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One-Instruction-Per-Cycle RISC-V Machine

Combinational
Logic

One clock tick =>
one instruction

Current state outputs
=> inputs to
combinational logic =>
outputs settle at the
values of state before
next clock edge

Rising clock edge:

— all state elements
are updated with
combinational logic
outputs

— execution moves to
next clock cycle



Stages of Execution on Datapath
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Datapath and Control

Datapath designed to support data transfers required
by instructions

Controller causes correct transfers to happen
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Branches

Different change to the state:

pC = pC + 4, branch not taken
- | PC + immediate, branch taken

Six branch instructions:
BEQ, BNE, BLT, BGE, BLTU, BGEU

Need to compute PC + immediate andto
compare valuesof rs1 and rs?2

— But have only one ALU — need more hardware



Adding Branches

DataD Reg[rs1] »|1
Inst[11:7]
B C Inst[19:15 >|ddrD Q _rLA)A Wb
. ns B
pc+4 pc inst ! AddrA DataA I Branch b Sddr DataR em
‘ nst[24:20 4
AddrB Comp
clk DataB h DataW
IMEM Reg ], I I r1 DMEM
Inst
[31:7] il clk
\ Imm[31:0] | I
PCSel= Inst[31:0]  ImmSel RegWEn BrUn BrLT _Bsel ALUSel EIIemRW W*BSeI
aken/not taken =B =0 BrEq | Asel “Add =Read = ,
Control logic =1 (*=Don’t care)




Branch Comparator

e BrEq =1, if A=B

eBrLT=1,ifA<B

T e BrUn =1 selects unsigned comparison for
BrLT, O=signed

BrU BrLT —_—
BrEq  BGE branch: A >=B, if A<B

A<B = 1(A<B)



Branch Immediates (In Other ISAs)

e 12-bitimmediate encodes PC-relative offset of -4096 to +4094 bytes
in multiples of 2 bytes

e Standard approach: Treat immediate as in range -2048..+2047, then
shift left by 1 bit to multiply by 2 for branches

s| imm[10:5] | rs2 rsl funct3 imm[4:0] B-opcode
sign-extension s|imm[10:5] | imm[4:0] S-Immediate
sign-extension S| imm[10:5] | imm[4:0] | O| B-Immediate (shift left by 1)

Each instruction immediate bit can appear in one of two places in
output immediate value — so need one 2-way mux per bit




RISC-V Branch Immediates

12-bit immediate encodes PC-relative offset of -4096 to +4094 bytes
in multiples of 2 bytes

RISC-V approach: keep 11 immediate bits in fixed position in output
value, and rotate LSB of S-format to be bit 12 of B-format

Only one bit changes position between S and B, so only need
a single-bit 2-way mux:



RISC-V Immediate Encoding

Instruction encodings, inst[31:0]
31 30 25 24 20 19

1514 1211 8 76 0
funct? rs2 rsl funct3 rd opcode 1 R-type
| imm[11:0] rsl funct3 rd opcode | |-type
[imm[11:5] rs2 rsl funct3 | imm[4:0] | opcode | S-type
Kmm[12]10:5] rs2 rsl funct3 fimm[4:1]11]| opcode | B-type

32-bit immediates produced, imm[31:0]
10 5 4

31 25 24 12 11 0

| -inst[31] - inst[30:25|Lnst|24:21] inst[20] I l-imm.
| -inst[31] - inst[30:25]| inst[11:8]4 inst[7] | S-imm.
|{ -inst[31]- inst[7]|§nst[3o:25] inst[11:8] 0| B-imm.

