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Review: Memory Hierarchy
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Figure 2. A typical cache and TLB design.

Review: Page Tables
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Review: Memory Hierarchy
Optimizations

adjust # caches, sizes, associativity, block size, ..
adjust when virtual to physical translation happens
add victim caches, prefetching, etc.

cache blocking — reorder code for more reuse

overlap memory accesses and




Human pipeline: laundry
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The MIPS pipeline
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Figure C.28 The stall from branch hazards can be reduced by moving the zero test and branch-target calculation into the 1D
phase of the pipeline. Notice that we have made two important changes, each of which removes 1 cycle from the 3-cycle stall for
branches. The first change is to move both the branch-target address calculation and the branch conditiqide¢igian MpHen ik aycle.
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MIPS instruction execution (1)

add $1, $2, $3 ; reg[l] <— reg[2] + reg[3]
Instruction Fetch: read from instruction cache
IF/ID stores: instr., PC

Instruction Decode: read registers 2 and 3
ID/EX stores: reg[2], reg[3], instr., PC

Execute: compute reg[2] + reg[3]
EX/MEM stores: reg[2] + reg[3], instr., PC

Memory: do nothing
MEM /WB stores: reg[2] + reg[3], instr., PC

Write Back: write computed value into reg[1]

MIPS instruction execution (2)

sw rl, 100(r3) ; memory[100 + reg[3]] = reg[1]
Instruction Fetch: read from instruction cache
IF/ID stores: instr., PC

Instruction Decode: read registers 1 and 3
ID/EX stores: reg[1], reg[3], instr., PC

Execute: compute 100 + reg|3]
EX/MEM stores: 100 + reg[3], reg[1], instr., PC

Memory: store reg[1] into data @ 100 + reg[3|
MEM /WB stores: instr., PC

Write Back: do nothing




The MIPS pipeline
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Figure C.28 The stall from branch hazards can be reduced by moving the zero test and branch-target calculation into the 1D
phase of the pipeline. Notice that we have made two important changes, each of which removes 1 cycle from the 3-cycle stall for

MIPS instruction execution (1)

add $1, $2, $3 ; reg[l] <— reg[2] + reg[3]
Instruction Fetch: read from instruction cache
IF/ID stores: instr., PC

Instruction Decode: read registers 2 and 3
ID/EX stores: reg[2], reg[3], instr., PC

Execute: compute reg[2] + reg[3]
EX/MEM stores: reg[2] + reg[3], instr., PC

Memory: do nothing
MEM /WB stores: reg[2] + reg[3], instr., PC

Write Back: write computed value into reg[1]

Branches. The first change I to Mmove Doth the branch-target address calculation and the branch condiiandesiin Mpftnikycle. 9 10
MIPS instruction execution (2) MIPS executing
sw rl, 100(r3) ; memory[100 + reg[3]] = reg[1]
Instruction Fetch: read from instruction cache 1 I 2 miREAN »

IF/ID stores: instr., PC [ jl;}_{
Instruction Decode: read registers 1 and 3 e | “I s

ID/EX stores: reg[1], reg[3], instr., PC = = —
Execute: compute 100 + reg|3] =] ﬂl‘l

EX/MEM stores: 100 + reg[3], reg[1], instr., PC . ]

| =13k

Memory: store reg[1] into data @ 100 + reg[3] | |

MEM /WB stores: instr., PC oo
Write Back: do nothing -

11 Figu’re C3 I/-\‘pipeli‘ne srlo'\fvinglt_hel pipgline_ regli'sters‘ bgtwee_n fucc_essiye plrlJeIine_s‘tagesl. Nofice”that _the Iregilster’s prev'ent 12




Pipeline Hazards

hazards stop pipeline from executing at full rate
structural hazards — not enough hardware
data hazards — value not computed soon enough

control hazards — instruction to execute not known
soon enough

Functional Hazards
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Instruction 2
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Instruction 4

13 Figure C.4 A processor with only one memory port will generate a conflict whenever a memory Fégawrendd &dtuiepiendivs C 14
Read-after-Write Read-after-Write — Stall
add r1, r2, r3 ; rl <— r2 + r3 add r1, r2, r3 ; rl <— r2 + r3
sub r4, rl, r5  r5 <— rl — r5 sub r4, rl, r5 § r5 <= rl — r5
add r1, r2, r3 sub r4, ri1, r5 add ri, r2, r3 sub r4, ri, r5
1] IF 111k
2| ID:  read r2, r3 IF 2| ID: read r2, r3 IF
3| EX:  templ« r2+r3|ID: readrl, r5 3| EX: templ<r2+r3 stall
4 | MEM EX: temp2 < rl1-r5 4| MEM stall
5| WB: rl+« temp MEM 5| WB: rl+« templ stall
6 WB: r4 « temp2 6 ID: read rl, r5
7 EX: temp2 <~ rl +r5
8 MEM
9 WB: r4 < temp2
15 16




