Computer Systems Lecture 7
PRINCIPLES OF INTERFACING

1.  Introduction

 
Input/output refers to the transfer of  data  between  the processor  and  the peripheral devices (also called I/O  devices such as printers, VDUs, analogue-to-digital converters, etc.  From a programmer's point of view, the transfer of data to and from an I/O device is similar to the transfer of data to and from memory, except that:-

  1) Unlike memory, I/O devices usually work at much lower speed than the processor;

  2) Interface circuits are usually required to change the voltage level of the signal or the format of the data.

     Two basic physical schemes of I/O transfer are available:-

         a) Serial I/O transfer;

         b) Parallel I/O transfer.

   
In the case of serial I/O, data is transferred a bit at a time.  For parallel I/O, data transfer is done as 8-bit  (or more) quantities.  Naturally, parallel I/O is faster than serial I/O, and is electronically easier to implement (since the processor also manipulates data as parallel bits). Therefore parallel I/O is the method used for communicating between a processor and its nearby peripherals.  For long distances, however, serial I/O is more advantageous and cost effective, since just a small number of physical connections are required.

2.  Parallel I/O Using Buffers and Latches

    
The most basic method for inputting an 8-bit number to a microprocessor system is to use 8 tri-state buffers. The truth table of a tri-state buffer is shown in fig 1.

Figure 1:  Buffer Circuit
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The simplest method for outputting an 8-bit value in parallel is to use 8 D-type flip-flops (or latches). The function of a latch is depicted in fig 2.

Figure 2:  Simple Latch Circuit
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The circuit for interfacing latches and buffers to the processor is straightforward (see fig 3). The address decoder produces the OE signal for the buffers and the clock signal to drive the latches. The IO signal is asserted during the IN or OUT instructions.

Figure 3:  Simple Parallel I/O Operation
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3.  The Handshake Mechanisms 

    
In some applications, data can be sent from the processor to a peripheral device without checking whether the device is ready to receive data and vice versa. Such 'open loop' arrangement works well with very slow I/O (say, less than 1 transfer per second). But for most applications some form of synchronisation between the processor and the external device must be used, otherwise the CPU may be sending data to the peripheral when the peripheral is busy on other tasks (such as a printer may be busy printing the last received character). The procedure for checking whether the source or the destination is ready for a data transaction is called handshaking.

    The handshake mechanism is best explained by considering what happens during a processor-to-peripheral transfer (an output handshake):-

a) Peripheral provides the READY signal to the processor's interface circuit indicating that it is ready to receive data.

    
b) CPU reads the READY signal from the interface circuit.

    
c) CPU sends data to the interface circuit.

d) CPU or interface circuit sends the STROBE signal to transfer data to the peripheral.

    This is illustrated in fig 4 overleaf. This describes a simple output handshake in some detail.  The input handshake sequence is similar to the output handshake sequence described, except that the direction of all the data flow is reversed.

    Note that the method described above uses two physical status/control lines to accomplish the handshake process. Alternatively, special pattern in the data being transferred can be used to perform the handshake. For example, dot-matrix printers often have an internal buffer (say, 2K bytes) for storing the print data so that the computer can send data to the printer faster than it can print without losing characters. One common method of handshaking between the printer and the computer is to use the XON/XOF (or DC1/DC3) protocol.  (Protocol means a set of rules.) DC1 and DC3 are control characters in the ASCII character set. When the printer buffer is almost full, it will send a DC3 character to the computer. On receiving the DC3 character the computer (through program control) will suspend sending characters to the printer.  When the printer has finished printing most of the characters in the buffer, it sends a DC1 character to the computer, thus asking the computer to resume the transmission.

Fig 4:  A Basic Output Handshake Operation 

See Overleaf.
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4.  Isolated and Memory-Mapped I/O

    For some processors, such as the Intel 80x86 series, virtually all microcontrollers, and Zilog's Z80, a number of special instructions are set aside for communicating with external peripherals. The peripherals are given I/O device addresses (similar to memory address) which are specified by the whole of, or part of, the processor's address bus. The I/O data is sent or received on the data bus. In order to distinguish between a memory access and an I/O access, another signal line, the I/O request line Š(IORQ), is used. This is sometimes called isolated I/O because the peripheral devices are isolated from the processor memory.

    In the IBM PC and its numerous descendents, the Intel 8086 processor can address up to 1024 I/O locations (00 - 3FFH) as I/O ports.  For the processor, either 8 or 16 bits of the address bus can be used for I/O addressing.  The bottom 10 lines of the address bus are used for I/O addressing in PC systems.

