Memory

Types of Memory Devices

1.  Random Access Memory (Read/Write)


Every processor requires some form of memory for the storage of the programs and data.  Read/write memory, now almost entirely referred to as random access memory or RAM, allows data to be written into, or read out of, the devices.  The information or data stored in memory is in binary form, usually organised in some multiple of units of 8 binary digits, called bytes.  It is essential that each unit of memory be uniquely identified by some means.


The identity of a memory location is specified by the address of that location.  This is created by the system designer as part of the hardware configuration of the system, and is typically hardwired into the design.


RAM is available in two major categories:

(a) Static RAM

In static RAM, information is stored in bistable (flip-flop) type circuits and remains intact without continuous read/write (refreshing).  If the RAM is volatile, the contents of the memory disappear when loss of power supply occurs.

(b) Dynamic RAM

Information is stored on capacitors which must be periodically recharged (by reading from, or writing to, the address location).  This memory refreshing is an additional consideration for the computer engineer.


A typical RAM module has the following signals supplied to it:
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Figure 1:  A Typical Ram Module

2.  Read Only Memory (ROM)


There are several types of ROM device.  Each is selected according to a set of criteria, such as production volume and cost, and ease of replacement or prototyping.  For completeness, we will include examples of the major types.

(a) Mask-Programmed ROM

The content of the memory is programmed during the manufacturing process using a metallisation mask specified by the user.  Once programmed, the contents of the memory cannot be changed.

The costs of production of a suitable mask are high, but, because the device does not require later programming, the production costs are lower for high volumes.  This type of device is therefore used when production volumes are high, and volume sale justifies the initial investment.

The diagram below shows the structure of a 16x1 ROM.  (i.e. sixteen locations, each one bit wide).  All the connections between the diodes and the bit lines are made during the final stage of fabrication (using a metallisation mask).  If a connection is made, the bit is a one.  If not, it is a zero.  Half the address lines are decoded and used to energise one of the four rows.  The remaining address lines are also decoded and used to enable one of the four tri-state sense amplifiers associated with the addressed column.

Figure 2:  16x1 ROM
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(b) Field Programmable ROM (PROM)

A PROM device has a matrix of memory cells, each containing a transistor or a diode with a fusible link in series with one of its two terminals (in or out).  If a high current is passed through the transistor or diode associated with the link, it is destroyed (like a plug fuse).  Once programmed, the device cannot be erased and reprogrammed.  If a link is present, the bit is a 0; if not, it is a 1.

(c) Erasable Programmable ROM (EPROM)

EPROM devices are programmed electrically, but are erasable by various means.  The original devices required UV light to erase, more modern devices being electrically erasable (usually called E2PROM, or EEPROM).  The electrically erasable devices have the advantage of being capable of single byte or single location updating (in effect, they are read-mostly devices, rather than read only).

The UV EPROM devices were structured as is shown below.  When a high positive voltage is applied to the source and gate of the device, the buried gate becomes charged due to a process known as electron injection.  On removal of the voltage, the charge is retained because the buried gate is surrounded by SiO2, which is an insulator.  This, in effect, turns the FET transistor associated with the gate into the on condition.  UV light causes a photocurrent in the silicon dioxide layer, dispersing the trapped charge, and allowing reprogramming of the device.
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Figure3:  Cross Section of an NMOS EPROM Memory Cell


PROMs and EPROMs are programmed using special programmers, the most popular being the DATA I/O and STAG products, although a host of PC based products are available for one off prototyping.


It is this programming time (with its concomitant handling issues) that ensures the continued survival of mask programmed devices.

Memory Device Organisation


There are two main organisations for memory cells – 2-D and 2½-D.  The 2-D organisation is more compact; the 2½ -D is cheaper (lower device costs).


The 2-D organisation stores data as multiples of one bit.  For example, each location may be 8 bits wide, so each location corresponds to a byte of data, or 4, 16 or 32 bits wide (these greater widths are less common, for reasons that will become obvious later in this material).  The devices are accorded a name by their size (in locations) and width.  For example, a 128K x 8 device is a Megabit RAM or ROM, as would be a 256K x 4 device.


As is shown in the figure below, each address requires a separate row select decoder.  The total number of address lines is obviously log2W, where W is the number of rows (data words).  The row select decoder on the chip therefore has log2W inputs and W outputs.  The row select line connects to the select input of all the cells on the row.  We therefore require a separate column sensor/driver circuit for each cell in a row.  This is a relatively simple organisational strategy, but has the disadvantage of requiring a massive amount of decoding circuitry as part of the device.


However, if a single device is used of the width of the required data, the physical implementation is compact, and uses very little circuit board area.