Upper bits sign-extended from inst[31]

always

immediate between S and B

Only bit 7 of instruction changes role in
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Let’s Add JALR (I-Format)

31 20 19 1514 12 11 76 0
imm[11:0 rsl func3 | rd opcode-l
12 5 3 5 7
offset[11:0] base 0 dest JALR

 JALR rd, rs, immediate

 Two changes to the state
— Writes PC+4 to rd (return address)
— Sets PC =rs + immediate
— Uses same immediates as arithmetic and loads
* no multiplication by 2 bytes
* LSBisignored
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Datapath So Far, with Branches

+4
I >|DataD Reg[rs1] )
au Inst{11:7] _ N =
addr Inst[19:15] _ ::jjrz Datan B . DataR £
pe+4 ns Inst[24:20 g r Branch + >l addr mem
clk  mm— T DataBlp{COMP B ALU DataW
—d 7' —>

IMEM Reg [1, o DMEM ,

A 1 A 1

clk Reg[rs2] clk

Imm[31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLTBS®! ALUSel MemRW WBSel

Control logic

BrEq

Asel
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Adding JALR

-{DataD Reg[rs1]
Inst[11:7]
AddrD h
e AddrA DataA| _ alu DataR
Instl24:20 Branch| “"[~ addr
P> |AddrB  patals|Comp
DatawW
Reg [], ll r1 DMEM
Inst
[31:7] clk Reg[rsZ] clk
Imm([31:0]
Inst[31:0]  ImmSel RegWEn BrUn BrLTBS®! ALUSel MemRW
= = = == =1 =Add =Read
. 1 . Asel
Control logic BrEq= -0
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Adding JAL

31 30 21 20 19 12 11 76 0
[ imm[20] [ imm[10:1] | imm[11] | imm[10:12] | rd | opcode ]
1 10 1 8 5 7

offset[20:1] dest JAL

e JAL saves PC+4 in register rd (the return address)
* Set PC = PC + offset (PC-relative jump)

* Target somewhere within =£2!° |ocations, 2 bytes apart
— =218 32-bit instructions

* Immediate encoding optimized similarly to branch
instruction to reduce hardware cost
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Datapath with JALR

+4
»|DataD Reg[rs1]
~ Inst[11:7] —rLo
» »{AddrD |
N addr . 4
> . Inst[19:15] B DataR
pc+4 inst »|AddrA DataAr™1p - o + | »f addr mem
L_Inst[24:20 AddrB  pataple Comp ALU
- ” DataW
IMEM Reg []A o | DMEM A
Y | A 1
clk Reg[rs2] clk
Imm([31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLTBsel ALUSel MemRW WBSel
Asel
Control logic BrEq
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Adding JAL

pc+4 'lﬁ
~|PataD Reg[rs1] I
Inst[11:7]
Inst[19:15] AddrD B
ns : DataR
240 AddrA DataA Branch alu addr
: AddrB  patagl{COMp B DataW
Reg[] A k 1 DMEM
Inst !
[31:7] clk Reg[rs2] clk

Imm([31:0]

Inst[31:0]  ImmSel RegWEn BrUn BrLTBSelF1 ALUSel = MemRW

=J =1 =* =* Asel=1 ~add =Read
Control logic BrEq=*
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U-Format for “Upper Immediate”
Instructions

31 12 11 7.6 0
imm[31:12] | rd opcode-l
20 5 7
U-immediate[31:12] dest LUI
U-immediate[31:12] dest AUIPC

* Has 20-bit immediate in upper 20 bits of 32-bit
instruction word

* One destination register, rd

e Used for two instructions

— LUl — Load Upper Immediate
— AUIPC — Add Upper Immediate to PC
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Implementing LUI

- &
DataD Reg[rs1]
Inst[11:7] F
| t[1915]: AddrD B wb
ns .
DataR
240 AddrA DataA Branch alu addr mem
. AddrB  patagl{COMp
B DatawW
Reg [, k DMEM ,
Inst Ikl R > 4 !
[31:7] clk Reglrs2] clk
Imm([31:0]
PCSel Inst[31:0]  ImmSel RegWEn BrUn BrLTBSelF1 ALUSel = MemRW WBSel
=pc+4 . =U =1 =* =** Asel=* =B =Read =
Control logic BrEq=
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Implementing AUI PC

