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The bus is the most popular communication pathway among the various components of a computer 
system. The distinguishing feature of the bus is that it consists of a single set of shared communication 
links to which many components can be attached. The bus is not only a very cost-effective means of 
connecting various components together, but also is very versatile in that new components can be added 
easily. Furthermore, the bus has a broadcasting capability which can be extremely useful. The downside 
of the shared communication links is that they allow only one communication to occur at a time and the 
bandwidth does not scale with the number of components attached. Nevertheless, the bus is very popular 
because there are many situations where several components need to be connected together but they need 
not all transmit at the same time. This kind of requirement maps naturally onto a bus, allowing a very cost­
effective solution. However, there are cases where the bus does become a communication bottleneck. In 
such cases, very aggressive bus designs have been attempted, but there comes a point where the fundamental 
characteristic of the bus cannot be overcome and more expensive solutions such as point-to-point links 
have to be used. 

Buses are used at every level in the computer system. For instance, within the processor itself, the bus is 
often the means of communication between the register file and the various execution units. At a higher 
level, the processor is connected to the memory subsystem through the system bus. Today's computers 
typically have a fast peripheral bus called a local bus which directly interfaces onto the system bus to 
provide a high bandwidth for demanding devices such as the graphics adaptor. Other less demanding 
peripheral devices are attached to the I/O bus. In the old days, the processor, memory subsystem, and 
1/0 devices were all plugged onto the backplane bus, which is so called because the bus runs physically 
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19-2 Computer Science Handbook 

along the backplane of the computer chassis. The various buses are each optimized for a particular set 
of performance requirements and cost constraints and may thus seem very different from one another. 
However, their underlying issues are fundamentally the same. 

A major requirement for designing a bus or simply comprehending a bus design is a proper understand­
ing of the electrical and mechanical behavior of the bus. As buses are pushed to provide higher data rates, 
physical phenomena such as signal reflection, crosstalk, skew, etc., are becoming more significant and have 
to be handled carefully. Because the communication medium of a bus is shared by multiple devices, at 
most one transmission can be initiated at any time by any device. The other devices can act only as receivers 
or bus slaves for the transmission. A device that is capable of initiating and controlling a communication 
is called a bus master. In order to ensure that only one bus master is talking at any one time, the bus 
masters have to go through a bus arbitration process before they can gain control of the bus. Once a bus 
master has been granted control of the bus, a bus protocol has to be followed by the master and the slave 
in order for them to understand one another. The specifics of the protocol can vary widely, depending 
on the functional and performance requirements. For instance, the protocol used in the system bus of a 
uniprocessor is dramatically different from that used in the system bus of a shared-memory symmetric 
multiprocessor (SMP). 

In this chapter, an overview of the basic underlying physics of computer buses is presented first. This 
is followed by a discussion of important issues in bus designs, including bus arbitration and various 
communication protocols. Because of the increasing prevalence of SMP systems and the special challenges 
they pose for buses, a separate section is devoted to discussing special bus issues in such machines. The 
discussion is wrapped up with a case study of a modern SMP system bus design. Finally, a historical 
perspective of computer buses and the related research issues are given in the last section. 

19 .2 Bus Physics 

Computer buses are becoming wider and are being run at higher frequencies in order to keep up with 
the phenomenal improvement in CPU performance. As the physical and temporal margins in bus designs 
are reduced, it is imperative that electrical phenomena such as signal reflections, skew, crosstalk, etc., be 
understood and properly handled. In this section, we introduce the basic ideas behind these phenomena. 
A more detailed discussion can be found in Giacomo [ 1990]. 

19 .2.1 Transmission-Line Concepts 

Electrical signals propagate with a finite speed that depends on the propagation medium. For instance, it 
takes approximately 5 ns for an electrical signal to travel 1 m along a typical copper wire. However, when 
analyzing electrical circuits, we often ignore their spatial properties. For example, we are seldom concerned 
with where each element of the circuit is located. We can do this because the circuits we usually encounter are 
lumped. In other words, their physical dimensions are small enough that for their particular applications, 
electromagnetic waves propagate across the circuits virtually instantaneously. However, this is not the case 
with high-speed buses. In this subsection, we introduce the basic concepts of the transmission-line model 
which are needed to understand the electrical behavior of today's buses. 

In general, a connection is considered a transmission line if the propagation time of an electrical signal 
through it is a significant part of the rise time, fall time, or width of the signal. A good rule of thumb is 
to consider anything above ¼ as a "significant part." A transmission line has a ch~racteristic impedance 
Zo. If the line impedance Zi changes as a signal propagates down the line, part of the power trav­
els backwards as a reflected signal. The reflection coefficient is given by r = (Zi - Z0 )/(Zi + Zo). 
In other words, the strength of the reflected signal increases with the magnitude of the impedance 
mismatch. 

Consider the circuit in Figure 19.1. It contains a voltage source½ with internal resistance Rs connected 
by a pair of transmission lines to a load of resistance Z L . We assume that it takes T units of time for an 
electrical signal to propagate one-way across the circuit. At time t = 0, the switch is closed and a voltage 
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FIGURE 19.1 Circuit for transmission-line example. 
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FIGURE19.2 Transmission-line voltage waveform. 

pulse is sent down the transmission lines toward the load. Figure 19.2 contains a short chronicle of the 
voltage waveform seen on the lines. For time t < T, the signal sees only Z0, the impedance of the line. 
Thus, the voltage of the incident wave Vine=¼ Z0 /(Rs + Z0). When the incident wave hits the load at 
time t = T, it sees an additional impedance Zi which reflects the incident wave with a coefficient of 
f' = (Zi - Z0)/(Zi + Z0 ). In Figure 19.2, we assume that Zi < Z0 so that the reflected wave is negative 
with voltage V,e = f' Vine• If the transmission lines are not properly terminated at the driver, i.e., Rs =I- Zo, 
there will be additional reflections before the system settles down. The composite signal at any point along 
the line is the instantaneous sum of all the incident and reflected signals. Note that all the signals are 
subject to line losses, especially in their high-frequency components. Thus, pulses eventually lose their 
shape. 

When the circuit is in steady state, the above analysis should agree with the lumped circuit model. For 
simplicity, let us assume that the transmission lines are properly terminated at the driver, i.e., Rs = Z0 . In 
this case, there is only one reflection and the circuit settles down at time t = 2 T. Thus, we would expect the 
steady-state voltage to be the sum of ½ne and V,e• This works out to¼ Zi/(Zi + Zo), a result which agrees 
with that predicted by the lumped-circuit model. An intuitive way to reason about transmission lines is to 
think in terms of feedback. In the beginning, the signal has no clear idea of how much impedance it will 
encounter in the circuit. Thus, it makes a guess based on the impedance it has already seen. As the signal 
propagates, it learns more about the circuit, and this information is fed back in the form of reflections, so 
that eventually Kirchhoff's circuit laws are satisfied. 
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19 .2.2 Signal Reflections 

The consequence of having signal reflections in the system is that glitches and extra pulses may appear on 
the bus. This may cause some unexpected and obscure problems. Some of the more common symptoms 
of reflection problems include the following: 

• A board that stops working after another board is plugged into the system. 

