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Abstract

PERL (performance enhanced register-less) architecture is a memory to memory
" architecture. The main idea behind this architecture is to exploit the efleetive
caching techniques to do away with the register space. The availability of larpe on-
chip caches and wider bus bandwidth to reduce memory latency support this idea,
PERL processor embraces all advanced techniques used in other modern PrOCessors.
SuperSIM [Bal97] is an instruction set simulator to analyze the performance of
PERL processor. In this thesis, we extend SuperSIM to incorporate prediction for
indirect jumps as they lead to pipeline stalls. Further, the avoidable stalls due to
non-availability of addresses to the instructions are reduced using extended address
forwarding.

We obtained the results of PERL processor incorporating prediction for indireet.
jumps and with extended address forwarding. ‘These results are compared with
the results obtained by existing simulator for PERL RISC and with similar results
obtained for current day processors.
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Chapter 1

Introduction

Most modern processors are load/store architectures. In such architectures, instruc-
tions operate only on the CPU registers. Data transfers from and to memory are
arried out by two special types of instructions, namely, load and store. As op-
posed to this, PERL (performance enhanced register-less) architecture is a memory
to memory architecture. The main idea behind this architecture is to exploit the
effective caching techniques to do away with the register space. Thus it provides a
simpler view to the programmer as he has to worry about only one address space.
PERL architecture is simple and includes all advanced technigues used in other

modern microprocessors.

To analyze the performance of PIKR], architecture, an instruction set simulator Su-
perSIM [Bal97] was designed. However, SuperSIM provides a limited functionality
in terms of branch prediction and address forwarding, a technique used to pass ad-
dresses of operands to the future instructions if it is modified by any instruction in
the pipeline. This work extends SuperSIM to incorporate better branch prediction
and extended address forwarding, as will be outlined in the thesis.



1.1 Salient Features of PERL Processor

There are many factors that influenced the design of PERL architecture. Firsly, cur-
rent day microprocessors depend extensively on on-chip caches to offset the memory
latencies. Secondly, the availability of faster and cheaper caches which are compa-
rable in speed to registers. Thirdly, the inevitable load/store overheads associated

with RISC machines.

PERL architecture follows the RISC philosophy because of the obvious advantages it
offers, like simplified control unit, casy fetch and decode logic and eflicient handling

of pipclines due to uniformity of instruction size and duration of execution.

In PERL, all instructions operate on variables stored in the memory. An instruction
can take upto two operands and provides one outpul, cach of which is stored in
the memory. Further, addressing modes may demand upto two memory accesses
per operand (thus a maximum of 5 memory reads and one write per instruction).
However, each instruction execution can be supported by a deep pipeline with cach
instruction doing much more than an instruction in load/store architecture without
affecting simplicity and execution efficiency.

In load/store machines, operations whose operands are less than the size of the
register face an overhead of additional operations like sign extentions, masking etc.
For example in order to add an integer (32 bits) to a char (8 bits), char is first
promoted to an integer and then added. The primary reason for this is that registers
do not earry type information whereas memory is typed, Usually compiler uses extin
instructions to adjust the data in the registers with respect to the data type. Further,
there are additional instructions if the operands are not aligned with respect to the
word length of the processor. In a memory to memory architecture, such overheads
are climinated.

In programming, frequently we need to save the current context for restarting at
a later time. In PERL, this process is efficient as the machine state is very small

comprising of PC and SP (program counter and stack pointer) only.



The instruction set of PERL processor is uniform. Tt has one opcode and three
memory addresses to represent one destination and two operands. Three address

format also gives maximum code density [AAD90)].

1.2 Motivation

SuperSIM, the simulator for analyzing the performance of PERL processor imple-
ments out of order execution, dynamie renaming and branch prediction technigue
for conditional branches etc. However, SuperSIM does not predict jumps when the
target address is stored in memory (for example, return from a function where return
address is stored in stack). In most “return from the function” cases (see reasons of
stalls in chapter 3), first the stack pointer is adjusted (frame is returned) and then
the return is performed. Since return instruction is essentially a jump using SI* as
a base pointer, this can not proceed till the previous instruction modifying SP is
executed. The existing simulator inserts stalls under such cases. However branch
prediction can help here. Such is also the case for any other indirect jumps. This

influenced us to incorporate an efficient prediction technique for indirect jumps.

