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Single-cyle vs Pipelined Processor

Single-Cycle
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Instr )
Soc Time (ps)
1 Fetch Read Execute] Memory |Wr
Instruction Reg ALU | Read/ Write|Reg
2 Fetch Ii e:; Execute] Memory |Wr
Instruction Reg ALU | Read / Write|Reg

Pipelined

Instr
1 Fetch RD;:cd Execute Memory |Wr
Instruction Reg ALU Read / Write |Reg
2 Fetch RD:;; Execute Memory |Wr
Instruction Reg ALU Read / Write|Reg
3 Fetch RD‘:; Execute Memory |Wr
Instruction Reg ALU Read / Write|Reg

\/

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Pipelined Processor Abstraction

1 2 3 4 5 6 7 8 9 10
|
Time (cycles)
1 s0 ™ 4 DM vSZ
M =1 H| rRF :B— B RF
lw s2, 40 (s0) —[I-[ 40 1 _-E i
ddv s9 ™ ~ vs3
add s3, s9, s10 m [ slo_:B—_-I-DM = |
4 tl ™ 4 VS4
sub s4, tl, s8 M =2f ] RF [ss :B— oM RF
andv . M s5
and s5, sll, t0 IM _{ RF [0 ]:8 __[_DM_[ RE
td ) )
sw s6, 20(t4) IM X ]-[RF 20 j:a— —I—DM— RF
t2 ™ ) ,

or s7, t2, t3 IM == ]-[RF £3 :B— DM = IRF

Based on: “Digital Design and Computer Architecture (RISC-V Edition)”
by Sarah Harris and David Harris (H&H),
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Adding Pipeline to Single-Cycle Processor
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| wis| Y WE3 [T] rose SrcAE | ~ WE
I
0 |ece|™|pce A sp L 1| instrD A1 RD1 ! 1 )
1 1 I b 1 | ALUResutM A ro H 1 ReadDataW ﬁ
Instruction : 24:20 A2 RD2 : RD2E 3 &J I - o
Memory " e ' SrcBE I Data \
! Register ! WriteDataE : WriteDataM S :
| WD3 File | " WD !
[ [ " !
: PCD : pce | F+ | :
[ [ : !
[ [ " :
: 1 RdD | | ReE | | Ram | Raw
! I
4 : wr g immexep | | | immexe ' |
: ﬂ{"’;m : ! |
[ [ !
[
PCPIlus4F I PCPlus4D | ! | PCPIus4E 1 | PCPusam :
- | |
e PCPlusdW
T T PCTargetE | T 84
[ [ \ !
| 1 T
[ [ : !
1 | I Resultw
1 I !
| 1 ®
Fetch : Decode : Execute ' Memory Writeback

e Signals in Pipelined Processor are appended with first letter of
stage (i.e., PCF, PCD, PCE).

* Register file written on falling edge of CLK

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Adding Pipeline to Single-Cycle Processor

PCSrcE ]4 ZeroE
CLK CLK CLK
—_— — —
RegWriteD N RegWriteE M RegWriteM ] RegWriteW
ct’m_ml ResultSrcD: o ResultSrcE; .o ResultSrcM; o ResultSrcWi o
. MemWriteD MemWriteE | | | MemWriteM
JumpD JumpE
0 BranchD BranchE
op ALUControlD,. ALUControlE;
2 funct3
0 ALUSrcD ALUSrcE
funct7s [
CLK CLK ] CLK
CLK _L e} - | |
M 19:15 WE3 RD1E SrcAE WE
-F) pcr| ™ fecel | ro H InstrD A1 RD1
1 - ALUResultM ReadDataW <1 00
Instruction 24:20 RD2E — = A RDH %
< 10
Memory A2 RD2 0 |srcBE Data
" i ! i WriteDataM Memory
WD3 Reg;:ter WriteDataE WD
PCD pce | F_’_
117 RdD RdAE RdM | RdwW
4 —] ImmEXID IMMEXtE
37 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
— . — — PCPlus4W
PCTargetE
ResultW
H : Based on: “Digital Design and Computer Architecture
 Same control unit as single-cycle processor

(RISC-V Edition)” by Sarah Harris and David Harris (H&H).

Control signals travel with the instruction (drop off when used)
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Pipeline Hazards

* When an instruction depends on result from instruction
that hasn’t completed

 Two types of hazards:

— Data hazard: register value not yet written back to register file

— Control hazard: next instruction not decided yet (caused by
branch)

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Data Hazard

add s8,

sub s2,

or s9,

and s7,

s4,

s8,

to,

s8,

s5

s3

s8

t2

1 2 4 | | | 8
|
Time (cycles)
: M
s . 3 25 + DM s8 41 RF
_ L__f:? —
~ l
s J v
- Subj{ RF|s3 :B_ ét s2 N
\ ~
= il o I:E|H [ll 9 [Re
| i
s8 M . 57
- and]{ RF {2 E&I Il]_ RF

Based on: “Digital Design and Computer Architecture

(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Avoid Data Hazard in code

* Insert enough nops for result to be ready
e Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10
|
Time (cycles)
ad sd ™ 4 vsS

add s8, s4, s5 IM (= RF |55 :B— TDM_ RF

- - B |

v{ 7 7 P 7
nop M (2221 U RE :D_ o o

7 7 | 7 7

nop M {2220 (| RF :87_ DM [_| oF

2
sub s2, s8, s3 IM R -[RF s3 :B— —I—DM— >~ IRF

<4 t6 4 ng

or s9, t6, s8 IM == -[RF 8 ]:8— —I—DM— RF
q s8 [ 57

and s7, s8, t2 M 22 ]{RF 2 ]:8 —I—DM—D—RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Handle Data Hazard by Forwarding

e Datais available on internal busses before it is written back to the register file (RF).

e Forward data from internal busses to Execute stage.

