 4 and M = 3 and main memory was found to be a severe

bottleneck. This somewhat surprising result is attributable to Equation (3.7) of the previ-

U 12

ous section: B,,,, =M[I-(i-- ) ] When main memory is the bottleneck of the system,
M

U 2 approaches 1. Therefore. the bandwidth of main memory with L = 4, M = 3. and u, =

1 is 2.41 which is not enough. The bandwidth of main memory with L = 4, M 4, and

u = I is 2.73 which is enough. The number of modules used was changed to L = 4 and
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Figure 3-3. Processor utilization vs. number of processors.
Effect of private Li cache miss ratio on
processor utilization.

M = 4 and the bus was found to be the bottleneck, as predicted. The system performance

using L = 4 and M = 4 was in the worst case only 3.5% below the system performance

0• using L = 16 and M = 16. Therefore, the most cost-effective configuration for the default

case is N = 8, L = 4, and M = 4. The number of modules was also changed to L = 3 and

M = 4 to see if L2 cache becomes the bottleneck. It did as predicted. This case in fact gave

.0 the worst system performance of all. The results for the various values of L and M are

shown in Figure 3-4. This figure also shows the system performance when all wait times

are zero and no coherence solution is used. The chosen coherence solution does not degrade

system performance too much until the bus becomes saturated. Up to that point, the main -A

difference in system performance between the ideal case and the chosen coherence solution

.. .- : .... .. , . ... ...
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Figure 3-4. System performance vs. number of processors.
Effect of number of L2 cache and main
memory modules on system performance.

is the non-zero wait times calculated by the model.

Figure 3-5 shows the system performance for the various values of the shared L2

cache miss ratio. As in all the remaining cases to be looked at, the bus is the bottleneck.

M, only indirectly affects the bus utilization through the value of Z. A decrease in M 2

causes Z to be smaller and the bus to saturate for a smaller number of processors. The

opposite, of course, occurs for an increase in M 2. The value of M 2 is very significant to the

system performance when the number of processors is such that the bus is not yet

saturated. As expected in this case, the smaller the miss ratio the better the system perfor-

mance. An added benefit of a smaller L2 cache miss ratio is that fewer L2 cache modules

and main memory modules are needed. For the worst case value of M 2=5%, a bandwidth
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Figure 3.-5. System performance vs. number of processors.
Effect of shared L2 cache miss ratio on
system performance.

of 5.55 for L2 cache and 4.70 for main memory is needed. For the best case value of

M 2=O.l%, only a bandwidth of 2.74 for L2 cache and 2.07 for main memory is needed.

The block transfer times also indirectly affect :he number of processors that cause the

bus to saturate. Shorter transfer times make Z smaller and cause the bus to saturate for a

smaller number of processors. Also, since Z is smaUer, the system performance is larger.i
Again, this is only significant when the bus is not saturated. Figure 3-6 shows the effect on

system performance of varying T 1 the number of cycles to transfer a block from L2

cache to LI cache. The effect on system performance of varying T , the block transfer

time from main memory to L2 cache, is shown in Figure 3-7. In addition to better system

performance, shorter transfer times require fewer L2 cache and main memory modules.

*°

.. . .. . .. . .. . . . ,....... .,.... . , .,,.,.* . , .
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Figure 3-6. System performance vs. number of processors.
Effect of block transfer time from L2 cache
to LI cache on system performance.

T I? affects only the bandwidth of L2 cache. The needed bandwidth of L2 cache is 4.57 for

the worst case value of T 12=10, while it is 2.43 for the best case value of T 12=2. T2m

affects the bandwidths of both L2 cache and main memory. For the worst case value of

T~mm=40. the needed bandwidth of L2 cache is 3.78 and is 3.09 for main memory. For the

best case value of Timm=lO, 2.97 is the needed bandwidth of L2 cache and 2.28 is the

needed bandwidth of main memory.

