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Basic principles and design tradeoffs for control of
pipelined processors are first discussed. We concentrate
on register-register architectures lie the CRAY-1 where
pipeline control logic is localized to one or two pipeline
stages and is referred to as “instruction issue logic”.
Design tradeoffs are explored by giving designs for a
variety of instruction issue methods that represent a
range of comolexitv and sophistication. These vary from
the%riginal  C%AY-i issue logic to a version of Tomasulo’s
algorithm, first used in the IBM 360/91  floating point
unit. Also studied are Thornton’s “scoreboard” algo-
rithm used on the CDC 6600 and an aleorithm we have
devised. To provide a standard for co&parison,  all  the
issue methods are used to implement the CRAY-1 scalar
architecture. Then, using a simulation model and the
Lawrence Llvermore  Loops compiled with the CRAY  FOR-
TRAN compiler, performance results for the various issue
methods are given and discussed.

1. Intmduction
Although modem supercomputers are closely asso-

ciated with high speed vector operation, it is widely
recognized that scalar operation is at least of equal
importance, and pipelining [KOCCBl] is the predominant
technique for achieving high scalar performance. In a
pipelined computer, instruction processing is broken
into segments-and processing proceeds in -an assembly
line fashion with the execution of several instructions
being overlapped. Because of data and control dependen-
cies in a scalar instruction stream, interlock logic is
placed between critical pipeline segments to control
instruction flow through the pipe. In an register-register
architecture like  the CDC 6600 [THOR70], the CDC 7600
[BONS69], and the CRAY-1 [CRAY77, CRAY79,RUSS76],
most of the interlock logic is localized to one segment
early in the pipeline and is referred to as “instruction
issue” logic.

It is the purpose of this paper to highlight some of
the tradeoffs that affect  pipeline  control, with particular
emphasis on instruction issue logic. The primary vehicle
for this discussion is a simulation study of different
instruction issue methods with varying degrees of com-
plexity. These range from the simple and straightfor-
ward as in the CRAY-1  to the complex and sophisticated
as in the CDC 6600 and the IBM 366/91  floating point unit
rTOMA671.  Each is used to imolement the CRAY-1  scalar
architecture, and each implementation  is simulated
using the 14 Lawrence Livermore Loops [MCMA72]  as
compiled by the Cray Research FORTRAN compiler (CFT).

1.1. Tradeoffs
We begin with a discussion of design tradeoffs that

centers on four principle issues:
(1) clock period,
(2) instruction scheduling,
(3) issue logic complexity, and
(4) hardware cost, debugging, and maintenance.
Each of these issues will be discussed in turn.

Clock Period.  In a pipellned computer, there are a
number of segments containing combinational logic with
latches separating successive segments. All the latches

are synchronized by the same clock, and the pipeline is
capable of initiating a new instruction every clock
period. Hence, under ideal conditions, i.e. no dependen-
cies or resource conflicts, pipeline performance is
directly related to the period of the clock used to syn-
chronize the pipe. Even with data dependencies and
resource conflicts, there is a high correlation between
performance end clock period.

Historically, pipellned supercomputers have had
shorter clock periods than other computers. This is in
part due to the use of the fastest available logic techno-
logies, but it is also due to designs that minimize logic
levels between successive latches.

Scheduling of Instru~tlons.  Performance of a pipe-
lied processor depends greatly on the order of the
instructions in the instruction stream. If consecutive
instructions have data and control dependencies and
contend for resources, then “holes” in the pipeline will
develop and performance will suffer. To improve perfor-
mance, it is often possible to arrange the code, or
schedule it, so that dependencies and resource conflicts
are minimized. Registers can also be allocated so that
register conflicts  are reduced (register conflicts caused
by data dependencies can not be eliminated in this way,
however). Because of their close relationship, in the
remainder of the paper we will group code scheduling
and register allocation together and refer to them col-
lectively as “code scheduling”.

There are two different ways that code scheduling
can be done. First, it can be done at compile time by the
software. We refer to this as “static” scheduling because
it does not change as the program runs. Second, it can
be done by the hardware at run time. We refer to this es
“dynamic” scheduling. These two methods are not mutu-
ally exclusive.

