IMPLEMENTATION OF THE PIPE PROCESSOR

1. Introduction

In the early 1980’s a research project, known as the PIPE (Paralléel Instruction with Pipe-
lined Execution) project, was formed to investigate high performance computer architectures
that would be well suited to VLS| implementation. One of the primary goals of the project was
to devise architectural methods of minimizing the impact of off-chip memory accesses on pro-
cessor performance. Crossing the boundary between the processor chip and external memory is
one of the main impediments to achieving high performance in VLSI processors, and the prob-
lem is growing in severity. Because the on-chip clock frequency of a VLSI processor chip is
increasing at a much higher rate than external memory speeds, it is projected that it will soon

take 10-100 processor clock cycles to perform a single external memory reference.

The PIPE project members decided to define a processor architecture that would contain a
number of unique features specifically designed to deal with this problem. For example, the
architecture provides support for a decoupled access/execute mode of execution. (A decoupled
architecture is one in which a program to be executed is divided into two or more instruction
streams, and a number of processors cooperate in the execution of the task). The architecture
also features I/0O queues, visible to the programmer, that provide a means of buffering external
memory accesses. In addition, the PIPE processor has a unique way of handling branches, as
well as providing support for subroutine cals. Extensive analysis and simulation studies of the
architecture [. Young Evaluation 1985 .] have shown that a single PIPE processor, without run-
ning in a decoupled mode, is still capable of significant performance improvements over more

conventional processors.



While the project members were encouraged by the results of these simulation studies, the
feeling was that the architecture was enough different from existing architectures that unless the
merit of our innovations could demonstrated, the simulation results would not be taken seriously.
The project members felt that the best way to demonstrate the worth of the ideas incorporated
within the PIPE architecture was to actually build a working PIPE processor chip. Therefore,

the decision was made to implement the PIPE architecture.

Because of the number of unique features in PIPE and the importance of the problem the
PIPE processor was designed to address, the implementation of the PIPE architecture should be
of interest not only those exploring decoupled access/execute architectures, but to designers of
conventional processors aswell. The following sections of this paper will present a basic outline
of the machine, followed by a description of the PIPE processor that was actually implemented,

and an evaluation of some of the valuable lessons learned through the implementation.

2. ThePIPE Machine

It is important to differentiate between the PIPE machine and the PIPE processor. The
PIPE machine is composed of an intelligent memory and two identical processors, which pro-
vide support for a decoupled access and execute mode of execution [. Pleszkun Davidson 1983,

Smith Decoupled 1982 .] (see Figure 1.).

As mentioned in the introduction, a decoupled architecture is one in which a program to be
executed is divided into two or more instruction streams, and a number of processors cooperate
in the execution of the program. In the PIPE machine, the two processors are referred to as the
Access and the Execute processors. The Access processor is responsible for operand address
computation, generating data requests both for itself and the Execute processor. The Execute

processor functions essentialy as a highly intelligent math co-processor, consuming the data
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sent to it by the Access processor and performing what the programmer would view as the heart
of the required computations. These processors communicate with each other and with memory
via hardware queues. The intent of separating a program thisway is to allow the Access proces-
sor to get ahead of the Execute processor, thereby reducing or eliminating the delays due to
accessing external memory. A much more detailed description of the PIPE project is available

in [. Goodman Hsieh Liou Pleszkun Decoupled 1985, Analysis Farrens 1989 .],

3. The PIPE Processor

Since in the PIPE machine both the Access and the Execute processors are identical,
throughout the rest of this paper these processors will be referred to as PIPE processors. A PIPE

processor has much in common with other "RISC" processors. For example, it is a register to



register type architecture, smilar to Cray and CDC architectures. It is a 32-bit processor with a
32-bit wide internal bus, is 16-bit word-addressable and has separate input and output busses.
The PIPE processor uses a barrel shifter for performing shifts and a two-stage ALU for perform-
ing adds and subtracts as well as logic functions. The PIPE processor employs an el emental
instruction set, one whose resource requirements can be easily determined at instruction issue
time. Thisinstruction set supports a basic repertoire of 3 operand instructions; addition, subtrac-
tion, logical operations, and shiftsin their various forms are all provided. Both a multiply and a

divide instruction are also specified for future expansion.