• A board that works only in a particular slot on the bus. 

• A system that works only when the boards are arranged in a specific order. 

Reflections are typically most significant at the various sources and loads on the bus. We can reduce the 
magnitude of these reflections by matching the impedance of the sources and loads to that of the lines. 

This can be accomplished by adding a series or parallel resistance or by using a clamping diode. 
Impedance matching is complicated by the fact that the properties of bus drivers change as they switch 
on or off. For better impedance matching, small voltage swings and low-capacitance drivers and receivers 
are helpful. Note that reflections can also occur at other impedance discontinuities such as interboard 
connections, board layer changes, etc. To accurately model all these effects, computer simulations using 
tools such as SPICE are often needed. 

19.2.3 Wire-OR Glitches 

Wire-OR logic is a kind oflogic where the outputs of several open-collector gates are connected together 
in such a way as to realize a logical OR function. A sample circuit is shown in Figure 19.3. Notice that the 
voltage on the line is low as long as any one of the transistors is turned on. Thus this circuit implements 
the logical NOR function or the OR function with the output asserted low. Wire-OR is very useful in bus 
arbitration. For instance, it enables the system to determine whether any bus master wishes to use the bus. 
Most buses use wire-OR logic for at least a few lines. 

However, wire-OR lines are subject to a fundamental phenomenon known as wire-OR glitch. During 
an active to high-impedance transition, a glitch of up to one round-trip delay in width may appear on 
a wire-OR line. This phenomenon is a result of the finite propagation speed of electrical signals on a 
transmission line. Consider the case where only transistors 1 and n are initially turned on. Suppose that 
transistor n is now turned off. The current that it was previously sinking continues to flow, thus creating 
a signal which propagates along the line. 

A more detailed explanation of the wire-OR glitch is given in Gustavson and Theus [ 1983]. Various 
ways of dealing with it are discussed in Gustavson and Theus [ 1983] and Taub [ 1983a, 1983b]. In the IEEE 
Futurebus, the wire-OR glitch problem is mitigated by the factthatthe bus specification imposes constraints 
on when devices can switch on or off, effectively setting a limit on the maximum glitch duration [Taub 
1984]. 

2 n 

FIGURE 19.3 Wire-OR circuit. 
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19 .2.4 Signal Skew 

Another important electrical phenomenon in buses is signal skew. Because of differences in transmission 
lines, loading, etc., slight differences in the propag~tion1 d~lay of different bits in a word are inevitable. 
These differences are know1i'as signal skew. - • 

In a transmission, the receiver must be able to somehow determine when all the bits of a word have 
arrived and can be sampled. The effect of skew is to reduce the window during which the receiver can 
assume that the data are valid. This effectively limits the .data rate of the, bus. A wide bus consists of more 
parallel lines and is thus subject to more skew. In general, skew can be reduced by paying meticulous 
attention to the impedance of the bus lines. Synchronous buses have to deal with the additional problem 
of clock to data skew. An approach ·that has been taken ,to minimize this skew is to loop back the clock line 
at the end of the bus. When doing a-data transfer, the dock signal that propagates in the ·same direction 
as the data transfer is used. Rambus uses this technique,to minimize skew with respect to its aggressive 
250-MHz clock [Rambus 1992). • 1 

. r • 

19 .2.5 Cross-Coupling Eff~cts 

A signal-carrying line sets up electrostatic and magnetic fields around it. In a bus, the lines run parallel 
and close to one another. Thus the fields from nearby lines intersect, causing a s_ignal on one line to affect 
the signal on another. This is called crosstalk or coupling noise. 

A simple way to reduce this effect is to spatially separate the bus lines so that the fields do not interfere 
with one another. However there is clearly a limit to how far we can carry this. Another way to reduce both 
the mutual capacitance and inductance of the lines is to introduce ground planes or wires near the bus 
lines. But this has undesirable side effects such as increasing the self-capacitance of the lines. An approach 
commonly taken to reduce coupling effects is to separate the lines with an insulator that has a low dielectric 
constant. Typically, combinations of these techniques are used in a bus design. 

19 .3 Bus Arbitration 

Buses are ubiquitous in computer systems because they are a cost-effective and versatile means of connecting 
several devices together. The cost-effectiveness and versatility of buses stems· from the fact that a ,bus 
has only one communication medium, which is shared by all the devices. In other words, at most one 
communication can occur on a bus at any one time. This implies that there must be some mechanism to 
decide which bus master has control of the bus at a given time. The process of ar.bitrating between requests 
for bus control is called bus arbitration. Bus arbitration can be handled.in different ways depending on 
the performance requirements and cost constraints. • ., 

19.3.1 Centralized Arbitration 

In centralized arbitration, there is a special device, the central arbiter, which is in charge of granting bus 
control to one of the bus masters. The fact that there is only one arbiter means that the, centralized scheme 
has a single point of failure. In general, centralized arbitration can be fur.ther divided into two schemes, 
depending on how the bus masters are connected to the arbiter. 

In the first scheme, the central arbiter is connected to each of the bus masters through private two-way 
connections. Because the bus requests can be made.independently and in parallel by the bus masters, 
this is sometimes known as centralized independent requests arbitration or centralized parallel arbitration. 
Notice that the connections in this system form star networks emanating from the central arbiter. One such 
network carries the bus request signals from the bus masters to the arbiter. Another carries the bus grant 
signal from the arbiter back to one of the bus masters. Var.ious arbitration policies .can be implemented 
in the arbiter, making this a very flexible scheme. This scheme is fast because there are direct connections 
between any bus master and the arbiter. However, all these direct connections lead to a high implementation 
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FIGURE 19.4 Daisy-chain bus arbitration. 

cost. Furthermore, the use of direct connections means that the arbitration signals do not appear on the 
bus. This makes bus monitoring for debugging and diagnostic purposes difficult. 

The second centralized arbitration scheme is known as centralized serial priority arbitration. In this 
scheme, there is a single bus grant signal line, which is routed through each of the bus masters as shown 
in Figure 19.4. This form of connection is known as a daisy chain. Hence, centralized serial priority 
arbitration is more commonly referred to as daisy-chain arbitration. In this scheme, there is a common 
wire-OR bus request line. A bus master may take control of the bus only if it has made a request and its 
incoming grant line is asserted. A bus master that does not wish to use the bus is required to forward 
the bus grant signal along the daisy chain. Notice that this implies an implicit priority assignment - the 
nearer a bus master is to the arbiter, the higher is its priority. The main advantage of daisy-chain arbitration 
is that it requires very few interconnections and the interface logic is simple. However, bus allocation in 
this scheme is slow because the grant signal has to travel along the daisy chain. Furthermore, the implicit 
priority scheduling may cause low-priority requests to be locked out indefinitely. Finally, as in centralized 
parallel arbitration, daisy-chain arbitration does not facilitate debugging and diagnosis. The VMEbus uses 
a variation of this scheme with four daisy-chained grant lines, which enable it to implement a variety of 
scheduling algorithms [ Giacomo 1990]. 