« Check if source register in Execute stage matches destination register of
iInstruction in Memory or Writeback stage.

* If so, forward result.

add s8,

sub s2,

or s9,

and s,

s4,

s8,

to,

s8,

s5

s3

s8

t2

1 4 5 6 7 8
|
Time (cycles)
w1294 U e zg v:Bi om]_[7se -
1 It
1
=M s8 T
M sub__[ RF [ 5 jﬁa ]I DM ]sz N

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).

IM

or

=

RF

‘ vs9
s8 i@'}i || DM RF
‘ -

85 M Iv|s7
t2 j:B l DM J RF
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Adding Hazard Unit

PesrcE —{_ - ZoroE
CLK CLK CLK
. RegWriteD RegWriteE | RegWriteM RegWriteW |
Ct’ntizol ResultSrcD 1o ResultSrcE 1o ResultSrcM:. ResullércW1 0
n
| MemWriteD MemWriteE | | MemWriteM
| JumpD JumpE
60 | BranchD BranchE
ool P ALUControlD, 4 ALUControlEy.
o178 [T aLusred ALUSIE
funct7s ImmSrcD o
— ]
CLK CLK - CLK
CLK il é -
: 7~ WE3 RD1E 7 WE
0 pce | |Pce InstD o A1 RD1 00 StcAE
1 A RDH _.tl’é ) ALUResultM ReadDataW L0
i : RD2E = A RD |+ 01
Instruction 24:20 A2 RD2 = ) = 10
Memory o1 SrcBE Data
= i _‘13 ! | WriteDataM Memory
WD3 Reg.|ster WriteDataE WD
File
PCD PCE
| -
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE RdM | RdW
4 —] ExtimmD Extihmg
7 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
a — o — PCPlus4W
PCTargetE
ResultW
Based on: “Digital Design and Computer Architecture g é
(RISC-V Edition)” by Sarah Harris and David Harris (H&H). § §
el e
[ Hazard Unit ]
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Data Hazard due to lw Data Dependency

1 2 3 4 5 6 7 8

|
Time (cycles)

s5 M M =]
7
lw s7, 40 (s)5) IM lLD{ RF |40 E-&-I DM s |FF
I

. Trc_?ugle! ~
S
8
and s8, s7, t3 M 228 HIRF (5 | [ s rof ]5 RF

|
|
o M sb6 \ vt2
or t2, s6, 7 e {RFS7M -
s7
3
sub s3, s7, s2 IM SUb]{ RF |52 j:B [l DM ]S—RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Stalling to solve Iw Data Dependency

lw s7,

and s8,

or t2,

sub s3,

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).

40 (s5)
s7, t3
s6, s7
s7, s2

s2

DM >> {RF

1 3 4 5 6 8 9
|
Time (cycles)
s5 M
IM lL[I-[ RF |20 E—]T DM
o s e s s
™ s7 T pmsysii:]
M 224 T RE 3 | HERE [
M o ] M [ ]tz RF
Stall o7 X -

IM S“b]-[ RF
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Control Hazard

* beq, bne:
— Branch not determined until the Execute stage of pipeline
— Instructions after branch fetched before branch occurs
— These 2 instructions must be flushed if branch happens

1 2 3 4 5 6 7 8 9 10
|
Time (cycles)
sl ™
20 beq s1, s2, Ll IM bﬂﬂ{ RF |52 :B_]T DM_r --
| O T T S |
24 sub s8, tl, s3 M 22 -[RF 53'.].7':8 —rDM—r RF Flush |
N these :
28 or s9, t6, s5 IM == E]-[RF ]:D—[-r DM—D— RF instructions |
\‘ - J
2C |
¢ " ad 53 7
58 Ll: add s7, s3, s4 IM RF |54 DM = RF

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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Single-Cycle Processor Performance

Program Execution Time

= (#instructions)(cycles/instruction)(seconds/cycle)

= # instructions x CPI x T,

Fetch Dee Execute] Memory |Wr
Element Parameter Delay (ps) Instruction RReeagd ALU | Read / Write|Reg
@® Register clk-to-Q tois 40
Register setup Leciup 50
®  Multiplexer b 30 Program with 100 billion instructions:
AND-OR gate tAND-OR 20 Exec Time = # instructions x CPI x T,
o ALU - 120 = (100 X 10%)(1)(750 X 10-2s)
Decoder (control unit) b 25 =75 seconds
Extend unit 35
o Memory read . 200
@® Register file read tRFread 100
® Register file setup ERFsetup 60
e oy o s v s i, e single = Tpeq PC T 2lmem T LRpread T IaLU  Fimux + Trsetap
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Pipelined Processor Performance

Pipelined processor critical path:
Tc_pipelined = max of

tpcq + lnem tsetup Fetch

2(tRFread + tsetup) Decode

tpcq + 4tmux + tALU + tAND-OR + tsetup Execute
tpcq + lyem t tsetup Memory

2(t,cq + tmux + tRFwrite) Writeback

Program with 100 billion instructions

Execution Time = (# instructions) X CPl X T,
= (100 X 10°)(1.23)(350 x 107?%)
=43 seconds

Based on: “Digital Design and Computer Architecture
(RISC-V Edition)” by Sarah Harris and David Harris (H&H).
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