w a
DataD Reg[rs1]
Inst[11:7] F
B Fe addr Inst[19'15]: Adard |, "
pct4 \ inst | 24' AddrA DataA Branch e DataR e
nst[24:20
AddrB »{Comp
clk DataB a DataW
IMEM Reg [, L DMEM L
Inst K Realrez 1 % !
[31:7] clk Reglrs2] clk
Imm([31:0]
PCSel Inst[31:0] ImmSel RegWEn Brun BrLTBSel=1 ALUSel EIIemRW WBSel
=pc+4 . =U =1 =* =** Asel=1 =Add =0 =
Control logic BrEq=
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Recap: Complete RV32I1 |SA

imm|31:12 rd 0110111

imm|31:12 rd 0010111
imm[20[10:1|11]19:12] rd 1101111

imm[11:0] rsl 000 rd 1100111
imm|12]10:5 rs2 rsl 000 imm|4:1|11 1100011
imm[12|10:5 rs2 rsl 001 imm[4:1]|11 1100011
imm|12]10:5 rs2 rsl 100 imm[4:1[11 1100011
imm[12|10:5 rs2 rsl 101 imm[4:1]|11 1100011
imm[12]10:5 rs2 rsl 110 imm[4:1]11 1100011
imm|12]10:5 rs2 rsl 111 imm|4:1|11 1100011
imm|11:0 rsl 000 rd 0000011
imm|[11:0 rsl 001 rd 0000011
imm[11:0 rsl 010 rd 0000011
imm[11:0 rsl 100 rd 0000011
imm|11:0 rsl 101 rd 0000011
imm(11:5 rs2 rsl 000 imm/[4:0 0100011
imm|11:5 rs2 rsl 001 imm[4:0 0100011
imm|[11:5 rs2 rsl 010 imm/[4:0 0100011
imm|11:0 rsl 000 rd 0010011
imm[11:0 rsl 010 rd 0010011
imm[11:0 rsl 011 rd 0010011
imm|11:0 rsl 100 rd 0010011
imm[11:0 rsl 110 rd 0010011
imm|11:0 rsl 111 rd 0010011

e RV32l has 47 instructions

LUI
AUIPC
JAL
JALR
BEQ
BNE
BLT
BGE
BLTU
BGEU
LB
LH
LW
LBU
LHU
SB

SH
SW
ADDI
SLTI
SLTIU
XORI
ORI
ANDI

0000000 shamt rsl 001 rd 0010011
0000000 shamt rsl 101 rd 0010011
0100000 shamt rsl 101 rd 0010011
0000000 rs2 rsl 000 rd 0110011
0100000 rs2 rsl 000 rd 0110011
0000000 rs2 rsl 001 rd 0110011
0000000 rs2 rsl 010 rd 0110011
0000000 rs2 rsl 011 rd 0110011
0000000 rs2 rsl 100 rd 0110011
0000000 rs2 rsl 101 rd 0110011
0100000 rs2 rsl 101 rd 0110011
0000000 rs2 rsl 110 rd 0110011
0000000 rs2 rsl 111 rd 0110011
0000 pred succ 00000 000 00000 0001111
0000 0000 0000 00000 001 00000 0001111
000000000000 00000 000 00000 1110011
000000000001 00000 000 00000 1110011

csr 1| grsk | Q0K rd 1110011

csT I\l Ol A rd 1110011

csr rsl 011 rd 1110011

csr zimm 101 rd 1110011

csr zimm 110 rd 1110011

csr zimm 1llil rd 1110011

e 37 instructions are enough to run any C program
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SLLI
SRLI
SRAI
ADD
SUB
SLL
SLT
SLTU
XOR
SRL
SRA

AND
FENCE
FENCE
ECALL
EBREA
CSRRW
CSRRS
CSRRC
CSRRW
CSRRS]
CSRRC



Complete Single-Cycle RV32]
Datapath!