19.3.2 Decentralized Arbitration 

In decentralized arbitration, each bus master has its own arbitration and allocation logic. The responsibility 
of deciding who has control of the bus is distributed among the bus masters. Thus, this scheme is also 
known as distributed arbitration. 

Typically, the bus contains n arbitration wire-OR lines and each bus master is assigned a unique n-bit 
arbitration number according to some priority scheme. During arbitration, if a master wishes to use the 
bus, it drives the arbitration lines with its arbitration number. If a master detects that the arbitration lines 
are carrying a higher priority number, it stops driving the less significant bits of its number. When the 
system settles down, the arbitration lines will indicate the winner, which is the participating master with 
the highest priority. The time for the system to settle down can be specified as a fixed time in the bus 
protocol. An alternative is to use an additional wire-OR line to indicate whether competing bus masters 
have completed arbitration. As with any priority scheme, the possibility of access starvation of the low­
priority masters has to be considered. In the IEEE Futurebus, bus masters are divided into priority and 
fairness modules depending on whether they have any particularly urgent needs such as having to meet 
real-time constraints [Taub 1984). A priority module can issue bus requests whenever it needs to. A fairness 
module, after winning an arbitration, will have to wait for all pending requests to be serviced before it can 
issue another request [Taub 1984). Note that this does not guarantee but only helps to ensure that every 
module will be able to get a portion of the bus bandwidth. 

The major disadvantage of the distributed scheme is that it requires relatively complex arbitration logic in 
each bus master and several arbitration lines on the bus. However, this scheme allows very fast bus allocation 
and a flexible assignment of priorities to the bus masters. Distributed arbitration is also more fault-tolerant 
than the centralized schemes in that the failure of a single bus master does not necessarily affect the operation 
of the bus. Variations of this scheme are widely used in buses such.as the IEEE Futurebus, Nub us, Multibus II, 
Fastbus [Borrill 1985), and the Powerpath-2 System Bus of the SGI Challenge [Galles and Williams 1994) . 
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The scheme described above is sometimes known as distributed arbitration by self-selection because each 
master decides whether it has won the race, effectively letting the winner select itself. Some computer 
networks, such as Ethernet, use another form of distributed arbitration which relies on collision detection 
[Metcalfe and Boggs 1976). 

19 .4 Bus Protocol 

The bus is a shared resource. In order for it to function properly, all the devices on it must cooperate and 
adhere to a protocol or set of rules. This protocol defines precisely the bus signals that have to be asserted 
by the master and slave devices in each phase of the bus operation. In this section, we discuss some of the 
key options in designing bus protocols. 

19.4.1 Asynchronous Protocol 

In a communication, the sender and receiver must be coordinated so that the sender knows when to talk 
and the receiver knows when to listen. There are two basic ways to achieve proper coordination. This 
subsection discusses the asynchronous protocol. The next describes the synchronous design. 

An asynchronous system does not have an explicit clock signal to coordinate the sender and receiver. 
Instead a handshaking protocol is used. In a handshaking protocol, the sender and receiver can proceed to 
the next step in the bus operation only if both of them are ready. In other words, both parties have to shake 
hands and agree to proceed before they can do so. 

Figure 19.5 shows a basic handshaking protocol. Assume that ReadReq is used to request a read from 
memory, DataReady is used to indicate that data are ready on the data lines, and Ack is used to acknowledge 
the ReadReq or DataReady signals of the other party. Suppose a device wishes to initiate a memory 
read. When memory sees the ReadReq, it reads the address on the address bus and raises the Ack in 
acknowledgment of the request (step 1). When the device sees the Ack, it deasserts ReadReq and stops 
driving the address bus (step 2). Once memory sees that ReadReq has been deasserted, it drops the Ack 
line to acknowledge that it has seen the ReadReq signal (step 3). A similar exchange is carried out when 
memory is ready with the data that has been requested (steps 5-7). Notice that the two parties involved in 
the protocol take turns to respond to one another. They proceed in lockstep. This is how the handshaking 
protocol is able to coordinate the two devices. 

The handshaking protocol is relatively insensitive to noise because of its self-timing nature. This self­
timing nature also allows data to be transferred between devices of any speed, giving asynchronous designs 
the flexibility to handle new and faster devices as they appear. Thus, asynchronous designs are better able to 
scale with technology improvements. Furthermore, because clock skew is not an issue, asynchronous buses 
can be physically longer than their synchronous counterparts. The disadvantage of asynchronous designs 
lies in the fact that the handshaking protocol adds significant overhead to each data transfer and is thus 
slower than a synchronous protocol. As in any communication between parties with different clocks, there 
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FIGURE 19.5 A basic handshaking protocol. 
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FIGURE 19.6 A basic synchronous protocol. 

is an additional problem of synchronization failure when an asynchronous signal is sampled. Asynchronous 
designs are typically used when there is a need to accommodate many devices with a wide performance range 
and when the ability to incrementally upgrade the system is important. Thus, many of the asynchronous 
buses such as VMEbus, Futurebus, MCA, and IPI are backplane or 1/0 buses [Giacomo 1990]. 

19 .4.2 Synchronous Protocol 

In synchronous buses, the coordination of devices on the bus is achieved by distributing an explicit clock 
signal throughout the system. This clock signal is used as a reference to determine when the various bus 
signals can be assumed to be valid. Figure 19.6 shows a basic synchronous protocol coordinating a memory 
read transaction. Notice that all the signal changes happen with respect to the clock. In this particular 
example, the system is negative-edge triggered, which means that the signals are sampled on the falling 
edge of the clock. 

An important design decision in synchronous buses is the choice of the clock frequency. Once a frequency 
is selected, it becomes locked into the protocol. The clock frequency must be chosen to allow sufficient 
time for the signals to propagate and settle throughout the system. Allowances must also be made for clock 
skew. Thus, the clock frequency is limited by the length of the bus and the speed of the interface logic. All 
things being equal, shorter buses can be designed to run at higher speeds. 

The main advantage of the synchronous protocol is that it is fast. It also requires relatively few bus lines 
and simple interface logic, making it easy to implement and test. However, the synchronous protocol is less 
flexible than the asynchronous protocol in that it requires all the devices to support the same clock rate. 
Furthermore, this clock rate is fixed and cannot be raised compatibly to take advantage of technological 
advances. In addition, the length of synchronous buses is limited by the difficulty of distributing the clock 
signal to all the devices at the same time. Synchronous buses are typically used where ~ere is a need to 
connect a small number of very tightly coupled devices and where speed is of paramount importance. 
Thus, synchronous buses are often used to connect the processor and the memory subsystem. 

19.4.3 Split-Transaction Protocol 

In order to increase the effective bandwidth of a bus, a split-transaction protocol can be used. The basic 
observation behind this protocol is that the bus is not being used to transmit information throughout the 
entire duration of a transaction, but only at the start and toward the end of the transaction. The idea is 
thus to split a bus transaction into a request transaction and a reply transaction so as to allow the bus to 
be released for other uses in between the request and reply stages. Figure 19.7 illustrates the idea. Clearly, 
this protocol only makes sense when the system has more than one bus master and the memory system is 
sophisticated enough to handle multiple overlapping transactions. This protocol is sometimes also known 
as a connect/disconnect protocol, pipelined protocol, or packet-fwitched protocol. 
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FIGURE 19.7 A split-transaction protocol. 
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FIGURE 19.8 A typical multiprocessor system bus. 

