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An Historic Retrospective

Overview of Cache Operation and Cache Types

The solution chosen by most manufacturers of fast 80386-based PCs (20Mhz
and faster) was the inclusion of an external cache. Implementation of a cache
memory subsystem is an attempt to achieve acceptable system cost and a high
percentage of zero wait state bus cycles when accessing memory.

A cache memory subsystem is implemented by populating system board
memory with relatively slow access, inexpensive DRAM, while also
incorporating a relatively small amount of high cost, fast access SRAM into the
system. The SRAM memory is referred to as cache memory and a cache
memory controller maintains copies of frequently accessed information
(previously read from DRAM memory) within the cache.

Refer to Figure 3 - 1. The cache controller keeps track of the information it has
copied into the cache memory. When the processor initiates a memory read bus
cycle, the cache controller determines if it has a copy of the requested
information in cache memory. If a copy is present, it immediately reads the
information from the cache, sends it back to the processor over the processor’s
data bus, and asserts the processor’s ready signal. This is referred to as a read
hit. The access can be completed in zero wait states because the information is
fetched from the fast access cache SRAM.
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Figure 3-1. The Cache Memory Concept

If, on the other hand, the cache controller determines that it does not have a
copy of the requested information in its cache, the information must be read
from DRAM memory. This is known as a read miss and results in wait states
(due to the slow access time of the DRAM memory). The requested information
is sent from DRAM back to the processor to fulfill the request. In addition, the
information is also copied into the cache memory by the cache controller. The
cache controller updates its directory to track the information stored in cache
memory.

On the surface, it may not be evident how this can speed up the processor’s
memory accesses. However, most programs contain code loops that are
executed many times and data structures that are accessed repetitively. A loop is
a series of instructions that must be executed a number of times in succession to
produce the desired results.

As an example, spreadsheet applications typically use a program loop to
recalculate multiple spreadsheet cells. Depending on the number of calculations
to be made during a recalc, this program loop may have to be executed hundreds
or even thousands of times.
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Assume that the cache memory is empty: it contains no copies of information
from DRAM memory. The first time the program loop is executed, the
following series of events takes place:

1. The processor initiates a memory read bus cycle to fetch the first
instruction from memory.

2. The cache memory controller uses the memory address to determine
if a copy of the requested information is already in the cache
memory. Since the cache is initially empty, a copy doesn’t exist and
a read miss occurs.

3. The cache memory controller initiates a memory read bus cycle to
fetch the requested information (the instruction) from DRAM
memory. This will incur one or more wait states, depending on the
access time of the DRAM.

4. The information from DRAM memory (the instruction) is sent back
to the processor. The cache controller also copies it into the cache
memory and updates its directory to reflect the presence of the new
information. No performance advantage was realized during this
memory read because the information had to be read from slow
DRAM memory.

5. Upon completion of the first instruction, the processor’s prefetcher
initiates a series of memory read bus cycles to fetch the remaining
instructions in the program loop. If the cache is sufficiently large,
all instructions in the program loop can become resident in cache
memory.

6. The last instruction in the program loop is an instruction to jump to
the beginning of the loop and start over again. The processor starts
fetching and executing instructions at the memory address of the
first instruction in the program loop again.

7. When the processor initiates the memory read bus cycle to fetch the
first instruction again, the cache controller checks its cache
directory and detects the presence of the requested information in

27
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cache memory. It reads the information from SRAM and sends it
back to the processor with zero wait states incurred.

The processor is thus able to fetch and begin executing the instruction faster
than it was able to the first time through the loop. This proves true for the
remaining instructions in the program loop as well. The second and subsequent
times through the program loop, the processor incurs no wait states in fetching
the instructions, so the program runs substantially faster. ‘

Principles of Locality

The term used to explain the characteristics of programs that run in relatively
small loops in consecutive memory locations is locality of reference. As
described in the previous example, cache subsystems work because most
programs that run on PCs require the same information from consecutive \

memory locations over and over again. The locality of reference principle is

comprised of two components: temporal locality and spatial locality.
Temporal Locality

Since programs run in loops, the same instructions must be fetched from
memory on a frequent and continuing basis, meaning that programs tend to use
the most recently used information again. The longer its been since information
in the cache has been used, the less likely it is to be used again. This is known as
the principle of temporal locality. How well a cache subsystem performs is tied

directly to how often the software requests the same information from memory. |
If a program were intentionally designed to never access information more than
one time, the cache subsystem would provide absolutely no performance
increase.
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Since all information destined for the internal L1 cache must pass through the
external L2 cache, the advantage of the L2 cache may not be immediately
apparent. If the L2 cache were the same size as the L1 cache, there would be no
advantage. If, however, the L2 cache is substantially larger than the L1 cache,
the advantage becomes clear. L2 caches are usually much larger (64KB-512
KB) than L1 caches.