+4
c+4
wb pc P :
>|DataD Reg[rs1] au
alu Inst[11:7] _rLO
{ »IAddrD |
» addr . 4
> . Inst[19:15] B DataR
pct+4 inst R »IAddrA DataA Branch + alu P mem
Host22:20L, 00 4are paaslelComp ALU
’r ~ DataW
IMEM Reg [1, o DMEM ,
\ 1 A 1
clk Reg[rs2] clk
Imm([31:0]
\ 4 JV \ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT Bsel ALUSel MemRW WBSel
Asel
Control logic BrEq
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Register Transfer Level (RTL)

* RTL describes instructions in figures or text
 Canuse C (or Verilog) to describe RTL

Inst Register Transfers

add R[rd] <« R[rsl] + R[rs2]; PC « PC + 4
sub R[rd] <« R[rsl] — R[rs2]; PC « PC + 4
ori R[rd] <« R[rsl] | Imm; PC « PC + 4
jal R[rd] « PC + 4; PC « R[rsl] + Imm

beq if ( R[rsl] == R[rs2] )
PC < PC + Imm
else PC « PC + 4



Our Single-Core Computer
(without FPU, SIMD)

Processor

Enable?
Read/Write

Program
Memory (including

cache) organized
around blocks,
which are typically
multiple words

Processor organized
around words and bytes

Processor-Memory Interface

& J
Y \Y}

I/O-Memory Interfaces
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Example: add

pct+4 h
8 p wh
addr
pc+4 v inst DataR mem
clk
IMEM DMEM A
I
clk Reg[rs2] clk
Imm[31:0]
J'w
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT ngl ALUSel M_eme WBSel
=pc+4 . =* =1 =* =* Asel =add =Read =1
Control logic BrEq =* o
31 25 24 20 19 15 14 12 11 7 0
| funct7 | rs2 | rsl funct3d | rd opcode |
7 5 5 3 5 7
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add Execution

+

wb

alu »IDataD
> Inst[11:7]
> addr nst[19:15] » jAddrD
pcra B L inst Z0TPJAddrA  DataA
h »IAddrB  pataB or
c IMEM
Inst &:’imq—
[31:7] clk Reg[rs2]
Imm.
‘ Gep:|l Imm[31:0]
v 1 \A 4
I PCSeJ Inst[31:0] ImmSel RegV\QEn BrUn BrLT Bgsl ALUSel M_elgzxv WB1SeI

=pc+ Control logic =* = =*BrE=E| e A‘sﬁl =add = =
Clock ol N\ o N\ >
PC X 1000 X 1004 X
PC+4 X 1004 X 1008 X
inst[31:0] X add x1,x2_ x3 X add %6,x7,%9 b 4
Control logic X add control X add COntrol ~
Reg[rs1] X Reql2] X Reg[7] X
Reg[rs2] X Reqg]3] X Reql 9] X

alu X Reg[2]1+Req[3] X Req[71+tRegl9]
wb xX Reqg[2]+Reg[3] X Reg|7]+Reg[9]

Reg[1] 2972 X Reg[2]+Req[3]
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Example: sw

wb pc
»iDataD Reg[rs1] >
b Inst[11:7] 0
Fe addr nst19:15) § o> 1
U i : DataR
pc+4 V \ inst . — AddrA DataA Branch alu addr mem
AddrB Comp
clk DataB b DataW
IMEM Reg[], h" DMEM ,
] clk
Imm[31:0]
\ 4
PCSel Inst[31:0] ImmSel RegWEn BrUn BrLT Bgﬁ' ALUSel ~ MemRW WBSel
=pc+4 . =S =0 = = Asel =add =Write =*
Control logic BrEq =* o
31 25 24 20 19 15 14 12 11 76 0
| Imm[11:5] rs2 rsl funct3 imm[4:0] opcode |
offset[11:5] src base width offset[4:0] STORE
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Example: beqg

Reglrs1]

Inst[11:7]

Imm[31:0]

ImmSel RegWEn BrUn BrLT Bg‘:' ALUSel MemRW WBSel

= = =* = =Read =%
= = =add =
BrEq A:f I

Control logic
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Midterm |

Date: Wednesday, Apr. 03

Time: 08:15- 9:55 (normal lecture slot)
— Be punctual — we start 8:15 sharp!

Venue: Teaching Center 301 + 201
Closed book:

— You can bring one A4 page with notes (both sides;
in English): Write your Chinese and Pinyin name
on the top! Handwritten by you!

— You will be provided with the RISC-V “green sheet”
— No other material allowed!