Although the split-transaction protocol allows more efficient utilizatiol}. of bus bandwidth than a pro­
tocol that holds o~ to the bus for the whole transaction, it usually has a higher latency because the bus 
has to b~ acquired twice-once for the request and once for the reply. Furthermore, the split-transaction 
protocol is expensive to implement because it requires that the bus transactions be tagged and tracked 
by eacp deyice .. Split-transaction protocols are widely used in the system buses of shared-memory SMPs, 
because bus banJiwidth is a big issue in these machines. 

Notice from Figu!e 19.7 that even with split transactions, the bus bandwidth is not totally utilized. 
This is because some bus cycles are needed to acquire the bus and to set up the transfer. Furthermore, 
some buses require a cycle of turnaround time between different masters driving the bus. Another way 
to increase effective bus bandwidth is thus to amortize this fixed cost over sever"1_ words by allowing 
the bus to transfer multiple contiguous words back to back in one transaction. This is known as a burst 

protocol or block transfer protocol because a contiguous block of several words is transferred in each 
transaction. 

19 .5 Issues in SMP System Buses 

Microprocessor-based symmetric multiprocessors (SMPs) with shared snooping buses have become an 
industry standard for building midrange departmental servers [Peir et al. 1993, Galles and Williams 1994]. 
In this section, we devote special attention to the bus issues that arise in SMP designs. 

A typical SMP bus architecture (usually referred to as a SMP system bus, or simply system bus) is 
illustrated in Figure 19.8. SMP system buses require high bandwtdth and low latency to connect multiple 
processors, memory modules, and 1/0 bridges. A system bus is composed of independent signal lines 
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for transmitting control, command/address, and data information. These lines can be grouped into what 
is commonly called the control bus, the command/address bus, and the data bus, respectively. Each bus 
can be acquired and used independently. Some of the control lines, such as the bus request signal to 
the arbiter, are point-to-point connections; therefore, they can be used before the bus is acquired. Also, 
the wire-OR control lines need not be acquired before they are used. Note also that the signal lines for 
sending th~ command and the address are considered as the same bus because they are always acquired 
together. 

In general, each system bus request traverses through a number of stages, each of which may take one 
or more bus cycles. 

• Bus ar-bitration: The requesting processor needs to go through an arbitration process in order to 
gain access to the shared system bus. 

• Command issuing: After winning the bus arbitration, the processor issues the command along with 
an address on the command/address bus. Certain requests, e.g., a cache line writeback, also require 
access to the data bus in this stage. 

• Cache snooping: Once a valid command is received, all the system bus masters (processors, 1/0 
bridges) search their own cache directory and initiate proper cache coherence activities to maintain 
data coherence among multiple caches. This is a unique requirement for SMP system buses. A 
description of cache coherence protocols is given in Cache Coherence Protocols subsection of this 
section. 

• Acknowledgment: The snoop results are driven onto the bus. The issuing processor has to update 
its cache directory based on the results. 

• Data transfer: When a bus request incurs a data transfer, such as a line-fill request issued upon a 
cache miss, the transfer of data is carried out at this stage through the data bus. 

• Completion: The bus transaction is completed. 

Several important and unique issues in SMP system bus design are outlined as follows. 

1. Bus physics: Due to the high bandwidth requirement, SMP system buses face the challenge of a high 
speed and wide data bus, and have to overcome heavy signal loading to accommodate a reasonable 
number of ports for connecting multiple system devices. • 

2. Cache coherence: Ca~he memory is a critical component in SMP systems. In order to maintain data 
coherence among multiple caches, a cache coherence protocol must be incorporated into the bus 
protocol. 

3. Bus arbitration: Each of the processors should be given an equal opportunity to gain access to the 
bus. Logic to prevent, detect, and resolve starvation and deadlock is typically needed. 

4. Bus bandwidth: Besides faster and wider data buses, two other bandwidth-increasing features are 
important: pipelining bus requests·using the split-transaction bus design, and transferring large 
data blocks in a burst transfer mode. As described before, the processing of a system bus request 
involves several distinct stages. Pipelining these requests can increase the effective bus bandwidth 
significantly. 

5. Memory access latency: Memory access latency is a classic performance bottleneck. Techniques such 
as replicated arbiter and bus parking [Mahoney 1990] can reduce the latency in bus arbitration. 
Furthermore, early DRAM access before resolving cache coherence issues can reduce memory 
access latency. Such early DRAM accesses, however, may have to be canc~led depending on the 
snoop results. 

6. Synchronization and locking: SMP system buses need to provide an efficient way of implementing 
atomic read-modify-write instructions. Techniques such as address-based locking and nonblocking 
caches can reduce the interference between locking requests and other normal bus operations. 

7. Reliability and fault tolerance: Parity or ECC can be used to detect and correct transmission errors. 
When an error is uncorrectable, the requester will receive a negative acknowledgment and will retry 
the request. The timeout scheme is commonly included to detect the loss of a command. 
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In the following, these important issues will be discussed in detail. Because the techniques for handling 
bus physics issues for the SMP system bus are basically the same as those in other buses, we will omit 
further discussion. -

19.5.1 Cache Coherence Protocols 

Cache memory is a critical component in SMP systems. It helps the processors to execute near their full 
speed by substantially reducing the average memory access time. This is achieved through fast cache hits for 
the majority of memory accesses and through reduced memory contention in the entire system. However, 
in designing a shared-memory SMP system where each processor is equipped with a cache memory,' it is 
necessary to maintain coherence among the caches such that any memory access is guaranteed to return 
the latest version of the data in the system [ Censier and Feautrier 1978]. Cache coherence can be enforced 
through a shared snooping bus [Goodman 1983, Sweazey and Smith 1986]. The basic idea is to rely on 
the broadcast nature of the bus to keep all the cache controllers informed of each other's activiti~s ·so,that 
they can perform the necessary operations to maintain coherency. -

A number of snooping cache coherence protocols have been proposed [Archibald and Baer 1986, 
Sweazey and Smith 1986]. They can be broadly classified into the write-invalidate scheme_ and the write­
broadcast scheme. In both schemes, read requests are carried out locally if a valid copy'exists in the local 
cache. For write requests, these two schemes work differently. When a processor updates a cache line, 
all other copies of the same cache line must be invalidated according to the write-inv~idate scheme to 
prevent other processors from accessing the stale data. Under the write-broadcast scheme, the new data 
of a write request will be broadcast to all the other caches to enable them to update any old copies. 
These two cache coherence schemes normally operate in conjunction with the ~riteback policy, because 
the writethrough policy generates memory traffic on every write request and is thus not suitable for a 
bus-based multiprocessor system. . ~ 