Further, the limited use of address forwarding in existing simulator led to avoidable
pipcline stalls (sce reasons of stalls in chapter 3). An instruction whose destination
uses based or indirect addressing mode, can not know the destination address till
the previous instruction modilying the base or indirect address is exceuted.  All
instructions that follow this instruction can not proceed in the pipeline becanse we
do not know into which location this instruction writes. The existing simulator
stalls till the instruction modifying the base or indirect address: exits the pipeline.
However, address forwarding can rednce such stalls. In this thesis, we also extend

the scope of address forwarding to reduce such stalls.



1.3 Organization of the Thesis

The rest of the thesis is organized as follows. In chapter 2, we present the PERIL
architecture. In particular, we describe the instruction set, instruction types, ad-
dressing modes, data types and pipcline of the processor. In chapter 3 we present
architectural enhancements proposed in PERL. We present the prediction technigues
for indirect jumps and their implementation. We also describe circumstances where
carlier design of the pipeline was resulting in stalls and discuss techniques to avoid
such stalls using address forwarding. In chapter 4, we present the simulation results
and conclude by giving possible further extensions to this work. Appendix A lists
the command supported by SuperSIM. Appendix B gives common features of RISC

and finally Appendix C gives an example machine description file.



Chapter 2

PERL Processor

2.1 Architecture

PERL processor is a superscalar [$s95] memory-to-memory architecture. The avail-
ability of large on-chip caches and wider bus bandwidth to reduce memory latency
support this idea. PERL RISC is a G4-bit architecture and supports both integer and
floating point instructions. It supports four addressing modes. All instructions have
a fixed length of 128 bits. The first 32 bits of the instruction are used to specily data
types, addressing modes, base pointers for base addressing and the opcode. Other
32-bit words are used to indicate destination and cach of the two operands. I fol-
lows all RISC features (see appendix B) except that it features memory-to-memory
operations unlike the usual RISC processors.

2.1.1 Data Types

PERL processor is a 64-bit architecture and supports the following data types upto
64 bits.

e Integer data types



—

. Byte, 8 bits.,

[\

. Half word, 2 bytes.

e

. Word, 4 bytes.

-

. Long word, 8 bytes.

e Floating-point data types

1. Single precision floating point number, 4 bytes.

2. Double precision floating point number, 8 bytes.

All integers are supported in both, signed and unsigned forms. Three bits for cach
of the three operands are provided in the opcode to encode their data types. For
integer instructions, most significant bit in this indicates signed (1) or unsigned (0)
arithmetic. Other two bits represent the data size. For floating point instructions,
only two values are used. A value of 4 represents single precision while a value of 5
represents double precision arithmatic.

2.1.2  Addressing Modes

PERL architecture supports the following four addressing modes for cach of the
opcerands. Two bits per operand are used to encode addressing mode.

1. Imnmediate. In this case the value of the operand is carried within the instruc-
tion.

2. Direct Addressing. In this case, the instruction carries the 32-bit address of

the operand.

3. Memory Indirect. An instruction carries the 32-bit address of the memory,
which containing the effective address of the operand. This addressing mode

is primarily used for accessing array elements.



1. Base Addressing. The effective address is computed by adding 32-bit. oflset,
Lo the contents of base memory loeation. In PERL, hase addresses are stored
in fixed memory locations which are permanently eached. Addresses 0 to 3
are used to represent, upto four base addresses. A short. hand notation is used
to encode these memory addresses (32 bits) using two bits. Base addressing
mode is primarily used for accessing local variables of a function allocated on
the stack. The C compiler [Kum97] for PERL currently uses only the first two
locations, one for the stack pointer (SP) and another for the frame pointer
(FP). |
For jump instructions, only tWo addressing modes are supported. An immec-

diate addressing mode provides the absolute address while the direct mode

provides the PC relative jumps.