Midterm |

Switch cell phones off! (not silent mode — off!)

— Put them in your bags.

Bags under the table. Nothing except paper, pen,
1 drink, 1 snack on the table!

No other electronic devices are allowed!

— No ear plugs, music, smartwatch...

Anybody touching any electronic device will FAIL
the course!

Anybody found cheating (copy your neighbors
answers, additional material, ...) will FAIL the

course!
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(" log2timeline PARSING PLUGINS
l lwdiel error - Apache2 error log

- Oromeﬁnon;yme
encase_dirlisting - CSV file that is

exported from encase
- Windows 2k/%P/2k3 Event Log

- Windows Event Log File (EVTX)
- Metadata mlorma't?m from files
uﬂm ExifTool

_buhl-t Firefox bookmark file

Firefox 2 browser history

firefox3 - Firefox 3 history file

SIFT REFERENCE GUIDE (V.1.1) — CREATING TIMELINES WITH THE SIFT WORKSTATION )
(Lvm m”mmumww/m] .;[ 2.BOOTSIFTVM | ’ ’ e [ oomscrlmmj -
- $ sudo su la SIFT
pad: SIFT Workstation VM Appllance ‘ Logm sansforensrcs | 3 \ ‘ p|ug S o ~ s
BT Workstation Installation Q ) ..APa X forenskes L | Rostand sitach to SIFTWM.: |

E

5. HARD DRIVE MOUNTING (if you are using log2timeline-sift and Single DD you can skip to 7-A) J <+

_ SINGLE OR SPLIT IMAGE (2 options): 1

" ?
| -

S
J

p
# mount -t ntfs -0 ro,loop,show_sys_files,streams_interface=winy
offset=##k# /mnt/ewf/<image> /mnt/windows_mount/

ot_ewf.py image.E01 /mnt/ewf

\

For7-A
age.E01 /mnt/ewf/ > [ MOUNT TO MOUNT POINT

SINGLE IN

E PURPOSE OF THIS REFERENCE
IDE 1S TO WALK THROUGH THE
ESS OF BOOTING THE SIFT
DRKSTATION, CREATING A TIMELINE
SUPER” OR "MICRO") AND \:{
REVIEWING IT.

HOW TO CALCULATE THE OFFSET
FOR MOUNTING

#mmis

2. Identify partition and byte offset
3. (Partition byte offset) x (bytes per
sector) = offset #### to use!
Example: 63 X 512 = 32256

1. Run mmis to guery partition layout
image.EO1

4——————J

f
|
|
!
|
|
|
J
| ex Eorled from FTK Imager ddirllstlvg)
|
|
|
ot
|
|
|}
1
|

Sellsting - CSV B that fs il mount -t ntfs -0 sys_files,streams_interface=windows,offset=#### image.dd /ig J gg:r';ignnef;:: i':’ ,:iﬁ,e,‘:off ; re :;::"_
finux - Generic Linux y i /
'—:‘:ﬂn - Sanonc Mmslgp % 8 Gtz A —— — — - J # mkdir /mnt/windows_mount2/
iehistory - index.dat file containg IE ;
:Is-nlg C log file (& affuse image.001 /mnt/aff % 0‘. “‘M €
ISA text export log file \l mount ~t ntfs-3g o loop,ro,show nt/aff/<image> /mnt/windows i | mmeﬁl
_MI CSV output file from —rall
ﬂ'.."i Bodyﬂ'ldn ?7A&7B
e in x 2
format ( 7-A: AUTOMATED SUPER TIMELINE CREATION NUAL “MICRO" TIMELINE CREATION ] 44— -
mecafee - file -
mft - NTFS MFT file i log2timeline-sift -o <z [TIMEZONE] -p [PARTITION #] -I [IMAGE FILE] ONS] [-f FORMAT] [-z TIMEZONE] [-0 OUTPUT MODULE] [-w HELP? OPTIONS? USAGE?
sl mmgngmf e S = _FILE/LOG_DIR [~] [FORMAT FILE OPTIONS] log2timeline -help
| Atuser - NTUSERDAT registry file L ! ( P for s 2 , 90d rum): )‘ METADATA (using log2timeline or fis) \| toxatimeline St -help
oper- Opera’ sgi:hu history file — - - \Lzr._pm:us -help
:: DP“PCAP“I:M ocument pcap XP | # log2timeline-sift -z ESTSEDT - image . stem data w/log2timeline from mounted file system: — OTHER log2timeline Q ™
pdf - Available PDF document WINT (3 " " 2 # log mift -0 mactime ~=r -z ESTSEDT -w OUTPUT FORMATS
# log2timeline-sift -win7 -z ESTSEDT - image
metadata S i i T mit.bd me/ Note: CSV is Default