The MESI (modified-exclusive-sh~red-invalid) , ~ite-invali~a.t~ cache , coherence protocol with the 
writeback policy is considered in the following discussion. With' minor variations, this protocol has been 
implemented in several commercial systems [Intel 1994, Greenley etal. 1995, tevitan et al .. 1995]. In this 
protocol, each cache line has an associated MESI state recorded in the cache directory (also called cache tag 
array). The definitions of the four states are given in Table 19 .1. When a memory request from either the 
processor or the snooping bus arrives at a cache controller, the cache dir;ctory is searched to determine 
cache hit/miss and the coherence action to be taken. The state transition diagram of the MESI proto­
col is illustrated in Figure 19.9, in which solid arrows represent state transitions due to requests issued 
by the local processor, and dashed arrows· indicate state transitions due to requests from the sn,ooping 
bus. ~ • ' 

TABLE 19.1 

State 

Modified (M) 

Exclusive (E) 

Shared (S) 

Invalid (I) 

,· 
,I I f 

' I 

Four States in MESI Coherence Protocol 

Description 

The M-state indicates that the corresponding line is valid and is exclusive to the local cache. 
It also indicates that the line has been modified by the local processor. Therefore, the local cache has 
the latest copy of the line. 

The E-state indicates that the corresponding line is valid and is exclusive to the local cache. 
No modification has been made to the line. A write to an E-state line can be performed locally 
without producing any snooping bus traffic. 

The S-state indicates that the ,corresponding line is valid but may also exist in other , 
cac;:hes in a multiprocessor system. Writing to an S-state line updates the local cache 
and generates a request to invalldate other shared copies. 1 

The I-state indicates that the corresponding line is not available in the local cache. A cache 
miss occurs in accessing an I-state line. Typically, a line-fill request is issued to the memory t~ 
bring in the valid copy of the requested cache line. 
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FIGURE I?.9 State transition diagram of MESI coherence protocol. 

In general, when a read request from the processor hits a line in the local cache, the state of the cache 
line will not be altered. A write hit, on the other hand, will change the line state to M. In the meantime, if 
the original line state is S upon the write hit, an invalidation request will be issued to the snooping bus to 
invalidate the same line if it is present in any of the other caches. When a read miss occurs, the requested 
line will be brought into the cache in different states depending on whether the line is present in other 
caches and on its state in these caches. When a write miss occurs, the target line is fetched into the local 
cache; the new state becomes M and any copy of the cache line in any other cache is invalidated. For the 
requests from the snooping bus, a write hit always causes invalidation. A read hit to an M-state line will 
result in a writeback of the modified line and a transfer of ownership of the target line to the requesting 
processor. A read hit to an E- or S-state line for a snooping read request will cause a state transition to S. 

19 .5.2 Bus Arbitration 

There are two issues in bus arbitration that are especially important for SMP system buses. The first is 
to ensure that the system is fair, deadlock-free, and starvation-free. In general, the .fairness issue can be 
handled by using a first-come-first-served (FCFS) priority scheme, which will guarantee that requests are 
serviced in order of arrival. In fact, a simple random priority scheme may be adequate to provide a fair 
arbitration scheme for all the bus masters. The deadlock problem typically a~ises in a split-transaction bus 
where it is possible for a cycle of dependencies to form among the requests and replies. This can be handled 
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by ,distinguishing between requests and replies and always ensuring that replies are able to make forward 
progress. At fu.st sight, it might seem that a fair arbitration policy should be starvation-free. However, this 
is not the case, because when overlapping bus requests are allowed, a request that has been granted by the 
bus may have to be later-rejected due to interference with other requests. On a subsequent retry, the request 
may again encounter another conflict. In the pathological case, such a request may retry indefinitely. This 
situation is worse if there are lock requests and other resource conflicts on the system bus. 

There are two general solutions to this starvation problem. The first solution eliminates any request 
rejection to prevent the starvation from happening. Whenever a conflict occurs, the request is queued 
at the location where the conflict is encountered and the queued request will be processed once the 
conflict condition disappears. This solution implies ·a variable-length bus pipeline, which requires extra 
handshaking on the system bus. In addition, excessive queues must be implemented to handle the conflict 
situation. The second solution depends on the ability to detect the starvation condition and to resolve 
the condition once it occurs. This method, in general, cou_nts the number of times each request has been 
rejected. When a certain threshold is exceeded, emergency logic is activated to ensure that the starved 
request is serviced quickly and successfully. 

The second important issue in bus arbitration is to minimize the latency for acquiring the bus. There are 
two techniques for. doing this. The first technique is to replicate the arbiter in each processor. Each arbiter 
receives the request signals from all the bus masters just like in the centralized arbiter design. However, 
after the •arbitration is resolved, each replicated arbiter only needs to send the grant signal to the local 
processor. The delay through a long wire across multiple chips in the centralized implementation can 
thus be avoided. The second latency-reduction technique is bus parking, which essentially implements a 
round-robin priority among the bus masters with a token being passed around. Once a bus master owns 
the token, it can access the bus without arbitration. This scheme is effective, in general, with a small number 
of bus masters. 

19 .5.3 Bus Bandwidth 

An SMP system bus provides the only pathway for multiple processors to access the memory and the 
1/0 devices. Therefore, the bandwidth of the system bus effectively determines the number of processors 
that can be supported. The simplest system bus design is to allow only one request at a time. A second 
command cannot be issued before the current bus request completes. This so-called simple bus design 
has very limited bus performance. A split-transaction bus, on the other hand, allows.the overlapping of 
multiple bus requests using the pipelining technique. When a bus transaction is split, it only occupies 
the bus when the bus is really needed. For example, when a request is at the cache snooping stage or 
at the stage of accessing memory, the bus is available for other bus transactions. Even when the request is at 
the data transfer stage, the command/address bus is free to accept another request which does not require 
the data bus in the same cycle. The split-transaction approach utilizes the critical system bus much better. 
Most of the modern SMP ·system buses· employ split-transaction designs to maximize the bus bandwidth 
[Peir et al. 1993, Galles and Williams 1994]. 

Even with the aggressive split-transaction design, the system bus can support a very limited number 
of today's high-performance microprocessors. For instance, consider a SO-MHz system bus connecting 
multiple 100 MIPS processors together. Assume that each processor has on-chip instruction/data caches 
as well as an external second-level cache; together, the instruction-per-miss rate is 50. In this case, each 
processor will generate bus traffic for handling two million cache misses every second. As a result, 25 
processors. will produce enough traffic to use up 100% of the bus bandwidth. This calculation does not 
allow for the fact that about 30% of the cache lines being replaced are typically modified and have to be 
written back to memory. In addition, this calculation does not take into account bus traffic due to 1/0 
instructions, cache coherence transactions, etc. All these factors will further limit the number of processors 
that can be effectively supported by the system bus. 