2.1.3 Instruction Format

All instructions in PERL architecture are coded in 128 bits. An instruction is divided
into four parts, each of size 32 bits (see figure 1). The first 32 bits of the instruction

are used to specify data types, addressing modes, base pointers for base addressing

and the opcode (see figure 2).

orc Dest Srcl Src2
32 bits 32 bits 32 bits 32 bits
- e 128 bits >

Figure 1 Instruction Format,

Other 32-hit words are used to indicate destination and each of the two operands
(see figure 1),
Figure 2 gives the instruction encoding. Various fields in this instruction are as

follows.



5 2 2 2 3 3 3 2 2 2 6

Unused [BSIBSIBDIDS2 | DS1 | DTHAS2ASIAD|  Opcode

A

OPC (32 bits) >

Figure 2: Instruction Encoding

e Opcode. These 6 bits refer to the opeode of the instruction. In our case, 6 bits

are suflicient to have a working instruction sct as outlined in the next section.

e AD, AS1 and AS2. Each of these ficlds is 2 bits. These indicate the addressing

mode of the three operands, namely, destination, source 1 and source 2.

e DTD, DT1, DT2. Each of these ficlds is 3 bits. These indicate the data type
of the three operands, namely, destination, source 1 and source 2.

e BD, BS1 and BS2. If operand is addressed using a base, the corresponding
base address is given by these ficlds. Each of these is two bit field and is a
short hand notation for the memory addresses 0, 1, 2 and 3.

2.1.4 Instruction Types

Following types of instructions are supported.

1. Integer arithmetic instructions
2. Logical and shift instructions
3. Floating-point instructions

4. Flow control Instructions

5. Miscellaneous



Integer arithmetic instructions

The PERL has four arithmetic instructions corresponding to four basic arithmetic
operations. The instructions are listed in table 1. Kach instruction can be sullixed
by a data length tag if all operands are of same size. For example, addb4 M1, M2,
M3 is a short hand notation of add M1:b4, M2:b4, M3:b4.

Mnemonic  Operation

ADD Add
SuUB Subtract
MUL Multiply
DIV Divide

‘Table 1: Integer Arithmetic Instructions

Logical and shift instructions

The PERL RISC has three logical and three shift instructions as listed in table 2.

Mnemonic  Operation

AND Logical AND

OR Logical OR.

XOR Exclusive OR

SLL Shift left logical |
SRA Shift right arithmetic
SRL Shift right logical

Table 2: Logical and Shift Instructions
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Floating-point instructions

All arithmetic instructions (as given in table ) are valid for floating point data
types also. The instructions are qualified using a suffix to the mnemonic. The valid
sullixes are F4 and F8 representing single precision and double precision floating-
point data types respectively. For example, addf4 M1, M2, M3 represents floating

point addition.

Flow control Instructions

Flow control instructions include conditional and unconditional branch instructions
(see table 3). In conditional jumps, cond can be either equality or inequality condi-

tion, i.e. je and jne.

Mnemonic Operands Operation
J dest, src jump, and store new P(C in src
Jeond des, srcl, src2  Jump to des if srcl cond src2

Table 3: Integer Control Instructions

Miscellaneous

A TRAP instruction is provided, which is mainly used for handling system calls.
The TRAP instruction has only single operand, the trap number. |

2.2 Pipeline

Pipelining is an implementation technique whereby multiple instructions are over-
lapped in exeention. In a computer pipeline, each step in the pipeline completes a

part. of an instruction.

10



PERL architecture comprises of a five stage pipeline (figure 3). The five pipeline
stages are a8 follows,

L D kX wB ~RC
l;;st.ru‘ctio T h D"i"l"‘!"& Operand Compute WriteBack —
etching address access
ope generation
D flord D b
cir Qpl
I r c;ac;.h IE"L I Teache}—>
cache e Rey
D fop D
cache] 23 r‘ cachelf553
o I
g v
DB dest
bt el aﬁ? addr 237‘1 |
=1 ] y —— ! =J- ~=L

Figure 3: Processor Pipeline

2.2.1 Fetch Stage

data

D

cache

T3

This stage takes instructions from the instruction cache and places them in an
instruction queue. Branches create problems that hinder the fetch mechanism

as the instructions fetch depends on the outcome of the branch execution.