Most compilers for pipelimed processors do some
form of static scheduling to avoid dependencies. This
adds a new dimension to the optimization problems
faced by a compiler, and occasionally a programmer will
hand code inner  loops in assembly language to arrive at
a better schedule than a compiler can provide.
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Figure 2 - Tag based mechanism to issue out-of-order.

We treat the register files B and T as a unit, with one
busy bit per file, since it is not practical to assign tags to
so many registers. When one of these registers awaits an
operand, the whole tie is set to busy.

To facilitate transfer of operands between the regis-
ter files, special copy units (AS, SA, AD, and ST) are
introduced. These are treated as functional units, with
reservation stations and execution time of one clock
cycle. These reservation stations (and some others, e.g.
reciprocal approximation) have only one operand.

The memory unit appears to the issue logic as a
(somewhat more complex) functional unit. Instead of
one set of reservation stations, the memory unit has
three: Load reservation stations, Store reservation sta-
tions, and a Conflict Queue. When a new memory
instruction 11  is issued, its effective address (if available)
is checked against addresses in the Load and Store
reservation stations. If there is a conflict with instruction
$,I1 is issued and queued in the Conflict Queue. When I1 is
eventually processed and the conflict disappears, Ii is
transferred from the Conflict Queue to a Load or Store
reservation station. If Ii uses an index register that is
not ready, the effective address is unknown and there is
no way to check for conflicts. In this case, Ii is stored in
the Conflict Queue, where it waits for its index register to
become ready.

Therefore, instructions from the Load and Store
units can be processed asynchronously, since they never
conflict with each other (no two instructions in these
units have the same effective address). On the other
hand, instructions from the Conflict Queue are processed
in the order of arrival. This guarantees that two instruc-
tions with the same effective address are processed in
the right order. The above mechanism takes care of any
read after write, write after read or write after write
hazards. The Con&ct  Queue is the only unit in the sys-
tem in which instructions are strictly processed in the
order of their arrival. This is a simpler mechanism that
the one employed by the IBM 360/91  Storage System
[BOLA67]. The latter has a similar queue for resolving
memory conflicts, but instructions stored in this queue
can be processed out of order; only two or more requests
for a particular address are kept in sequence.

The tag mechanism described above allows decoded
instructions to issue to functional units with  little regard
for dependencies. There are three conditions that must
be checked before an instruction can be sent to a func-
tional unit, however.

(1) The requested functional unit must have an &ail-
able reservation station

(2) There must be an available tag from the tag POOL In
Tomasulo’s implementation, conditions 1 and 2 are
equivalent.

(3) A source register being used by the instruction
must not be loaded with a just-completed result
during the same clock period as the instruction
issues to a reservation station. 1~s hazard
condition is often neglected when discussing
Tomasulo’s algorithm If it is not handled properly,
the source register contents and the instruction
that uses the source register will both be
transferred during the same clock period. Because
the instruction is not in the reservation station at
the time of the register transfer, the register’s con-
tents will not be correctly sent to the reservation
station. When this hazard condition is detected,
instruction issue is held for one clock period.
In our simulations, each functional unit had 6 reser-

vation stations. The reason we had a relatively large
number of reservation stations was to monitor their
usage; ln fact most of them were not required. Few func-
tional units need more than one or two reservation sta-
tions. Those that need more, usually because they wait
for instructions with long latency, such as load or float-
ing point multiply and add, would do very well with 4
reservation stations. Although in our scheme reservation
stations are statically allocated to each functional unit,
it is possible to reduce their number and optimize  their
usage by clustering them in a common pool and then
allocating as needed.

When an instruction is issued, the following actions
take place.
(1) The instruction’s source register(s) contents are

copied into  the requested functional unit’s reserva-
t i o n  s t a t i o n .

(2) The instruction’s source register(s) ready bits are
copied into  the reservation station.

(3) The instruction’s source register(s) tag fields are
copied into the reservation station.

(4) A tag allocated from the tag pool is placed in the
result register’s tag field  (if there is a result), the
register’s ready bit is cleared, and the tag is written
into the DTG field of the reservation station.

Figure 3 --A modified CRAY-1 scalar
architecture to issue instructions out-of-order.