In the above discussion, two ideal conditions are assumed. The first assumption is that the bus utilization 
can reach 100%. In reality, the rule-of-thumb is that heavy queuing will occur when the bus utilization 
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reaches above 60%. The second assumption is that each bus request only occupies a single bus cycle. This·is 
very difficult to achieve for a split-transaction bus running at 50 MHz. Typically, both the arbitration stage 
and the cache snooping stage may require more than one cycle. Even though these two stages do not occupy 
the bus directly, they need to access other related critical components such as the arbiter and the. cache 
directory, respectively. Realistically, it takes a minimum of two cycles to initiate a new. command on the 
system bus. This two-cycle-per-request design is already very aggressive, because the subsequent command 
is issued before the current command is acknowledged. In order to avoid potential interference between 
the active commands, protection hardware must be implemented. In addition, the data bus, must be able 
to transfer a cache line in two cycles. For instance, a 128-bit data bus is required when the Intel Pentium 
processor is used in the above example, because the Pentium has 32-byte cache lines. Furthermore, any idle 
cycles during the data transfer must be elimmated. This typically requires a high-performance memory 
system with multiple modules each with independent memory banks. 

Current projections suggest that processor performance will continue to improve at over 50% a year 
[Hennessy and Patterson 1996]. It is unlikely that improvements in the system bus will be able to keep up 
with the processor curve. Thus, the number of processors that the ,snooping bus can_ support is expec;ted 
to decrease even further. There has been some work to extend ·the single bus.architecture to multiple 
interleaved buses [Hopper et al. 1989.] or hierarchical buses [Wilson 1987). There have also been proposals 
to abandon the snooping bus approach and to use a directory method to enforce cache coherenae [Lenoski 
et al. l 992~ Gustavson 1992]. The detailed descriptions of these proposals are beyond the scope of this 
chapter. 

19 .5.4 M~mory Access Latency 

When a requested data item is not present in a processor's caches, the item must be fetched from memory. 
The delay in obtaining the data from memory may stall the requesting processor even when advanced 
techniques, such as out-of-order execution, nonblocking cache, relaxed consistency model, etc., are used 
to overlap processor execution with cache misses [Johnson 1990, Farkas and Jouppi 1992·, Gharachorloo 
et al. 1990]. Therefore, it is important to design the system bus to minimize the number of cycles need,.ed to 
return data upon a cache miss. Techniques such as replicated arbiter and bus parking to reduce arbitration 
cycles have been described in the subsection on Bus Arbitration above. 

Another way to reduce the;memory latency is to trigger DRAM access once the coip.mand arrives a,t the 
memory controller. This early DRAM access may have to be canceled if the requested line turns out to be 
present in a modified state in another processor's caFhe. Such ~ ~ondition ':."ill onli be known after t:pe 
acknowledgment. Early DRAM access is very pseful because the chance of hitting a modified line in an9tl,ler 
cache is not_ very high. In the unlikely qse that the requested lip.e is in fact modified in another cache, 
a cache-to-cach.e data and ownership transfer can qe implemented tp send the n;quested data directly to 
the requesting processor. The cache-to-cache transfer .normally has higher priority and may bypass other 
requests in the write buffer of the processor that owns the modified line. In some implemen4 tions, ~e 
memory is also updated with the modified data during the cache-to-cache transfer., 

19.5.5 Synchronization and Locking 
The basic hardware primitive for implementing synchronization and locking is an atomic read-modify­
write instruction such as Test&Set and Compare&Swap. These insuuctions must be guaranteed to read 
the contents of a memory location, test and modify the data, and write the result back to the same memory 
location in an indivisible sequence of operations. In a-bus-based SMP system, the Test&Set, instruction 
can be executed in two separate steps: a read-lock operation followed by a write-unlock operation. The 
read-lock operation reads the memoryword and at the same time sets up certain hardware lock signals or 
registers so that no other requests for the same memory word will be permitted. After the memory word 
has been modified, the write-unlock operation returns the new result back to the memory location and 
releases the hardware lock. 
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There are two ways of implementing the hardware.Jock on the system bus. The first is to lock the bus 
completely during the period from the read-lock operation to the write-unlock operation; no other request 
is allowed in between. This approach has poor performance but may be suitable for a simple bus design 
which allows only_one request at a time anyway. The second approach is to implement address locking on 
the system bus. When a read-lock operation is issued, an invalidation request is sent across the system bus 
to knock out any copy of the cache line from the other caches. In the. meantime, the address of the cache 
line is recorded in a lock register to prevent any snooping oil the same cache line until the lock is released by 
the write-unlock operation. Depending on the data alignment and the size of the synchronization variable, 
a read-lock operation may have to lock two cache lines at a time. 

The address locking method minimizes the interfe_rence of a Test&Set instruction with other system bus 
requests, because only those requests that access the same cache line as the Test&Set will be rejected. Multi­
ple lock requests, each from a different processor, are permitted as long as they target different cache lines. 
However, the lock request is still relatively expensive because the read-lock operation has tQ be broadcast 
to all the other processors and the issuing processor cannot proceed until confirmation is received from 
each processor. 

19.6 Putting It All Together - CCL-XMP System Bus 

CCL-XMP [Peir et al. 1993], an Intel Pentium-based SMP system, was designed and developed at the 
Computer and Communication Laboratories ( CCL) of the Industrial Technology Research Institute (ITRI) 
of Taiwan under a collaborative effort with Acer, ICL, and Intel. The initial target system consists of eight 
66-MHz Pentium processors, each with a 256-Kbyte second-level cache. The system bus, operating at 33 
MHz, has independent control, command/address, and data buses. The MESI protocol is incorporated to 
enforce coherence among multiple caches. The system bus can arbitrate and accept one request every two 
cycles. A dual 64-bit data bus sustains a data transfer rate of over 400 Mbyte/s. Based on odd-even line 
interleaving, each data bus is connected to one memory module. In order to maximize the bus bandwidth, 
each memory module is divided into four independent banks. Furthermore, each bank is designed as a 
two-way interleaved DRAM array to provide zero-wait-state operation in the burst-mode data transfer at 
33 MHz. CCL-XMP requires a powerful 1/0 subsystem. Both VESA local bus and PCI bus can be connected 
to the system bus through high-performance 1/0 bridges. The 1/0 bridges act as both a bus master and 
slave to transfer data between the system bus and the 1/0 buses. 

The CCL-XMP system bus architecture is very similar to the general SMP bus architecture shown in 
Figure 19.8. Each request traverses through the same number of stages as described in Section 19.5. In this 
section, some of the relevant features of the CCL-XMP system bus design are described. 

The CCL-XMP system bus is a synchronous bus. All the signals are driven at the rising edge of the 
clock and latched and sampled at the next rising edge. TTL voltage levels are used, and most signals are 
tristate with the exception of a few wire-OR control signals. The first version of the motherboard measures 
32 cm x 32 cm. The system bus is 15 cm in length and supports eight bus slots. A single 64-bit data bus 
is included in the first prototype to support up to six Pentium processors. The clock tree is carefully laid 
out on the motherboard to limit the·clock skew to within 2 ns. The total delay between the sender and the 
receiver through the system bus is less than 28 ns. This includes the delay oflatches (flip-flops), the output 
TTL pad (with 120-pF bus loading), the input pad, boundary scan, clock skews, and other combinational 
logic. This is tolerable under the 33-MHz clock rate. In designing CCL-XMP, it is more challenging to 
manage the delay between the system bus interface chip and the second-level cache controller, which is 
operating at 66 MHz. 