Like many other VLS| processors, PIPE is pipelined to increase performance. PIPE has a
five-stage pipeline, consisting of Instruction Fetch, Instruction Decode, Instruction Issue,
ALUZY/Logical, and ALU2. Unlike most other "RISC" processors, however, PIPE instructions
come in 2 forms (see Figure 2). Instructions can be either a single parcel or two parcels long,
where a parcel is a 16-bit quantity. The impact of having two different instruction sizes will

become clear later in this paper.

| Opcode | R | R | R |
15 9 8 6 5 3 2 0
(a) 16-bit format

Opcode ‘ R ‘ R; ‘ OpExt ‘ Immediate
15 9 8 6 5 3 2 0 31 16
(b) 32-bit format

Figure 2.

PIPE Instruction For mat



3.1. Unique Features

While a PIPE processor has much in common with most "RISC" processors, it also differs
significantly in a number of respects. The following sections present a brief description of some

of the unique features employed by PIPE to achieve ahigh level of performance.

3.1.1. Architectural Queues

The PIPE processor provides both input and output queues which act as buffers between
external memory and the internal processing elements of the chip. These queues are visible to
the programmer as register R;, which is the tail of the Load Address Queue (LAQ), Store
Address Queue (SAQ) and Store Data Queue (SDQ), and the head of the Load Data Queue
(LDQ). This arrangement allows the on-chip clock rate to be determined solely by the timing
delays through the processing elements that comprise the chip, and prevents the speed of the

external memory from having any effect on the processor’ s internal clock rate.

Memory takes items off these queues and performs the requested operations. When a
requested data item is returned by memory it is put in the LDQ, which acts as a buffer for data.
By making this queue explicit in the architectural definition, a program can have multiple out-
standing memory requests without forcing the issue logic to reserve a path into the register file
for each request. It is assumed that the compiler, employing well known optimization tech-
niques, will place the load instructions as far ahead of the instruction requiring the data as possi-

ble.

3.1.2. PreparetoBranch

Branch instructions are notorious for causing performance degradation in heavily pipelined

machines. This is due to the difficulty of keeping the pipeline full of useful instructions while



the branch condition is being evaluated. The method used in the PIPE architecture is a general-

ized form of the delayed branch.

In the delayed branch scheme, there are a fixed number of delay slots following a branch
that are filled with instructions that are guaranteed to execute. |deally the number of delay slots
should be as large as possible to guarantee that the branch condition will have been evaluated by
the time the instructions complete, thus keeping the pipeline full. However, for many bench-
mark programs it is difficult to fill more than two delay slots with instructions that will perform

useful work, forcing the compiler to place null operations into the otsit is unable to fill.

The PIPE processor uses an instruction called the Prepare-to-Branch (PBR) instruction
which alows the compiler to specify the number of delay dlots after a branch instruction
(between 0 and 7). This capability means the compiler is never forced to place null operations
after a branch, and if the compiler is able to fill the delay slots with three or four instructions, it
can guarantee that there will be no break in control flow. The PBR instruction allows the PIPE
architecture to always perform at least as well as the more restrictive delayed branch scheme,

and outperform it as pipeline depth increases.

3.1.3. Subroutine Call Support

The PIPE processor supports the passing of data between subroutines by logically partition-
ing the 16 registers in the register file into two sets of 8 registers. This approach was chosen in
order to try to balance the amount of chip area devoted to registers with rapid subroutine call
support. These two partitions are referred to as the foreground (FG) register file and the back-
ground (BG) register file. The operand fieldsin atypical instruction always reference the current
FG register file. Instructions are also provided which permit movement of data between the fore-

ground and the background register sets, to facilitate the passing of parameters between the



calling and called routines. There is also a switch register file instruction that swaps the pointers
to the FG and the BG register files, effectively swapping the contents of the FG and BG register

files without any data movement actually taking place.