Varying both the write times for one word into L2 cache and into main memory

affects the overall system performance on!v slightly. The largest percentage difference

between the worst case value of T,,,2=5 and the best case value of T,1,2=1 is 7.8%. The

effect of Timm is even less. The largest percentage difference between the worst case value

%'o .. . ° - - " , , ,.. . . .~ ~ ~ ~~~~~~~: M.. " + .,. - . -. . . ., . . , . .
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Figure 3-7. System performance vs. number of processors.
Effect of block transfer time from main
memory to L2 cache on system performance.

of Tsimm-10 and the best case value of TsIm,-- 2 is only 1.5%. It should be noted that the

buffer sizes have been assumed to be infinite. For a finite buffer size, longer store times

increase the probability that a buffer is full and that a write request must wait until space

is available. Because of this, short write times are desirable even though they seem to have

little effect on the results obtained.

The memory access rate. a, directly affects almost every equation developed in the

previous section, including the bus bandwidth. Therefore, varying the parameter a should

produce a large variation in the system performance. This can be seen to be true m Figure

3-8. The 10% difference between a =90% and a =80% causes the maximum system perfor-

mance to increase by 12.5%. Unfortunately, this parameter is not affected by changes in

.1 7n
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Figure 3-8. System performance vs. number of processors.
Effect of memory access rate on system
performance.

the memory configuration. This parameter shows the need for processors which have

instruction sets that make good use of internal registers for use in multiprocessor systems.

Shared blocks are the source of the coherency problems in the private Li caches. It is

not surprising, then, that the degree of sharing has a direct effect on the system perfor-

mance. The parameter s is the fraction of write requests that are found in LI cache that

must use the bus. More shared blocks mean more bus usage and less system performance.

This effect is shown in Figure 3-9. The degree of sharing can be controlled somewhat by

limiting the effect of task switching. This implies that the operating system should be

written to try to return tasks to the same processor that they had previously occupied as

much as possible.

A.,c Y ;: . ~ - - . . . . . . .
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Figure 3-9. System performance vs. number of processors.
Effect of degree of sharing on system
performance.

The final parameter to be studied is the one that affects the bus utilization most

directly: the number of cycles that the bus is occupied for an invalidation broadcast. 1.

Figure 3-10 shows the effect of this parameter. It can be seen that doubling the broadcast

time from 1 =1 to 1 =2 nearly cuts the maximum system performance in half. It is there-

fore crucial that the broadcast time be as short as possible.

The equations in the previous section were modified to model the write-back to main

memory from L2 cache case. A new parameter was found to he needed to define the per-

centage of replaced L2 cache blocks that must be written back to main memory. Numerical

analysis was performed on this new set of equations and it was found that the system per-

formance was nearly identical to the write-through to main memory case. This was true
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Figure 3-10. System performance vs. number of processors.
Effect of bus broadcast time on system
performance.

over the fuU range of the new parameter used. Since neither L2 cache nor main memory

was the bottleneck in either case, this result was not very surprising. The two write poli-

cies to main memory were then compared using the minimum module numbers of L =4

and M =4. Again, the system performance results did not vary significantly. Using the

write-back policy to main memory did reduce the needed main memory bandwidth,

though. When half the replaced L2 cache blocks must be written back to main memory,

the maximum required bandwidth for main memory was only 1.01. Fewer main memory

modules are therefore needed for the write-back to main memory case. The choice of write

policies to main memory is still a tough choice, though, as the write-through policy pro-

vides better system reliability. Main memory always contains valid copies of the blocks it

• " -"
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holds. If a cache fails, its data is not lost because it has been updated in main memory.

Also, any error detected in a cache can be corrected by finding the corresponding word in

main memory.

i4
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£ CHAPTER 4

A METHOD TO REDUCE BUS USAGE

The previous chapter analyzed a coherence solution for the proposed two-level cache

configuration and the bus was found to be the bottleneck of the system. This chapter pro-

poses a change to this coherence solution designed to reduce the usage of the bus and

increase th- system performance. Using the default parameters, 80.5% of the bus usage is

for broadcasting read requests. A reduction in the number of read requests that are

required to be broadcast on the bus will therefore have a large impact on the bus usage.

This can be accomplished by adding directory information to L2 cache. If L2 cache knows

what blocks are presently in L1 cache, then read requests not found in LI cache can check

L2 cache to see if the block will be shared or exclusive. A read request missing in a private *

LI cache is then broadcast on the bus only when it is found in L2 cache that another

_ .private LI cache already holds a copy of it. This broadcast is required only to change the

status of the other copy of the block since it has probably been declared an exclusive block.