Implementing Stalls

disable writing pipeline registers

need logic to detect conflicts

function of pipeline registers (instruction values)

Read-After-Write

DADD R1, RZ, R3

DSUB R4, R1, RS

Program execution order {in instructions)

AND R6, R1, R7

OR R8, R, R9

XOR R1O, R1, R11
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17 Figure C.6 The use of the result of the DADD instruction in the next three instructions causes a Hag4¥g: diE thepsgidierSs 18
Read-after-Write — Forward Forwarding
a d d r l , r 2 , r 3 ; r l <_ r 2 + r 3 Time (in clock cycles)
Sub r4, rl, r5 ; r5 <— rl _ r5 R cc1 cc2 cca  cca  ces cce
§ DADD R1, RZ, R3 : Fl‘eg -a ' : Fleg".
add ri, r2, r3 sub r4, rl, r5 ] I : I 7_{
L] CHe S e
S DSUB R4, R1, RS M : Reg | : Reg
2| ID:  read r2, r3 IF U=t
3| EX: templ < r2+ r3 | ID: read rl, r5 %,\m, - m [ 1 ’
4 | MEM EX: temp2 < templ - r5 - e -
5 WB rl « ‘temp MEM OR RS, RI, R9 @ :‘H‘EEI—
6 WB r4 <_ temp2 XOR R10, R1, R11 N M M
[ Hiri=1
Figure C.7 A set of instructions that depends on the DADD result uses forwarding paths to avoid the data hazard. The inputs
19 for the DSUB and AND instructions forward from the pipeline registers to the first ALU input. Tppglgg aGEeR Feﬁ%ﬁk{'kby 20

forwarding throunh the renister file which is eacilv accomnlicshed hv reading the redisters in the second half of the cwvele and




Implementing Forwarding

multiplexers for operand values

need logic to detect which one to use
function of pipeline registers (instruction values)

Implementing Forwarding

ID/EX

Data

]
memory

21 Figure C.27 Forwarding of results to the ALU requires the addition of three extra inputs on eagh. AL W aRINplexediad the DD
Limits of Forwarding Scheduling for Pipelines
w rl, 0(r20) ; rl <— MEM[0+r20]
FITTE {11 CIUUK UyLIBs) .LW rz’ 4(r20) ; I"2 <— MEM[4+F20] 4
o 1 cc 2 ce3 oo a e 5 add r3, rl, r2 ; r3<— rl1 + r2 CC
w r4, 8(r20) ; r4 <— MEM[8+r20] [ |
' add r4, r4, r3 ; r4 <— r4 + r3
£ r, o) ™ sw r4, 8(r20) ; MEM[8+r20] <— r4
= w r5, 12(r20) ; r5 <— MEM[12+r20]
E mul r5, r5, r4 ; r5<— r5 x r4 DM R
;' sw r5, 12(r20) ; r5 <— MEM[12+r20] 7 e
E DSUB R4, RL, RE converts into |
2 w rl, 0(r20) ; rl <— MEM[0+r20] - ’
2 w r2, 4(r20) ; r2 <— MEM[4+r20] _—
; lw r4, 8(r20) ; r4 <— MEM[8+r20]
g Tw r5, 12(r20) ; r5 <— MEM[12+r20]
g AND R, R1, R7 add r3, r1, r2 ; r3<— ri1 + r2
add r4, r4, r3 ; r4 <— r4 + r3 ] e
mul r5, r5, r4 ; r5<— r5 *x r4
sw r4, 8(r20) ; MEM[8+r20] <— r4 —
sw r5, 12(r20) ; r5 <— MEM[12+r20]
OR R8, R1, R9
Figure: H&P Appendix C 23 24




Next time: Scheduling

Weiss and Smith, “A study of scalar compilation
techniques for pipelined supercomputers”
theme: seperate dependencies from use
focus on loops