The unconditional direct branches do not require any prediction as the out-

come is known immediatly. The conditional branches or unconditional indirect

branches need the prediction.

PERL processor fetches multiple instructions per clock cycle. Branches may

also hinder fetching multiple instructions per clock cycle as the branches and

the target instructions may be mis-aligned with the cache block. This way

many non-useful instructions may be fetched.
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2.2.2 Decode Stage

This stage takes instructions from the instruction queue, decodes and dis-
patches them into their appropriate operation unit: integer or floating point.
The processor can decode multiple instructions per clock cycle. Each decoded
instruction is assigned an entry in the reorder buffer of its operational unit
where it is placed along with its destination location identifier. Onece a reorder
buffer entry is created for an instruction, it enters the central instruction win-

dow of its operational unit from which it gets issued.

This stage is implemented as two different stages in the pipeline. This is done
hecause instruction set supports indirect or based addressing modes also. In
such cases, the first stage computes the effective address. A memory access is
needed to get the indirect address. The reorder buffer is also searched as the
address forwarding is needed in this stage. The sccond stage uses the effective
address to read the operands from the memory. The reorder buffer is searched
as the data forwarding is done in this stage also.

2.2.3 Execute Stage

This stage selects the instructions which have valid operands and for whom
the functional units are available. This is done by examining the instruction
window. When two instructions conflict for the same functional unit, the
selection is made based on the age of the instruction in the window: the older

one has the higher priority.

For a branch instruction, outcomes are known at this stage. If a branch pre-
diction happens to be incorrect, the instructions following the branch in both
reorders buffers are flushed. In this case, the branch target buffer is updated

with new prediction information.
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2.2.4  Write Back Stage

This stage identifies the reorder buffer entries whose results have heen com-
puted and validates them. The results of instructions following an incorrect
branch prediction are invalidated. The valid results are also forwarded to other
instructions in the pipeline which need them. The write back logic also frees

the corresponding functional unit.

2.2.5 Result Comumit Stage

The results that have been validated during the write back stage are sent to the
corresponding memory locations during this stage. The writes are processed
in order from the head to the tail of the reorder buffer until an instruction
is found with an incomplete result. The completed instructions are removed
[rom the reorder buffer. Invalidated instructions that follow a wrong branch

prediction are simply discarded from the reorder buffer.
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Chapter 3

Enhancements in PERL RISC

processor

In this chapter, we describe the enhancement in PERL processor. The existing Su-
perSIM [Bal97] simulator for PERL implements prediction for conditional branches
to reduce branch penalty. We discussed the prediction techniques for all indirect
jnmps. Further, extended address forwarding is also implemented in our work to

reduce stalls due to non-availability of addresses to the instructions.

3.1 Existing Branch Prediction Scheme

In the existing simulator, branch prediction is used for conditional branches using
branch target buffer (BTB). There is no prediction for unconditional indirect jumps.
Furtrher, PERL processor fetches multiple instructions per clock cycle even if branch
is in the middle of cache block. For example, if PERL is configured for fetching
4 instructions per clock cycle and branch is the first instruction fetched, it fetches
remaining 3 instructions after computing the target (actual or predicted) in the single
clock cycle. This feature, however, is not possible in a hardware implementation.
Moreover, target for indirect jumps is computed in a single clock cycle (at the feteh



stage itself) which in the hardware implementation will certainly need more than
one clock cycle. This is simply clear with an example instruction j -8(sp), #0.
This instruction is an indirect jump instretion which computes the effective address
by adding -8 with the contents of SP and then it uses the effective address to read

the actual target. It is clear that all this functionality and continution of more
instructions can not be done in a single cycle.

To solve this problem, we incorporate prediction for indirect branches in order to

reduce branch penalty.