No response is then required for read requests, so they no longer take one more cycle than

invalidation broadcasts.

It is important that the advantages gained by using directory information in L2 cache

are not outweighed by disadvantages somewhere else. The directory information must be

accessible and changeable without much degradation in system performance. The easiest

way to keep track of what is in LI cache is to require it to be a subset of what is in L2

cache. Each block in L2 cache only needs a single bit to indicate whether or not it is

present in Ll cache. It is not important to know which private Li cache(s) holds a particu-

lar block. The requirement that LI cache be a subset of L2 cache is not difficult to satisfy.

AUl LI cache blocks come from L2 cache. The only problem is when L2 cache blocks are

. " *
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replaced. When this occurs, any remaining child LI blocks of the replaced L2 block are

invalidated. This seems to be counterproductive since invalidating additional Li blocks

increases the bus usage, increases the Li cache miss ratio, and increases cache interference.

It will be shown that these disadvantages are less than the advantages gained for a large

number of processors. It may be impractical to require Li cache to be a subset of L2 cache.

A large number of processors requires L2 cache to be very large. This makes it expensive

and slow. To alleviate this problem, directory information can be held for a number of the

least recently used blocks without their data. Requests to these blocks will be treated as

misses except for determining the presence of a particular block in Li cache.

To determine the performance of this subset requirement, a new parameter must be

introduced. This parameter is the percentage of read requests found in L2 cache that are

already present in a different private LI cache than the one making the request. This

*..-_parameter will be called p and can also be defined as the percentage of L2 cache blocks that

are read out to Li cache more than once. A block is read out of L2 cache more than once

either because it is used by more than one processor, due to task switching or being a shared

block, or because the block is replaced in LI cache and then requested again. It is difficult to

predict the value of this parameter, so it will be studied over its full range.

* Most of the equations derived in Chapter 3 apply here, too, either as is or with slight

changes. The additional source of cache interference must be added to the equation for Q.

L2 cache blocks are replaced when a read request is not found in a private LI cache nor in

L2 cache at a rate of a (1 -w )m IM2 per processor cycle. These replacements now cause

invalidations to be broadcast on the bus. It is assumed that all these invalidations are

effective and that one cache is invalidated. The invalidations cause one cycle of interfer-

ence for the affected cache. N processors produce the read requests that eventually produce

these invalidations, but only one out of the N Ll caches is affected by an invalidation.

4
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Therefore, these invalidations contribute an extra a(-I -w )m 1m2 cycles of cache interfer-

ence to each processor:

Q =aw (-m )s +awm Is +a ( 1-w )m is +a (1-w )rnm 2  (4.1)

The subset requirement was proposed to reduce bus usage, so the bus utilization equa-

tions must all be modified. Equation (3.11) must be both modified and added to. Read

requests now occupy the bus for just I cycles, and only p of the read requests found in L2

cache must be broadcast on the bus. Read requests not found in L2 cache do not need to be

broadcast since it is now guaranteed that the block is not in LI cache and the new block

will be declared exclusive. Broadcast invalidations for replaced L2 blocks contribute

Na(l-w)m mJ
to the bus usage. These changes are shown in the following equation:

Naw(l-mj)sI NawmI Na(1-w)ml(1-m2)Pl Na(1-w)mlm.I1

Bb.+ + + (4.2)Z Z Z Z"

The unit request rate for the bus is now split between the processors and the L2 cache1
modules. The invalidations broadcast for replaced L2 cache blocks come from the L L2

cache modules equally, so the unit request rate per L2 cache module for the bus is:

Na (I-w)m im ,(Wb +I (
Su - (4.3)

LZ

The remainder of the bus requests are made by the N processors:

UbP r aw(-m )s(Wb+I) awm l(Wb +I ) a(-w)m l(-m 2)p(Wb + )
u -+ + (4.4)

z z z
Equation (3.13) must be slightly modified. The probability that none of the N processors

are requesting the bus is (1-ubP )'. The probability that none of the L L2 cache modules

, are requesting the bus is (1-u )L. The probability that the bus is not being requested is

the product of the two probabilities above. Therefore, the bus utilization is:

Bb. = 1 --( 1 -ub")X (I 1-uk )L (4.5)

A.'I
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The real execution time for one useful unit of work must also be modified. Read

requests not found in a private LI cache nor in L2 cache do not use the bus, so the second

MAX function of Equation (3.2) can be removed along with its second option. Only read

requests found in L2 cache with their presence bit set are required to use the bus. The

remaining I-p read requests simply access L2 cache, find that the block is not present in

LI cache, update the status bit, and read the block into the requesting private LI cache.