Figure 19.10 shows the detailed operation of a line-fill request on the CCL-XMP system bus. Arbitration 
of the command/address bus takes two cycles. Once the bus is granted, the memory read command and 
address are issued to the bus in the third cycle. It takes two cycles for all the bus masters (including 1/0 
bridges) to search their cache directories and to update the respective line states upon a hit. At the same 
time, the memory controller initiates the DRAM access on the arrival of the read command. In the sixth 
cycle, an acknowledgment is sent back to the requester from each device based on the snooping result. 
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FIGURE 19.10 The pipeline cycles of a line-fill request on the CCL-XMP system bus. 

The requester then updates its cache directory according to the acknowledgment and the cache coherence 
protocol. The memory controller begins arbitrating for the data.bus two cycles before the data are fetched 
out of the DRAM array. A read request is given priority for using the data bus over a write request. After 
the data bus has been granted, the target 64-bit data is driven onto the bus in the ninth cycle. This is 
followed by three consecutive cycles to transfer the entire cache line to the requester. Finally, the command 
completes in the thirteenth cycle. 

The CCL-XMP system bus uses replicated arbiters to achieve a two-cycle arbitration. Each arbiter 
receives n request signals, one from each bus master; but the grant signal is only sent to the local processor 
to avoid chip-crossing and long wiring delays. Basically, the arbiter latches the requests from all the bus 
masters at the end of the first cycle. In the second cycle, a resolution of the bus priority is carFied out, 
and the winner is notified by the local arbiter. In addition, the CCL-XMP system bus uses the concept of 
arbitration group to achieve fairness without implementing FLFO queues. An arbitration group.consists of 
the bus masters that are simultaneously requesting access to the system bus .. The arbiter ,will serve all the 
members in the group according to some priority scheme. Any-other master outside the' current group is 
not allowed to join the group until all the requesters in the group have been granted the bus. After that, a 
new arbitration group can be formed. 

Emergency logic is included in the arbiter design to resolve the starvation conditions. Each bus mas­
ter has an associated urgent counter. The counter is incremented when a comman~ receives a negative 
acknowledgment on the bus. A command can be rejected for several reasons, including resource busy, ad­
dress locking,·or some erroneous conditions. When the counter exce~ds a certain threshold, the processor 
will raise its urgent request control line to the arbiter. The arbiter will then give the highest priority to 
the urgent requester and activate the emergency logic for resolving any blocking condition for the urgent 
request until the command is executed successfully and the urgent line is dropped. 

The CCL-XMP system bus is a split-transaction bus; it allows the pipelining of multiple requests to 
sustain maximum bus bandwidth. Figure 19.11 illustrates two consecutive cache line-fill instructions 
on the command/address bus and the data transfer cycles for the two cache lines on the data buses. 
These two requests must have originated from different processors, because the Pentium processor only 
allows one outstanding memory request at a time. When the two requested lines are located in different 
memory modules, coricurrent data transfers are possible. However, the data transfers have to be serialized 
when both accesses hit the same module. Note that there is a dead cycle on the data bus between the 
two cache line transfers on die same data bus. This is required .to prevent a potential signal coqflict. 
After the read command is issued, it takes six cycles including ECC check for the memory controller to 
return the target 64-bit data. Because the command bus can accept one command every two cycles, a 
dual 64-bit bus is designed to balance the performance. The dual data bus can transfer two 32-bytes of 
data every five bus cycles (including the dead cycle). This. provides a ,sustained bus .bandwidth of over 
400 Mbyte/s. 
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FIGURE 19.11 Split transactions on the CCL-XMP system bus. 
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CCL-XMP supports cache-to-cache data transfer with memory reflection when a request hits a modified 
line located in another cache. The memory copy is updated during the data transfer to the requester. The 
cache-to-cache transfer request has higher priority and may bypass other requests in the write buffer or 
the replacement writeback queues. This design ·reduces the penalty in accessing a modified line located in 
another processor's cache. The update of the memory copy provides the flexibility to transfer the ownership 
of the requested line to the requester and to switch the requested line to a shared state when there are 
subsequent read requests for the same line from other processors. 

A pair oflock registers are implemented in each cache snooping controller to support address locking. At 
any given time, each processor can lock two cache lines to implement atomic read-modify-write memory 
instructions. A request is negative-acknowledged when a snoop hits an address in the lock register. The 
rejected request will be retried at a later time. Several protection registers are incorporated into the cache 
snooping controller to protect~ cache line in a transient state from being accessed. For example, in addition 
to the lock registers, a current register ( CR) is used to protect the active command until it completes. Also, a 
write back register (WBR) records the modified line that is in the process of being written back to memory. 
As in the case of the lock register, a request will be rejected if it hits these protection registers. Parity bit~ 
are added to both the command/address bus and the data bus for detecting transmission errors. 

19.7 Historical Perspective and Research Issues 

Computer systems based on a shared backplane bus are very popular because they are both cost-effective 
and highly flexible. The early to mid 1980s saw the establishment of a number of standard buses such 
as the VME bus [Pri-Tal 1986], Fastbus [Gustavson 1986], Nubus [Taylor 1989), Multibus II [Mahoney 
1990], and Futurebus [Borrill 1986) . All these bus architectures have been standardized by the IEEE to 
allow different vendors to design various boards that can be attached to each bus. Although the option of 
connecting multiple processors was considered in all these bus designs, only the Futurebus fully supports 
cache coherence protocols for both writethrough and writeback caches. Other important aspects, such 
as synchronous/asynchronous communication protocols, bus arbitration, bus bandwidth, locking mech­
anisms, TTL/BTL/ECL bus interfaces, connectors, pins, etc., are also significantly different among these 
open bus architectures. A comprehensive comparison can be found in [Borrill 1985). 

The continuing search for higher-performance system interconnection has led to three more recent IEEE 
standards: the IEEE 896.x Futurebus+ [Aichinger 1992], the P1394 High-Performance Serial Bus [Teener 
1992) , and the Pl596 Scalable Coherence Interface (SCI) [Gustavson 1992]. Futurebus+ is an expanded 
version of the original Futurebus (IEEE 896.1-1987). The work was initiated by the navy in 1988 and later 
gained widespread support from the working groups of the VMEbus and Multibus as well as many of the ma­
jor computer companies. The Futurebus+ was designed to be a truly open standard. The standard defines 
in detail the architectural, electrical, and mechanical specifications. The data path of Futurebus+ varies 
from 32 to 256 bits wide to provide better performance scalability. The centralized arbitration mechanism 
is used for its simplicity and high performance. Live insertion is adopted to answer the needs of the market 
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for high-availability and fault-tolerant computers. In addition, Futurebus+ can be reconfigured as an 1/0 
bus. Using the standard "Profile B" bridge, a Futurebus+ can be connected to other open-system buses. 