3.2 Prediction techniques for Indirect Jumps

Indirect jumps lead to pipeline stalls as the destination is not known immediatly.
Some efficient techniques are studied to avoid stalls due to indirect jumps. We
experimented with the following prediction techniques for indirect jumps, any one
of which can be incorporated in the simulator, we also compare the performance of
these techniques.

1. Branch Target Buffer.
2. Branch Target Buffer with pair of stacks.

3. Stack Extension.

3.2.1 Branch Target Buffer (BTB)

Prediction for conditional branches is immplemented by BTB in the existing simulator.
We extend it to predict indirect jumps. BTB uses the old history for predicted target.
BTD has the following three fields.

-Instruction address(PC).

-Predicted target address.



-Prediction state bit.

When indirect jump instructions are executed first time, prediction can not be ap-
plied as BTB does not have any history for these instructions. However BTDB is
updated after the execution when target address becomes known.

Sccond time, when an indirect jumps is exccuted, the BTDB is searched with PPC
value as the key. If it results in a hit in the BB, predicted target address ficld
in the BTB is taken as the predicted target and the instruction fetch is continued.
After the execution when the actual target becomes known, the predicted target is
compared with the actual one. If the target prediction was wrong, all instruction
that follow indirect jumps are flushed from both the reorder buffer and instruction
queue. The program counter is changed with the actual target address and the B'I'B
is updated.

There are two problems with this scheme.
1. The prediction can’t be applied when branch instructions encounter first time
as BT does not have entries corresponding to these instructions.

2. As the prediction is based on the IP value, when a function is called from
different places in the program, it prediction gets wrong as it uses the old
history.

To understand the reason of mispredictions clearly, we take the program SAM-
PLE given below.

100 j _print, -8(sp) /* call to function print */

130 j _print, -8(sp) /* call to function print */
1 P —
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600 j -8(sp), #0 /* return from the function */

From address 100, program jumps to the function _print at address 500. On return
from the function, BTB is updated with the target 110 corresponding to address
600. From address 130, program again jumps to the same function. On return from
_print, BTB is scarched at fetch stage. The processor uses predicted target addiess
110 corresponding to address 600 in the BTB and starts {etching instructions from

the wrong location. The correct target is 140.

BTB with pair of stacks [KE91] given in following section avoids the mispredictions
due to this problem.

3.2.2 DBTB with pair of stacks

This technique needs pair of stacks along with the BTB. The idca behind this
technique is to ‘modify the old history of the BTB before its use. Let us say that,
two stacks are named S1 and S2. The steps used in accessing the predicted target
are as follows.

When a jump instruction is used to call a procedure, target address (i.c. the address
of the function) and the next sequential address (i.c. the return address) are pushed

onto S1 and S2 respectively.

When return instruction executes first time, the computed target is compared with
the top of S2. If both are same, predicted target address field in the BTDB is updated
with the top of the S1 and the prediction state bit is turned on (it denotes that the

predicted target will be taken from the stack). Both stacks are poped also.

When next time, same call instruction executes, the target (i.c. address of the

function) and the next sequential address (i.e. the return address) are pushed onto



S1 and S2 respectively.

Upon the execution of corresponding return instruction, the BTB is scarched. This
time search results a hit and therefore, prediction state bit is checked. If it is (),
predicted target is taken as the predicted target address field in the BTB (the usual
prediction). However, if it is 1 then the target address field in the BTB is compared
with the top of the stack S1. If both are same, the top of S2 is taken as the predicted
target.

The pair of stacks can store the history of a number of call instructions. However if
the number of called procedures hecomes large, the stack gets full. In this case, we
fall back to the simple prediction scheme used by the BTB.

The recursive programs create one problem. They grow the stacks with the same
value. To overcome with this problem, a counter is used with the stacks. If the
same value is pushed onto stacks, it just increments the count corresponding to Lhe
stack’s entry. The count is decremented before removing an entry from the stack

and if it becomes 0, then only the entry is removed.

BTB
s 3 -
- sl
1 —
819
1 2
6 \
< " 52
7
Y
processor

Figure 4: Call/Return Stack Design



To understand it clearly, we take the program SAMPLE given in the previous scc-
tion.