Control Hazard

need to decode instruction to know next instruction

CC 1 cc2 cC3
next instruction known -

‘ Em H hJ: Hﬂ 2 DM ﬂ F:g;
next instruction needed | — -
L“‘f#i ey el i [

CC 4 CC s cCe

T
25 - 26
Fiaure C.3 A pipeline showina the pipeline reaisters between successive pipeline staces. Notice that the reaisters prevent
MIPS Delay Slots Branch Prediction
avoid control hazard by delaying branch branch prediction — guess whether branch is taken
add $3, $4, $5 ; (1) start guess immediately
beq $1, $2, label ;5 (2)
add $5, $6, $7 ; (3) DELAY SLOT clear pipeline registers if wrong
add $6, $7, $8
add $8, %9, $10
label:
add $7, $8, $9 5 (4)
27 28




Speculation

when is it okay to guess

if we can undo guess if wrong

MIPS pipeline:
IF — doesn’t change state
ID — doesn't change state
EX — doesn't change state
MEM — changes memory!
WB — changes registers!

undo: clear pipeline registers before MEM, set new
PC

Static branch prediction

forwards not taken (fetch normally)

backwards taken (fetch target)

29 30
Dynamic branch prediction Dynamic branch prediction
- -
: refinement: 2 bits
: N
low-order bits N :
m Taken
A > TFN > prediction Not taken
T Predict taken Predict taken
N 11 10
actual T | N A S
result Taken
. Taken Not taken
lookup branch address in table .
ot taken
. Predict not taken Predict not taken
1-bit: Taken/Not taken U 00
Taken
taken before = taken again
31 o in o 2 hit nradiotion h Byysing 2 hitc rothaor thon 1 o hronch fhafigrl::\en: H&P Appendix C 32

- B —BY 7
taken—as manv branches do—will be misnredicted less often than with a 1-bit nredictor The 2 bits are used to encode the four




Deeper Pipelines (1) Deeper Pipelines (2)

Integer unit
EX

Time (in clock cycles)

[o{o | ccea cc 10 cc1

cce2

cCs CCe ccvy

BEQZ
FP/integer multiply
M2 M3 M4 Ms M7
Instruction 1
IF D MEM wB
FP adder
Al Instruction 2
FPiinteger divider Instruction 3
D|
Target

Figure C.35 A pipeline that supports multiple outstanding FP operations. The FP multiplier and adder are fully pipelined and

have a depth of seven and four stages, respectively. The FP divider is not pipelined, but requlres 24 pﬂggkecmlgptg%chhe 33 Figure C.44 The basic branch delay is 3 cycles, since the condition evaluation is performed durln'ggure H&P Appendix C 34
lntnnavs in inctriintinns hah thno inciin af an D and tha vinn nf tha vacult AF that it innuvvine o D AVAL aéall
Microcoded pipelined CPU L isters? (1)
ICrocodadea pipeilne €SS registers!
JPP— Read registers Write register Table 3: Floating-point operations and 32-bit loads/stores
nstruction s —— - T =
MIPS Fetch prepare Lstream ALU TLR + D-Cache | with cache data floating-point operations 32-bit loads 32-bit stores
M/2000 from ICache S onstants or ALU result per instruction | MIPS count || per instruction | MIPS count || per instruction | MIPS count || RISC
benchmark [[MIPS  VAX (VAX=1) |TMIPS VAX (VAX=1) ||MIPS VAX | (VAX=1) | factor
one cycle spice2g6 .034 .083 1.02 .09 0.94 .25 .04 0.14 .65 1.79
matrix300 .156 .370 1.00 31 1.44 52 .16 0.40 .93 1.90
VAX [ VAX instruction [Microinstruction | Read registers, TLB + Cache, | yyoo oo nasa7 2216 .440 1.03 -34 1.59 45 13 0.52 -53 2.37
' decode Fetch from prepare I-stream ALU write register .ﬂ? hglsd : fpppp -228 -879 1.01 43 2.04 .81 11 0.36 1.24 2.70
8700 ! _ (optional) _ control store constants with ALU result | "' ©ache 9ata tomcatv -267 724 1.05 -40 1.82 -63 12 0.62 -56 2.86
______ doduc .240 525 1.21 .28 1.03 12 .09 0.37 .64 2.96
espresso .000 .000 0.00 .18 0.52 .58 .02 0.14 24 2.99
eqntott .000 .000 0.00 .16 0.32 .55 .01 0.07 13 3.25
i .000 .000 0.00 .22 0.85 42 12 0.51 .38 3.69
35 36




Less registers? + Seperate I-Cache?