In order to perform a subroutine call, a Switch Register File instruction is executed, fol-
lowed by an unconditional PBR instruction. By providing a BG register file, no saving away of
the calling routine' s active register file is needed if the called procedure is a leaf procedure (i.e.
it does not make any procedure calls). Should the called routine make a subroutine call, it can
schedule the saving away of the registers in the background register file (formerly the foreground
register file) at its convenience. The only constraint is that this be done sometime before the
called procedure performs a procedure call itself. This scheduling of register saves, coupled

with the store data queue, make this aspect of register saves non-time-critical.
3.1.4. Thelnstruction Cache

The PIPE instruction cache is direct mapped and composed of sixteen 4-word lines for a
total of 64 words, or 128 bytes. (Thisis between 32 and 64 instructions, depending on the distri-
bution of 1 and 2 parcel instructions.) An 8-byte Instruction Queue (IQ) and and an 8-byte
Instruction Queue Buffer (1QB) lie between the instruction cache and the decode logic. The goal
of the PIPE instruction cache control logic isto keep the IQB and 1Q full of valid instructions. If
it cannot decide the correct values to move into these registers, it guesses that the next sequential
line will be needed. The effect of this guessing is limited to on-chip operations, however.
Whenever a guess may force an off-chip operation, the control logic waits until it can ensure that
some portion of the requested instructions will be executed. This restriction is enforced mainly
because of the limited bandwidth of a single chip processor and our desire to limit memory

traffic.



This instruction cache, while relatively small, proves sufficient for our purposes. It alows
us to verify the design of the control logic, and demonstrate that a sophisticated I-Fetch strategy
such as this need not adversely affect the clock rate. In addition, our simulation results indicate
that if the IQ and IQB are used properly, larger instruction caches do not necessarily provide a
significant improvement in performance. The interested reader can find the details of the

instruction fetch strategy in [. Farrens Pleszkun Instruction 1989, Farrens Thesis 1989 .].

4. The PIPE Implementation

Implementing the processor was a critical test of the PIPE architecture. Our goa was to
demonstrate that our various innovative architectural features could be combined into a function-
ing whole. We wanted to show that the queues and the queuing discipline, interacting with the
pipeline control logic, could be made to operate with a reasonable clock frequency and a
minimum of chip area. In addition, we aso had to insure that the hardware interlocks in the
pipelined instruction unit were not prohibitively difficult to implement. The requirement of hav-
ing an on-chip instruction cache also put a severe restriction on the amount of chip area available
for control logic, registers, ALU, queues, etc. Finally, the existence of input and output queues
made providing the ability to interrupt the PIPE processor, which was not specified in the origi-

nal PIPE architecture, areal design challenge.

The fact that PIPE is a university research project placed certain restrictions on available
manpower and technology. Given these restrictions, we decided to implement and test pieces of
the PIPE processor separately before attempting the implementation of the entire processor. We
chose this approach because, at the time, no one at the University of Wisconsin had attempted a
VLSI project of this magnitude. We believed (and our experience has confirmed) that it was

critical to determine early in the implementation phase how accurate our tools were, and to



ensure we fully understood the iterative process of designing, submitting, and testing a VLSI

chip.

Three different pieces of the processor were submitted to the MOSIS fabrication facility at
USC. The first piece was a chip that contained the register file, the two-stage ALU, the branch
test logic, and the 1/0 bypass. The second piece of the processor to be implemented was a chip
that contained a single input queue. The third and final piece of the PIPE processor to be imple-
mented separately was the cache and instruction fetch logic. This chip contained over 15,000
transistors, and was by far the most complicated of the chips submitted prior to the final proces-
sor chip. Interestingly, it also came the closest to working exactly as specified, with only one
small design error detected after extensive testing. This was enormously encouraging, and left us
confident that we were capable of actually implementing the entire processor chip on a single

die.