The 2½-D organisation stores only one bit per location.  The array can, therefore, be square in layout.  This has profound implications for the number of decoder outputs needed.  Each cell is connected to a row select line and a column select line, both needing to be activated to select that particular bit.  To build up the size of word width required, the devices are stacked in parallel, one for each required bit in the data bus size.

Figure 4:  2D Memory Organisation
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Figure 5:  2½-D Architecture
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Memory Operation Basics

The memory device has two basic lines on which it determines its operation.  The Chip Select line (CS) is activated when the system level address points at that particular memory device.  This allows 1MB (or any size) memories to be stacked to form larger blocks.  It is usually driven off the system decode logic.  The other main control line is the read/write line (R/W), which determines whether the specified location is to have data read from it or written to it.  The address lines carry the location required, the data lines carry the contents of the location.


Silicon devices do not operate instantaneously.  There can be settling time requirements prior to data or addresses becoming valid.  This is usually shown in a timing diagram.

Simplified WriteTiming Diagram


[image: image6.wmf] 

WR

 

Address

 

Data

 

Clock

 

Valid Address

 

Data Written 

to Memory

 

One Bus Cycle

 

T1

 

T2

 

T3

 

T4

 


Memory Organisation at the Motherboard Level


Whilst device architecture is fundamental to the techniques we may employ, it is only part of the memory design story.  The basis of system level memory design is the need to maximise the user benefit from the deployed technology.  How then can we design for the user?  Consider the ways in which programs are written.  They are pretty much, all, sequential algorithmic designs.  In this sense, it is logical to assume that the next instruction to be executed lies directly after the current one.  This is not always the case.  Jumps and branches in programs cause program control to move away from the current area of memory.  We will need to consider this in our memory system design:  simplicity of thought is not enough to guarantee optimal performance.


Although the pricing of memory is steadily declining over time, very fast memory remains relatively expensive.  Ideally, we would like to configure our system with the fastest available RAM, to minimise the memory access overhead.  However, for many systems such an approach is impossibly expensive.  The alternative is to attempt to make the system see only the highest speed devices by “sleight of hand”, by combining fast devices in small quantities with larger amounts of slower memory and attempting to ensure that the information the processor requires is always in the fastest memory block.  This technique is known as CACHING, or the use of CACHE MEMORY.

Figure 6:  Cache Memory Basic Architecture
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The principle of locality, as the simple fact that instructions are probably close together in memory is called, is the key to caching.  The ability to load small blocks of information from memory into the cache (the small, fast area) with a high probability of finding the next required item in that block allows the processor to work from the small, fast memory on a frequent basis.  The location of an instruction or item of data in cache is called a cache hit.  The hit ratio (how often items are found in cache, compared to the slower process of main memory access) is the most important parameter for evaluation of cache performance.

The obvious strategic questions relate to the size of the cache memory area and to the replacement of cache items.  Once it is full, any new items added to it must replace current ones:  how much cache do we need to avoid excessively frequent replacement, and when we replace items, which ones do we replace?

Cache Replacement Algorithms

1. Least-Recently Used

With this method, the block in the set that has been in the cache longest with no reference to it is replaced.  This is particularly easy to implement for two-way set associative caches.  Given the assumption is made that the more recently used blocks are likely to contain future useful information, this method should give the best hit ratio.

2. First In, First Out

Again, the idea here pertains to time relevance, to the extent that the earliest inserted block is likely to be used and no longer relevant.  This is a circular buffer strategy, and can be implemented via a FIFO queue.

3. Least Frequently Used

This method requires the replacement of the block that has experienced fewest references.  Its implementation requires the association of a hit counter with each block.

4. Random Replacement

Given that analysis may well yield little of worth, this method allows the replacement of the contents of any slot on a random basis.  Whilst this may seem to contradict earlier thinking, in practice it has been found to offer only slightly worse performance than analytical techniques.

Cache Write Policies


Whilst reading from cache poses no hazard to the system’s integrity, the process of writing could potentially result in data loss.  This is because the contents of the cache will be changed if a write occurs, but not the content of main memory.  If for some reason the cache is lost, the changes will also disappear.  Consider the case of multiple processors operating on a common main memory via their own caches.  The problem of coherency is likely to arise (all cache contents must be the same; any write to one cache must update all caches to avoid inconsistency).

The most obvious method is to copy all writes to main memory.  This ensures that main memory is always valid.  If multiple processors are in use, each with its own cache module, then that cache module must monitor traffic to main memory and update its own contents on the occurrence of a change.  The technique obviously generates significant memory traffic, which to some extent reduces the benefits of a cached approach.

The write back technique updates only the local cache.  When a write occurs, an update bit associated with the block or slot is set.  When a block is replaced, it is only written to main memory if the bit is set.  As a result, the contents of main memory and cache memory may differ for considerable periods of time.  Any transfer must be routed through cache to ensure passage of valid data.  The net result is for complex circuitry.