Table 4: Cache behavi

RISC factors

D-stream cache read misses I-stream cache misses 4 7 MIPS=1xVAX 2x fpppp ®
miss ratio (%) | per instruction | MIPS count || per instruction | MIPS count || RISC 3x
benchmark [[MIPS VAX [ MIPS_ VAX | (VAX=1) [MIPS VAX | (VAX=1) | factor
Spice2gh 260 9.1 | .0250 .0856 T2 0001 .0089 03 1.79 I 3 tomeaty
matrix300 || 12.7  10.8 | .0400 .1550 61 0000 0055 .00 1.90 N e 4x
nasa? 123 8.7 | .0424 .1390 64 .0000  .0035 .00 2.37 3 spice2gle - doduc
fpppp 0.2 24 | .0007 .0496 .06 0024 0588 16 2.70 ) agixd00
tomcaty 5.7 5.4 | .0228 0982 66 .0000 0040 .00 2.86 espresso i
doduc 0.9 2.7 .0026  .0275 .25 .0031  .0336 .24 2.96 R .
espresso 0.7 4.0 | .0012 .0208 .10 0002 .0026 13 2.99 ,1; cqntott
eqntott 3.3 4.0 | .0055 .0128 46 0000 .0021 .00 3.25 e .
I 0.6 1.8 | .0013 0158 13 0002 .0103 .03 3.69 15)
0 T T T T T T T T T 1
0 1 3 4 5 6 7 8 9 10 11
CPI RATIO
Figure 2: Instruction ratio versus CPI ratio. Lines of constant RISC factor are shown.
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Fact f ing MIPS Add R d VAX
Table 5-1 Addressing Modes
. e . Type Addressing Mode  Format i+ Description il
operand specifier decoding — 1 cycle per on VAX e - r e e
. o g o vesrea e
Autoi ncrement (Rnj+ 8 ;e?:g:ﬂ:::rﬂ ns the. ;n(igris Yes
. . . e e
seperate floating point registers — seperate FPU P
fores &ﬁf;ﬁmzﬁx@‘“ Table 5-1(Cont.) Addressing Modes
. . Autodecrement <(Rn) 7 :eﬁ;&ﬁﬁﬁmléy Yes. Type Addraasing Mode Pormat W_ Description Ie.nth:d‘)
condition code RAW hazards e memmy
Displacament gﬂ&ginn}, 2 Yes. absolute v\rluf:\ address, not.
L ~dis(Rn) E I mmediate ‘all’l.e‘vlim N
needless work by, e.g., CISC CALL/RET T VR - o
&L "dis(Rn) F
. et o f 03 ;‘"ék‘:;’@@t‘;iﬁ‘sfﬁm "
f|”ed delay S|OtS progom e e e e e
e € gmemeriamrercen
b
- Relative @adaress The acdress specified i the Yes
larger page size B o EEEERC . . .. - operl .

larger range for brganches

39

2 a displacement from the PC
brandy

made can only be used

a
with the ranch instrudions.

40




Addressing modes on VAX

ADDL3 @(R5)+[R6], @(R1)+[R2], @(R3)+[R4]

one instruction
six memory accesses, four register reads

three register writes

ISA design

lots of non-technical factors

MEM[MEM[R5]+R6] <+ MEM[MEM[R1]+R2]
+  MEM[MEM[R3]+R4]
R1 — R1+4
R3 +— R3+4
R5 +— R5+4
41 42
Notable RISC V decisions Justifications (1)
modular ISA design 31 general-purpose registers + 0 register 4 pc
optional variable length encoding (code size) usually 32-bit instructions
“it is impossible to encode a complete ISA with 16
registers in 16-bit instructions using a 3-address
format. Although a 2-address format would be
possible, it would increase instruction count and lower
efficiency. .. A larger number of integer registers also
helps performance on high-performance code,...”
“The optional compressed 16-bit instruction format
mostly only accesses 8 registers”
43 44




Justifications (2)

31 25 24 20 19 15 14 12 11 76 0
\ funct? [ rs2 [ rs1  Jfunct3| rd |  opcode | R-type
} imm([11:0] [ rsl  [funct3 | rd [  opcode  |I-type
| imm[1:5] [ w2 | rsl [ functd | imm[4:0] [ opcode  |S-type
\ imm[31:12] \ rd |  opcode | U-type

Figure 2.2: RISC-V base instruction formats.

“Decoding register specifiers is usualy on the critical path ... so
the instruction format was chosen to keep all registers specifiers
at the same position...”

45

Justifications (3)

no delay slots

no condition codes

“condition codes and branch delay slots, which
complicate higher performance implementations”

46