4.1. The PIPE Chip

Having successfully fabricated and tested most of the parts of the PIPE processor, we were
now ready to incorporate the entire design onto a single piece of silicon. Technology had made
significant advances since the origina specification of the PIPE architecture, however. Circuit
densities had gotten high enough (even in nMOS) that the decision was made to make severa
modifications to the original architectural specifications before implementing the entire proces-
sor on one chip. These modifications were made to make the processor as "real" as possible,

given our design constraints.

When be began the implementation, neither our CAD tools nor the MOSIS fabrication
facility were adept at dealing with CMOS designs. By this time, however, both had progressed

to the point where CMOS was the technology of choice. Unfortunately, time constraints and the



fact that this was a one-man project prevented the conversion of al that had been done from
nMOS to CMOS. However, we felt that an nMOS implementation (while not ideal) would still

accomplish our primary goal of demonstrating the validity of our architectural choices.

After the design was completed and the handshakes between all the functional units had
been fully defined and tested individually, the chip as a whole was extensively smulated in an
attempt to catch as many logic errors as possible. While the processor chips were being fabri-
cated, a number of test programs were written to exercise various portions of the chip. Upon
receipt of the fabricated processor chips, testing began and a number of new errors were
detected. (None of them prevented further testing, however.) The errors were primarily in the
cache - issue logic interface, and required adding No Operation instructions in certain places to
prevent incorrect instruction execution. The fabricated chips have correctly executed a bubble
sort program, a hash sort program, and a Booth’s multiply program. The average maximum
clock speed of the chips tested is 5.5 Megahertz, which corresponds to a peak execution rate of

5.5 MIPS. Thisiswithin 20% of the rate predicted by our simulations.

While this number is not as impressive as the performance numbers quoted by severa other
current processors, it is important to remember that PIPE was fabricated in a very restrictive
technology. Therefore, PIPE should be compared to processors designed in the same restrictive
technology. PIPE was fabricated in 3um nMOS with a single level of metal. A more accurate
comparison for PIPE would be the 3um nMOS versions of the RISC-11 [. Hennessy VLS| 1984 ]
or MIPS [. Przybylski High Performance 1983 .] chips; PIPE has a clock rate that isis 2-3 times

higher than either of these machines.

Furthermore, SPICE simulations of the PIPE processor using 2um nMOS parameters with

low resist polysilicon interconnect indicate that if this less restrictive nMOS fabrication process
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were available to us, the PIPE performance rate rises to over 18 MIPS. The availability of a
second level of metallization instead of low resist polysilicon would improve the performance

even more. Unfortunately, MOSI S does not support these fabrication processesin nMOS.

5. LessonsLearned from the Implementation

Actually implementing the processor provided a unique opportunity to test the wisdom and
effectiveness of a number of design choices. Analysis of the implemented processor indicates
that a number of architectural choices made in the design process were good choices, and that

some others were not.

5.1. Architectural Queues

One of the most general (and perhaps most important) result that emerges from an analysis
of the implementation is that architectural queues do not prove to be difficult to implement. The
potential of architectural queues has been shown again and again by simulation results demon-
strating the performance improvements that can be achieved through the use of queues|[. Young
Evaluation 1985, Young Goodman Simulation 1984, Farrens Design 1989 .]. The building of
the PIPE processor has demonstrated that from an implementation perspective, there is no reason
not to equip a single-chip processor with I/0O queues. By adding an interrupt to the processor, we
were also able to demonstrate that the "machines with queues are hard to interrupt” objection to

the use of queues can be overcome.

5.2. IssuelLogic

Implementing the PIPE processor also demonstrated that the amount of logic necessary to
resolve interlocks quickly and easily at issue time is not prohibitive. The benefits of using archi-

tectural queues also show up again. Their use actually simplifies the design of the issue logic
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somewhat, since there is only a single bit that the issue logic must test to determine when
memory has responded with a requested item. The issue logic does not have to know anything
about the speed of the external memory or its structure. This allows the processor design to
move gracefully into different kinds of implementations and technologies, since no redesign is
necessary to allow the processor to deal with the varieties of relative memory speed it will be

facing.