In general, read operations are more frequent than write operations (approximately six to one ratio in studies).  Write through is, therefore, commonly used.  Where multiple caches exist for multiple processors, write through is not a complete solution.  The contents of the caches for other processors may contain obsolete data.  The maintenance of coherency (all caches current) requires further complexity.  Solutions include hardware transparency (hardware based strategy to ensure write to one cache, write to all caches using that data), bus watching with write through (cache controller watches the bus; if another processor writes to an area in shared memory in its cache, it invalidates that cache entry and requires repeat load from the now modified area of main memory before use), and non-cacheable memory (shared areas of main memory not allowed to be cached).

Multiple Level Caches


Modern devices (Pentiums, etc.) use on-chip memory in the processor, running at full processor speeds.  This treats the cache memory like main memory, and thereby offers a multiple stage acceleration of access speeds.  On-chip memory in processors is an absolute premium item, and such level 2 caches tend to be small in size (8K or 16K bytes) in comparison with normal cache memory (256K bytes to 512K bytes in most desktop systems).

Block Size


The question remains as to how large each cache block or slot should be.  A large block size will result in fewer, but longer, writes when a cache miss occurs.  It can also result in replacement of required data before it is used, because of the small number of blocks.  In addition, the proximity principle is less valid as the data becomes further from the current item

A smaller block size will increase the likelihood of a cache miss, but will allow rapid replacement.  The optimal size for a given system depends on the nature of the application data or code to be cached.

Blocks sized around four to eight addressable units (words or double words) have been found to give near optimal results. 

Cache Size


The obvious question remains as to how much cache is actually required to permit the increased speed benefits to be achieved.  The less cache used, the lower the cost of system memory.  We are faced with a direct trade off between performance and price, and need some idea of how to balance the two.


The hit ratio, H, is a useful goodness metric, being the probability of finding the required data item in the cache.  This allows us to derive a simple estimation of system access time:

System access time = H x cache access time + (1-H) x main memory access time


Cache sizes of between 1Kbytes and 512Kbytes are commonly used.  In practise, even the smallest caches will have hit rates of beyond 70%, and, depending on the nature of the code, cache hit ratios in the high 90%s are readily achieved.

The Concept of Virtual Memory


Early multiprogramming systems faced a problem.  In order to run, a process must be in main memory, along with its necessary data and sufficient space to store results.  The process was given a partition in memory in which to reside, the size of which is determined at its creation.  This created obvious difficulties.  The need to allocate sufficient space led to only a few programs being resident at any time.  When a short (small) process terminated, the resulting gap in main memory was too small for other processes to fit into.  The result was known as fragmentation, where small, unusable areas of memory proliferated in main memory, inhibited system operation, and reduced the effective usage of system resources.  Two concepts were developed to compensate:  the use of fixed sized partitions, and the use of variable sized partitions with compaction.  (Compaction:  periodically, memory would restore itself to a contiguous block, by shuffling processes around.  This was absolute death for deterministic, real time programming).

Now consider the division of memory into relatively small-sized fixed partitions (pages).  Each process on creation now receives an allocation of pages sufficient to its needs.  The spaces created on completion of a process must be an integer number of pages, so any process capable of running in that space can now commence its operation.  A simple list of which pages are in use is capable of confirming the availability of sufficient space.  This still suffers from the limitation that the physical memory area must be large enough to contain the program and its data.  Virtual memory frees the system from this constraint

The concept of virtual memory is inherently tied up with the ideas of paging.  Paging is the allocation of memory to a process in blocks when the process is loaded into memory.  In demand paging, a page of a process or data is pulled into main memory from the disk only when it is actually required.  In other words, the only parts of a program or process in memory are those parts that are actually in use.  The other parts can reside on mass storage (hard disk).  Because only a few pages of any process are in memory at any point in time, more processes can operate under a multiprogrammed basis.  If a program accesses any data on a page not currently in memory, a page fault is triggered, causing the operating system to bring up the desired page.

The net result is that the process can be larger than all of main memory.  This is the idea of virtual memory.  The real memory of the system is where processes execute, but the apparent size of any process is limited by the much larger memory area located on the disk 

We return to the same problem we discussed with cache memory – if all memory is in use, and we require access to a new page, how do we determine which page to replace?  If a page is ejected just before it is to be used, it must be reloaded.  Too much of this results in thrashing.  The system spends its entire time swapping pages to and from hard disk rather than processing.  The system must analyse, based on recent history, which page is least likely to be needed in the immediate future.  Whilst complex, this is a well-understood problem with functional solutions available.

Figure 7:  Virtual Memory
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A main concern of operating system designers is the use of memory, and particularly the implementation of effective virtual memory systems.  The processor designers are well aware of the problem. The great majority of memory management hardware included in modern processors exists to simplify the operation of virtual memory systems.
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