This occurs frequently since many LI cache blocks are brought into L2 cache for a block

transfer from main memory. Write requests are handled the same way as in Chapter 3.

The changes are shown in the following equation:

Z =1+ +(aw(1-m )s +awmIXA +Wb+I)

+a (1-w)m 1(1-m 2XW ri+W 2+(1-p)T 12+p[MAX {(T t2),(A +Wb +1 )11

+a (1w )m m2 (Wrl +W 2+T 12+W r2+Wmm +T 2m) (4.6)

It is seen that read requests found in L2 cache with its block's presence bit set take longer

to complete than a similar request in the previous solution. This is because L2 cache must

be accessed before the request is sent to the bus. The remaining equations in Chapter 3

apply here unmodified.

Figure 4-1 shows the system performance obtained by keeping Li cache a subset of

L2 cache. The effect of the higher LI cache miss ratio has been modeled by making m -

15%. Slightly worse system performance results when the number of processors in the sys-

tem is six or less. The bus is not yet saturated, so the benefits of the subset requirement are

not great enough to offset the increased LI cache miss ratio and the increased time needed to

* -complete read requests found to be shared in L2 cache. For more than six processors, the
,.1

subset requirement provides better system performance if the percentage of L2 cache blocks

whose presence bit is set is less than 90%. It seems reasonable to assume that realistic

*"
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Figure 4-1. System performance vs. number of processors.
Effect of presence percentage on system
performance.

values of p will be much lower than 90%. Therefore, the subset requirement provides

better system performance for a large number of processors. Directory information in L2

cache to reduce the bus usage is a good idea if it is desired to efficiently utilize a large

number of processors.

L
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CHAPTER 5

CON CLUSION

There has been a general trend over the years to build computer systems with faster -'

processors and larger memories. This is the result of faster technologies and better architec-

tures being used. There is no reason to believe that this trend will not continue in the

future. As this trend continues, the difference in processor cycle times and memory access

times increases. This difference is already large enough for cache memories to be advanta-

geous. Most computer systems currently on the market contain cache memories. Faster

processors will require faster caches to be efficient. These caches must be large enough to

provide low miss ratios. It then becomes a trade-off whether to use larger and slower
!j

, -caches to provide low miss ratios or use smaller and faster caches to efficiently utilize faster

processors. This thesis proposes that both be used: one level of smaller and faster cache

memory and one level of larger and slower cache memory. The faster the processors

become, the more the need for two-level caches. Therefore, the need for two-level caches

will grow as the trend toward faster processors continues.

SAnother trend has been the increasing amount of logic that can be placed on a single

chip. It is already possible to place an entire processor on a single chip. As this trend con-

tinues, it will become possible to place cache memory on the same chip with a processor.

Since data can be transferred on a chip much faster than between chips, this cache memory

will be very fast. It will also most likely be quite small, with a high miss ratio. Accessing

main memory for each cache miss would not give very good performance. A second level

of cache between the chip and main memory would probably provide much better perfor-

mance.

-



,- 51 '

The advantages of multiprocessors have already been discussed. These advantages

should make them more popular in the future. This thesis has demonstrated the usefulness

of two-level caches for multiprocessors. Most of the parameters used in the performance

model were only estimated, but it has been shown that a two-level cache is effective for a

multiprocessor over a large range of these parameters. More research, though. is needed in

this area as many questions remain unanswered. The parameters can be better estimated by

running program traces through a computer simulation of the proposed system. The effect

of increasing the L2 cache miss ratio, the degree of sharing, and cache interference with an

increasing number of processors needs to be studied. The optimum cache and block sizes

also need to be determined. Future trends and research will most likely lead to the use of

two-level caches in future computer systems.

L:
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