    In other processors, no instructions or signal pins are specially reserved for I/O purposes.  Instead, part of the memory address space of the processor has to be used for addressing I/O devices. This is known as memory-mapped I/O.  The major advantage of this method is in ease of programming. The entire set of instructions which access memory is available for I/O. The 6800 and 6500 series of processors are examples that only allow memory mapped I/O.

5.  Device Polling

    As discussed earlier the handshake sequence includes the procedure where the CPU checks the readiness of the peripheral before data is transferred.  Such procedure is called device polling. Nearly all I/O devices provide a device status word (or bit) which the processor can examine to determine whether a particular device needs attention. A block diagram showing this scheme is shown in fig 5. A program loop has to be executed repeatedly, examining (or polling) the status registers of each device of interest. A jump would then be made to the appropriate part of the program to effect the data transaction with the corresponding device.

Figure 5(a):  Device Polling
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Figure 5(b):  Flow Diagram for Device Polling
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6.  Interrupt I/O

    Instead of initiating an I/O transfer by software through polling the I/O devices, it is often more efficient, (sometimes even necessary), for the peripheral device to tell the CPU when it needs attention. Such is the idea behind interrupt driven I/O. Device polling is analogous to picking up a telephone (without a bell) periodically to check whether anyone in on the line, while interrupt is like having a bell on the telephone to tell you the presence of a call.

Most CPUs have one or more interrupt input signal pins which can be connected to external peripheral circuits for generating interrupts. When a device issues an interrupt, the CPU must do the following:-

a) Finish the current instruction,

b) Save the current program counter on the stack,

c) Transfer program control to a separate program module called an 'interrupt service routine' (ISR).

Usually the service routine is involved with the exchange of data or control information between the CPU, memory and the peripheral. Naturally a different routine is required for each source of interrupt. Once the service routine is completed, the CPU must return to the interrupted program by retrieving the program counter from the stack.

NOTE: Since it is impossible to predict what the CPU is doing while an interrupt occurs, all interrupt service routines must PRESERVE all register values by pushing and popping them to and from the stack.  Only those registers used by the interrupt serve routine need to be saved.

Sometimes the CPU may be performing a task which cannot be interrupted in the middle. For most CPU's, there are instructions to disable or enable the processor from responding to an interrupt. Most CPU's automatically disable interrupts when a RESET is performed (so that the programmer can configure the interrupt system on power-ON), and on accepting an interrupt (so that the interrupt will not interrupt its own service routine).

While interrupts obviously has many advantages over normal programmed I/O with device polling, it requires extra hardware, more complicated programming and software overhead (such as saving registers on the stack). Furthermore, because interrupts are random inputs, program testing and debugging can be very difficult.

     Two immediate questions arise:-

1) If there is more than one device which can issue an interrupt, how can the processor know which device has interrupted, so that the correct interrupt service routine can be used?


2) How can the processor determine the priority of the interrupting devices?

6.1  Determining the Source of Interrupt

    There are essentially three ways of identifying the source of an interrupt:-

  1) Separate interrupt inputs

Some processors have multiple-interrupt inputs so that each device can use a separate input line. Each line initiates a different response in the CPU, and effects a “jump-to-subroutine” type of response to the corresponding interrupt service routine. The starting address of the interrupt service routine is stored in one or two fixed memory locations called an interrupt vector. This is illustrated in fig 6. Each interrupt input line will therefore have its own interrupt vector location. This is depicted in fig 7 overleaf.

Figure 6:  Interrupt Vector Operation
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  2) Device Polling
If there are more interrupting devices than available interrupt inputs, the CPU can simply poll the devices by software and determine which one has issued the interrupt. The only advantage of such a system over normal polling is that the CPU can be sure that there is at least one device requiring I/O transfer. This scheme requires simple logic circuits for implementation and is used very widely on 8-bit processors. Each external device must of course provide a status bit (usually as part of a status word) to indicate whether it has issued an interrupt.

Figure 7:  Multiple and Single Interrupt Systems
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  3) Vectored Interrupt
With this method, the device issuing the interrupt request supplies to the processor its 'identity' through the data bus. The 'identity' is usually in form of an interrupt vector - i.e. the address at which the starting address of the interrupt service routine is stored. Therefore the interrupting device will supply a unique interrupt vector to the processor after it has issued an interrupt. This is of course more flexible, and results in a faster response, than using device polling.

However, the interrupting device must have certain amount of built-in intelligence in order to supply the interrupt vector at the right time.  Such a system is depicted in fig 7 above (single interrupt line diagram).

6.2  Interrupt Priority

    In systems where more than one device can interrupt the processor  simultaneously, some form of priority arbitration scheme must be provided to determine which device should be attended to first.  This can be done in several ways:-

a) Pre-determined priority

In processors with multiple interrupt request lines, each line can have a pre-defined priority level. In this case, the interrupt priority can be established by simply connecting the most 'important' peripheral (usually the fastest device or the console) to the interrupt request line with highest priority.