Parallel backplane buses need large physical connectors. Such connectors are usually costly and are 
the primary source of failure. In addition, a point-to-point, unidirectional link can provide much faster 
transmission speed. The serial buses were introduced based on these advantages. The Pl394 serial bus was 
first presented at IEEE CompCon 1992. It was designed for low cost, yet it provides the data transmission 
speed and low latency needed for a peripheral bus or as a possible backup of the backplane bus. The 
transmission protocol has three layers: transaction, link, and physical. Read, write, and lock are the three 
transactions supported, and each transaction can be divided into four stages: request, indication, response, 
and confirmation. The link layer provides a half-duplex data-packet delivery service. Each packet delivery 
needs to go through three stages: an arbitration stage to gain the access of the physical bus, a packet 
transmission stage to deliver the packet to the physical layer, and an acknowledgment stage to confirm 
the transmission with the receiver. The last stage is only required for synchronous package delivery. The 
split-transaction protocol and a Test&Set instruction are implemented in the Pl394 serial bus to enable 
higher transaction rates and to properly handle locking activities. 

As microprocessor performance increased at the rate of over 50% per year [Hennessy and Patterson 
1996], it soon became apparent that the use of shared buses as the fundamental interconnection in multi­
processor systems creates a performance bottleneck. In July 1988, the Pl 596 SCI working group was formed 
with the aim of defining a scalable interconnect architecture for future shared-memory cache-coherent 
multiprocessor systems. There are a number of fundamental issues that must be solved in order to achieve 
this goal. First, signal speed has to be made independent of the size of the system. Second, multiple signal 
paths (links) have to be used so that multiple independent transfers can take place concurrently. Third, 
multiple cache coherence activities must be allowed to occur in parallel to overcome the bottleneck in 
the snooping~bus approach. To resolve the signal-speed problem, SCI uses point-to-point, unidirectional 
buses with low-voltage differential sigrials. Ring is the most common structure to connect multiple pro­
cessing nodes (processors) through the fast SCI bus. Distributed directory is chosen to maintain cache 
coherence. The main memory and the directory which records the status of the associated lines in cache 
are distributed among all the nodes. Instead of maintaining full presence bits to indicate the caches where 
each line is located, a double link list is constructed to link all the copies of each cache line. Certain cache 
coherence actions, e.g., invalidation of shared copies of a cache line, need to go through the link list in a 
sequential fashion. 

While all these standardization efforts were under way, a different approach was being taken by Rambus 
Inc. Rambus Inc. was set up in 1990 to develop technology that will enable systems to keep up with the 
increasing bandwidth requirements of process~m [Rambus 1992]. The core of the Rambus technology is 
a proprietary chip-to-chip bus, the Rambus Channel. The Rambus Channel consists of a small number 
of very high-speed lines clocked at an aggressive 250 MHz. Data are transferred on both edges of the 
clock, allowing nine data lines to achieve a peak transfer rate of 500 Mbyte/s. A block-oriented protocol 
is used to allow effective utilization of this peak bandwidth. The key to achieving the high data rate lies in 
paying special attention to the physics of the bus. First, the Rambus interface consists of only 32 carefully 
terminated transmission lines. The small number oflines helps to reduce bus noise and power consump­
tion, which is significant given the high clock rate. Second, clock-to-data skew is minimized by having a 
dock-to-master signal and a clock-from-master signal. The appropriate clock is chosen depending on the 
direction of the data transfer. Third, the channel is designed to operate with low-voltage swings, which 
further reduces power consumption. Finally, the maximum bus length is limited to about 10 cm and 
vertical surface-mount packages are used to enable devices to be densely packed onto the bus. 

Although flexible and cost-effective, the bus is fundamentally not scalable in performance. Thi~ becomes 
increasingly apparent as processors become faster and SMP designs start pushing the performance limits 
of buses with fewer and fewer processors. Widening the data bus will not help, because of the bottleneck in 
the command/address bus. Using multiple buses [Hopper et al. 1989] to achieve more than one transfer at a 
time results in a complex bus interface design to maintain cache coherence with bus snooping mechapisms. 
The Scalable Coherence Interface uses a distributed-directory approach to build coherent shared-mem~ry 
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multiprocessors with high-performance SCI rings. Although the SCI approach allows concurrent coherence 
activities, the cost of the large directory and the latency of coherence transaction remain serious problems. 
The Stanford DASH project [Lenoski et al. 1992] advocates the same distributed directory method using 
mesh-connected networks. Again, the latency in accessing remote memory may cause severe performance 
degradation [Kusl_<in et al. 1994]. The "right" way to build a scalable cache-coherent shared-memory 
multiprocessor remains an active research area. 

An issue intimately related to bus performance is the performance of the memory subsystem. The 
standard RAS/CAS DRAM interface is designed for low cost and high density. In order to achieve sufficient 
memory bandwidth for today's demanding processors, an interleaved memory subsystem is often required. 
For SMPs, the memory interleaving is typically very aggressive. Recently, a couple of improvements to the 
existing DRAM interface have been announced. These include the extended-data-out (EDO) mode and the 
pipelined burst mode (PBM) [Kumanoya et al. 1995]. In addition, several new DRAM interfaces promising 
higher bandwidth and lower latency have been proposed. These include the synchronous DRAM, cached 
DRAM, Rambus DRAM, and others designed specifically for graphics application. The interested reader is 
referred to [Przybylski 1993, Kumanoya et al. 1995] for more information on these novel DRAM interfaces. 

Defining Terms 

Address locking: A mechanism to protect a specific memory address so that it can be accessed exclusively 
by a single processor. 

Bus arbitration: The process of determining which competing bus master should be granted control of 
the bus. 

Bus master: A bus device that is capable of initiating and controlling a communication on the bus. 
Bus parking: A priority scheme which allows a bus master to gain control of the bus without arbitration. 
Bus protocol: The set of rules which define precisely the bus signals that have to be asserted by the master 

and slave devices in each phase of a bus operation. 
Bus slave: A bus device that can only act as a receiver. 
Cache coherence proto'1:ol: A mechanism to maintain data coherence among multiple caches so that every 

data access will always return the latest version of that datum in the system. 
Cache line: A block of data associated with a cache tag. 
Live insertion: The process of inserting devices into a system or removing them from the system while 

the system is up and running. 
Snooping bus: A multiprocessor bus that is continually monitored by the cache controllers to maintain 

cache coherence. 
Split-transaction bus: A bus that overlaps multiple bus transactions, in contrast to the simple bus that 

services one bus request at a time. 
Symmetric multiprocessor (SMP): A multiprocessor system where all the processors, memories, and 1/0 

devices are equally accessible without a master-slave relationship. 
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Further Information 

Advanced Multimicroprocessor Bus Architectures by J. Zalewski [Zalewski 1995] contains a comprehensive 
collection of papers covering bus basics, physics, arbitration and protocols, board and interface designs, 
cache coherence, various standard bus architectures, and their performance evaluations. The bibliography 
section at the end provides a complete list of references for each of the topics discussed in the book. 

Digital Bus Handbook by J. D. Giacomo [ Giacomo 1990] is a good source of information for the details of 
the various standard bus architectures. In addition, this book has several chapters devoted to the electrical 
and mechanical issues in bus design. 

The bimonthly journal IEEE Micro and the Proceedings of International Symposium on Computer Archi­
tecture are good sources of the latest papers in computer architecture area including computer buses. 