L2 caches improve overall performance because the L1 cache can get
information from the L2 cache quickly on most internal read misses.
Furthermore, to take full advantage of the i486 burst cycles, the typical L2 cache
can accommodate the fastest possible burst transfer.

Cache Coherency with an L1 and L2 Cache

Refer to figure 3 - 5. When an L2 cache is used in conjunction with the i486,
care must be taken to ensure that cache consistency is maintained between the
L1 and L2 caches and memory. To help maintain cache consistency, the i486 L1
cache implements a write-through policy to ensure that the external cache is
notified of all write operations to the i486 L1 cache.

The L2 cache can be designed to utilize either a write-through or a write-back
policy. These cache types maintain cache coherency with memory as described
earlier. However, if both the L2 cache and L1 cache have copies of the line that
is being written to by another bus master, additional steps must be taken by both
the L2 and L1 caches.

1. When another bus master performs a write operation to memory,
the L2 cache snoops the line address that is being written to in
memory. If the L2 cache detects a snoop hit, then the information in
the L2 cache will be stale when the write operation completes. To
ensure that the processor does not subsequently receive stale data
from the L2 cache, it will invalidate the directory entry. The next
access to the line will then result in a cache miss and an access to
memory.
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2. Since the data that is being updated was found in the L2 cache
during the snoop, it is also possible that the L1 cache has a copy of
the same line. If no further action is taken, the .1 cache will contain
stale data. To prevent this type of cache inconsistency, the L2 cache
must pass the snoop address back to the i486. It can then determine
if a copy of the target line is also contained in its L1 cache. If a
cache hit occurs, the i486 will invalidate the directory entry to
ensure that stale data isn’t contained in the L1 cache.

Figure 3-5. An i486 System Incorporating an L2 Cache

Pentium Processor Cache Overview

The Pentium processor improves performance over the i486 in a variety of
ways, including the implementation of separate data and code caches. The line
size for each of these caches is 32 bytes and the data bus is eight bytes, or 64
bits in width. A burst of four consecutive transfers is therefore required to fill
the cache line. As with the i486, implementing the Pentium processor with an
L2 cache provides the highest performance.

45
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Due to its write-back policy, the Pentium processor’s L1 data cache introduces
additional complexity into the cache consistency logic . The data cache can also
use a write-through or a write-back policy on a line-by-line basis. The
instruction, or code, cache is read-only, so it doesn’t require a write policy .

Figure 3 - 6 illustrates the relationship between the Pentium processor, the L2
cache, the Non-Cacheable Access (NCA) logic, system memory and devices
connected to an expansion bus (ISA, EISA, or Micro Channel). Six major signal
groups comprise the processor’s interface to the external environment. These
signal groups are:

® Address Bus

@ DataBus

® BusCycle Cohtrol Signals
@ Snoop Control Signals

e L2 Cache Control Signals
@ Bus Master Control Signals

A detailed description of these signals can be found in the Chapter entitled, “The
Hardware Interface”.

46
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Figure 3-6. The Pentium Processor’s Relationship To Its External Environment

When the Pentium processor’s data cache utilizes a write-through policy, its
operation with an L2 cache is conceptually identical to that of an i486. The
following descriptions assume that both the Pentium processor and its L2 cache
are using write-back policies.

Handling of Memory Reads Initiated by the Pentium Processor

When either the prefetcher or one of the execution units requests information
from an internal cache, the request is immediately fulfilled if a cache hit occurs.
If the information is not in the internal cache, the Pentium processor must
perform a cache line-fill to read the target line from external memory.

The L2 cache detects the memory read bus cycle and interrogates its directory to
determine if it has a copy of the requested information. If it’s a hit on the L2
cache, the L2 cache notifies the Pentium processor that the address is cacheable
(KEN# is asserted). Note that if the target line is found in the L2 cache, the line
must be cacheable. The L2 cache then accesses its cache SRAM memory,
satisfying the cache line-fill in a burst of four consecutive 64-bit transfers.
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