5.3. Barrd Shifter

Due to the type of technology used to implement PIPE, the barrel shifter could not be made
to functional as originally specified and still fit within the desired clock frequency. It could have
been made to function correctly, even in the technology used, if it had been pipelined. However,
we decided to stick to the original specifications of asingle cycle shifter, and left out some of the

functionality.

This question of pipelining the barrel shifter led us to a totally unexpected discovery, how-
ever. Aspresented in detall in [. Farrens Design 1989 .], simulation studies of how pipelining the
barrel shifter would affect processor performance led us to the surprising conclusion that when a
processor employs 1/0 queues, the difference between having all functional units of length 1 and
all of length 2 causes less than a 2% degradation in performance over the benchmark programs
studied. These results imply that there is no reason to spend an inordinate amount of time
designing the ALU to do an add as fast as the the rest of the machine cycle. Making the ALU
take two pipeline stages, and making all other functional units match it in length, has a minimal

impact on performance.
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5.4. The Cache Control Logic

The cache control circuitry is undoubtedly the most complex logic on the chip, and pro-
vides the PIPE processor with a sophisticated method for making the small on-chip instruction
cache appear many times larger than it actually is. It was not clear at the beginning that we
would be able to implement the complicated cache control logic and integrate it on chip with the
rest of the processor circuitry. However, the actual implementation proves that the scheme is not
prohibitively complicated, and that the scheme or a subset thereof can be a powerful tool for a

designer.

5.5. TheBranch Count

Supporting a branch count of zero in PIPE is not recommended for at least two reasons.
First, because of some race conditions, supporting a zero branch count complicates the imple-
mentation tremendously. These are not implementational race conditions, but rather logical race
conditions where getting the cache fetch logic to function correctly and at its peak requires that
information about an upcoming branch instruction be made available to the cache control logic

1/2 clock cycle early.

Second, supporting a zero branch count limits the number of instructions that can appear
after a branch instruction. With the current maximum branch count of seven, only three long
instructions can be placed into the slots following a branch. This can can cause problems when it
takes four clock cycles to get the branch result back from the ALU and begin fetching from the
appropriate stream. By having a parcel count of eight, the processor can put four full long

instructions after a branch, aleviating this problem.
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5.6. Instruction Set For mat

It is abundantly clear from the implementation that the decision to support an instruction set
with two different instruction sizes and allow consecutive 2-parcel instruction issue has a
tremendous impact on the design of the instruction fetch logic. This combination requires the PC
to be able to increment by either one or two, and also means that a path from the 1QB into the IR
must be provided and supported. Providing these functions comprises a major portion of the size

of the instruction fetch logic.

By removing the requirements for variable length PC change, the issue logic can be made
significantly less complicated. There are two ways to accomplish this. Make al instructions the
same size, or only alow a single parcel to move into the IR on each clock. This second
approach is the one used in the CRAY -1, which has an instruction set very similar to PIPE’s. By
restricting the loading of the IR, the PC only needs to increment once per clock, and the desired
reduction in complexity of the issue logic is achieved. Studies of the effect of this restriction on
the performance of the processor indicate that very little performance improvement would occur
if the CRAY instruction fetch logic was modified to allow two parcels to move into the IR each

clock [. Weiss Smith Issue 1984 .].

In order to analyze the affect such a restriction would have on the PIPE processor, a
number of simulations were performed on the PIPE simulator in which the loading of the IR was
restricted in this manner. The results of these ssmulations indicate that the ability to issue con-
secutive 2-parcel instructions is virtually mandatory in a single-chip processor with more than
one instruction size. The main reason for this disparity between the CRAY and PIPE simulation
resultsis that single chip processors have a much higher rate of instruction issue than the CRAY .

This high issue rate increases the demand on the instruction fetch logic, exposing the delays due
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to waiting for the second parcel of an instruction.