When a call to function _print at address 100 exccutes, the target address of the
function _print (500) is pushed onto S1 via path 3 and the return address (110,
the address that is sequential to the call instruction) is pushed onto S2 via path 6

shown in figure 4.

When return instruction encounters first time at 600, processor stalls the pipecline
till target is computed. As target gets ready, the address 600 and 110 are sent to the
BB along path 1, branch address and branch target respectively. In parallel, 110
is sent to stack S2 along path 6 to see if S2 has an entry and its corresponding entry
in S1 (in this case 500) is found via path 8 and sent along path 4 where it replaces
the target address on path 1. Then the entry in the BTB has a branch address of
600 and a target address of 500. The prediction state bit in the BTB is turned on
to denote that the actual target is in the S2.

When the same call function at address 130 executes again, the target address (500)
is pushed onto stack S1 on path 3 and the return address (140) is pushed on stack
S2 on path 6.

Next time when the return encounters at 600, the BTB finds an entry for address
600, and that entry will have the prediction state bit turned on. The prediction
associated with the entry (branch address set to 600 and branch target set to 500)
is sent to path 2, and since the prediction state bit is on, the target field is sent to
stack S1 on path 5 to see if S1 has an entry for 500. In this case, S1 does and so the
corresponding entry in S2 (140) is identified via path 9 and is put on path 2. (All

entries on the stack are compared in parallel.)
The prediction that is made for address 600 will then have the target 140.

This scheme is better than the first one but it can’t avoid the first problem. Predic-
tion can not be applied when return encounters first time. The third scheme stack

extension given below avoids both the problems that cause mispredictions.



3.2.3 Stack Extension

This is very simple technique and performs better than the two techniges discussed
above. In this sheme, a separate on-chip stack is used to maintain the target ad-
dresses (return addresses). When a call instruction executes, the next sequential
address is pushed on to on-chip stack. When return instruction encounters, the top
of the stack is taken as the target. The top entry is poped from the stack.

Because on-chip stack is of limited size and some programs (i.c. recursive) may
overflow the stack, the overflow entries should be maintained somewhere in the
main memory. A separate stack is used in the main memory to keep the overflow
entries of on-chip stack. Both on-chip and main memory stacks are divided into

blocks. the block is the transfer unit between on-chip and main memory stacks.

Because the speed of pushing entries onto on-chip stack may be faster than the
speed of swapping the blocks from the on-chip stack into main memory stack, the
blocks should be swapped from the on-chip stack before it gets full. The swapping of
the block depends on the availability of the bus between on-chip and main memory
stacks.

3.3 Reasons of stalls and their reductions

The existing simulator stalls the pipeline due to non-availability of adresses to the
instructions. However, stalls due to this can be reduced using extended address
forwarding. All the cases where existing simulator stalls the pipeline and their
reductions using extended address forwarding is given in the following subsection.

3.3.1 Reasons of stalls

The following three reasons are clearly mentioned where existing simulator inserts
stalls.



1. During the entry point to a function. This is because, the value of SP is
changed to create a new frame and the temporaries used during this procedure

call are stored in this frame. We have commands like the following:

»;Establish new frame pointer
addb4 fp, #0, sp ‘

; ;Adjust stack pointer

addb4 sp, sp, #-24

;;Save temporary locations
addb4 0(sp), tl, #0

addb4 4(sp), t2, #0

As the destination address of the third addition instruction is not known till
the second add is computed, fetch is stalled after second add instruction. Such

code appears usually at the entry point of function calls.

2. During exit from a function. In PERL, procedure calls are handled by uncon-
ditional jumps. This jump actually saves the return address in the stack. At

exit from function calls, we encounter instructions like:

; ;Restore stack pointer
addb4 sp, #0, fp

; ;Restore frame pointer
addb4 fp, -4(fp), #0

; sReturn

j -8(sp), #0

The jump instruction restores the PC value so that execution returns to the
callee and fetch proceeds from that address. But we do not know what should
be loaded into PC till the stack pointer is restored. Thus the fetch is stalled.

3. Due to indirection.

addb4 t1, t2, ti