For systems using device polling, after an interrupt is accepted, the priority is effectively determined by the polling routine. The device being polled first obviously has highest priority.

    
b) Daisy-Chains
With this method, all I/O devices which can issue an interrupt are connected to a common interrupt request line. In addition, each device has an interrupt enable input and an interrupt enable output. These signals are used to form a daisy chain as shown in fig 8. When a device issues an interrupt, it pulls the interrupt enable output low to disable devices lower down the chain from interrupting. Consequently the device closest to the CPU naturally has the highest priority.

     
c) Priority Interrupt Controller
Some systems use a separate LSI (large-scale integrated) circuit, called a Priority Interrupt Controller, to provide a number of interrupt request lines (usually 8).  Each line represents a certain interrupt priority level.  By simply connecting devices on different interrupt levels, a priority interrupt servicing order is determined.  A common example is the Intel 8259 Priority Interrupt Controller (PIC).  Such a system is shown in fig 9.

Interrupt priority assignment to peripheral devices affects system performance. Usually, fast devices (such as disk drives) and devices working in real time are assigned with the highest priority. Printers and tape readers which are relatively slow are generally given low priorities. The console terminal, although relatively slow, are usually assigned with high priority so that the operator can interrupt the processor readily.

Figure 8:  Daisy Chaining for Determination of Interrupt Priority
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Figure 9:  A Priority Interrupt Controller (See Intel 8259 Device As An Example)
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7.  Direct Memory Access (DMA)

The methods discussed previously have a common problem, in that the processor is required to participate in any I/O transaction.  Each memory/I/O transfer requires the execution of processor instructions, and typically requires at least two clock cycles per action.  During this time, the processor cannot be engaged in the execution of other code.  The key point to observe is the transaction exchange – between memory and I/O.  Other than necessity, the unavailability of alternatives, there is no reason for the processor to be involved.  If a method of direct transfer between memory and I/O is available, the sole requirement is that the processor keeps off the system bus for the duration of the transaction.


Direct memory access (DMA) controllers fulfil this requirement.  They are LSI devices containing the necessary hardware to permit direct transfer of data without the interaction of the processor.  The DMA module must take control of the bus in order to transfer data.  If we are to minimise the impact on processor operations, the DMA module can only use the bus when the processor does not require it.  If it requires the processor to temporarily suspend while it operates, which is the commonly used method, it must impact on system performance.  

The operation of a DMA module requires the transfer of a block of memory from one address (probably an I/O address or port) to another.  In order to do this, the DMA must include addressing capability, a counter to determine the transfer size and its completion, some form of data register (it is replacing the processor in these operations), and the necessary control lines to obtain access to the system bus.  The basic operation is for the program to specify the block length and the destination, the DMA handling the rest of the operation.  A block diagram of a typical DMA module is shown below:-

Figure 10:  A Typical DMA Module
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A DMA module may sit between the system bus and the I/O device(s), the devices being in effect connected via DMA, or it may sit as a module on the bus, operating over the bus in the same way as the processor to transfer data.

8.  Summary


The techniques described are the fundamentals of computer control and practical application.  They are ubiquitous, found in every situation and every machine in some form or another.  The mechanisms provide for the interaction between the user and the system.  Their elegance (or lack of it) is basic to our computer usage.

Input/output is a pivotal issue in systems design.  The extreme variation in speed between the processor and the electromechanical, or even biological, input devices attached to it causes significant problems in conceptual design.  Many approaches are adopted to attempt to resolve the array of problems it raises.  Remember that transfers to the user, to printers and VDUs, and to communications devices form the external world interface of the computer system.

The I/O to processor approach is primitive but effective.  Other alternatives exist.  Many systems use local processors on I/O controllers to limit the degree of processor interaction, with the controller passing necessary data over the system bus.

In recent times, some systems have adopted a separate I/O bus, bridged to the main system bus in an attempt to isolate I/O and allow concentration and specialised operations prior to data transfer.  Examples include the IBM AS/400 architecture, and many graphically orientated buses adopt a similar approach for high-speed data transfer (Maxbus is an example).  Indeed, this is the conventional solution amongst 90’s workstations.  The mainframe approach remains the use of a central switch (I/O to central switch), which permits any transfer device the full available bandwidth of the system for data movement.  The first generation of central switch type circuits for data transfer in workstations and desktop systems are now available (top specification SUN and Silicon Graphics workstations use this approach in a limited manner).  It is likely to cascade down into the common desktop arena over the next few years.

Dr S J Rees, School of Computing, Staffordshire University, March 2000
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