Removing the requirement for variable length PC incrementation by making all instructions
the same size is the approach taken by most current single-chip processors, and the fixed instruc-
tion size is generally 32 bits. While this may make the instruction fetch logic ssmpler, thereis a
down side. Having two different instruction sizes effectively increases the instruction bus width
and improves the performance of the instruction fetch logic. Thisis especialy true when the on-
chip instruction cache size is limited; with a fixed 32 bit instruction size, the PIPE instruction

cache could only hold 32 instructions, while with two different sizesit can hold up to 64.

The initial design of instruction fetch logic capable of supporting an instruction set with
two different instruction sizes and moving more than one parcel into the IR on each clock was
extremely difficult, and very challenging to debug and test. However, because of the potential
performance improvement mentioned above, and the fact that once the design is completed and
verified steps can be taken to remove it from the worst case path of the implementation, it is
really not clear whether it is better to have a fixed 32-bit instruction size or an instruction set

with two different sizes.

6. Summary and Conclusions

In this paper we have presented and discussed the implementation of the PIPE processor, a
32-bit pipelined single chip processor with a simplified load-store instruction set, a 5 stage pipe-
line, atwo-cycle ALU, and a number of unique architectural features. Extensive simulations of
the original design indicated that the architectural features referred to above provide significant
performance improvements. However, it was felt that this combination of architectural features
was sufficiently unique to justify an actual implementation of the processor, to investigate

whether they would work aswell in practice asin theory.
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Before implementing the entire 32-bit processor, pieces of the processor, including the
ALU, gueue subsystem, and instruction were implemented separately. This approach permitted

us to test and gain confidence in the design tools that we were using.

The total processor chip was submitted to MOSIS for fabrication in 3um nMOS. The
resulting chips were exercised by executing several programs on them (bubble sort, hash sort,
Booth's multiply), and have a peak execution rate of 5.5 MIPS. While this number is not as
impressive as the performance numbers quoted by several other existing processors, it isimpor-
tant to remember that PIPE was fabricated in a very restrictive technology. A better comparison
for PIPE would be the 3um nMOS versions of the RISC-11 [Henn84] or MIPS [HIPR83] chips;
PIPE has a clock rate that isis 2-3 times faster than either of these machines. SPICE simulations
of the PIPE processor using 2um nMOS parameters with low resist polysilicon interconnect indi-
cate that with a less restrictive nMOS fabrication process the PIPE performance rate would be

over 18 MIPS.

Implementing the processor architecture enabled us to evaluate several of our design deci-
sions in much greater detail. We demonstrated that supporting architectural queues did not prove
to be difficult and did not unduly complicate the instruction issue logic, and did free the internal
clock rate of the processor from any external memory speed influences. In addition, we were
able to implement a sophisticated instruction fetch strategy that allowed us to make highly
efficient use of arelatively small on-chip instruction cache. Portions of this strategy could effec-

tively be used by any conventional single-chip processor.

Primarily due to the technology that we were using, we discovered that it was difficult to
build a fast shifter. The shifter’s design raised questions regarding the amount of effort that

should be placed into making even apparently simple operations take only one clock cycle.
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We also uncovered a couple of problems with our architecture. The first relates to the
Prepare to Branch (PBR) instruction. The PBR instruction can have a variable number of uncon-
ditionally instructions associated with it, including zero. Supporting the zero case made the
implementation significantly more difficult. It would probably have been wiser to uncondition-
ally execute between 1 and 8 instruction parcels instead of between 0 and 7 instruction parcels.
Finally, the implications of having an instruction format that specified two different instruction
lengths did not become apparent until the instruction fetch logic was being built. The question
of the "correct” instruction format remains unresolved, however. Providing two different instruc-
tion lengths allows better utilization of the available off-chip bus bandwidth, and improves the

effectiveness of avery small on-chip instruction cache.

We feel that we learned a number of things about our architecture that no amount of simu-
lation could have revealed, and uncovered a number of interesting questions that we continue to
pursue today. In our opinion, the benefits of going through the implementation process far

outweighed the drawbacks.
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