recycler

restore 0.9 - Restore point directory
safari - Safariliswr‘ file
sam - SAM registry g

2,
Windows S!’ioﬂiout file {or

WMiprow - wmipr file
.M-XPF&:"M log

List plugins f log2timeline -f list
...HELP EXPAND THIS LIST. BUILD

PLUGINS!!! 1)

BY DAVID NIDES (12/16/2011) <,
TWITTER: @DAVNADS A
BLOG: DAVNADS.BLOGSPOT.COM

WESTTONS/FEED&ACK—CONTACT al

Red text — image/source

Blue text — mount point

Purple text - output file

Green text - log2timeline plugins
Brown text - TimeZone

8
!
|
l
|
|
|
|
|
|
|
|
[
|
|
v

OR Extract N

# fls -m "* -0 off

Convert body file fo
\ ¥ mactime ~b fis.body

e using Sleuthkit:
dd > fis.body
prmat w/ mactime:

| FOR PARTITION (mount and run using all applicable p

xp | # log2timeline-sift -z ESTSEDT -p 0-i partig

WIN7 | # log2timeline-sift -win7 -z ESTSEDT,
L

{:AINIFALTS (run 12| on mounted file'

Lm USAGE EXAMPLES: (Extract artifacts w/ log2timeline and rul

=5 # log2timeline -f firefox3, chrome -0 macti
web.body /mnt/volume/

Convert body file format to CSV format w/ mactimes

\_# mactime -b log2timeline.body ~d > log2timeline.csv

' Display list of available p
# log2timeline -f list
Run log2timeline usg
# log2timeline-sif

Help (man pag

. #log2time

‘use only specific plugins:
eftch =z ESTSEDT -i image.dd

9
e

9. FILTER TIMELINE

i plugins recursively)

gd file system:
E0T -w

-BeeDocs - Mac 05 X visualization tool
-CEF - Common Event Format - ArcSight
<CFTL - XML file- CyberForensics TimeLab
visualization tool
-CSV - comma separated value file
J -Mactime - Both older and newer version of
- the format supported for use by TSK's
i mactime
-SIMILE - XML file - SIMILE timeline
visualization widget
-S0lLite - SQLite database
-TLN - Tab Delimited File
-TLN - Format used by some of H Carvey
tools, expressed as a ASCH output
-TLNX - Format used by some of H Carvey
tools, expressed as a XML document

8.CSVE (/cases/timeline-output-folder) ) ‘
& event, in the format of MM/DD/YYYY

Bf day, expressed in a 24h format, HH:MM:S5

: the timezone that was wsed to call the tool with.

MACE meaning of the fields, comp w/ mactime format.

ce: Source short name (i.e. registry entries are REG)

burcetype: Desc of the source (“Internet Explorer” instead of WEBHIST)
-type: Timestamp type (iLe. “Last Accessed”, “Last Written”)

-user: Usernarme associated with the entry, if one is availabdle.

-host: HoStname associated with the entry, it one is available.

-short: Contains less text than the full description field.

-desc: where majority info is stored, the actual parsed desc of the entry.
-wersion: Version number of the timestamp object.

filename: Filename with the full path that contained the entry

Filter timeline with date range to include only:

Filter timeline with keyword list (one term per line in keywords. txt):
12t_process -b timeline.csv -k keywords.txt > filtered.csv

What sources are in your timeline?

awk-F , ‘{print $6;) timeline.csv| grep-v sourcetype|sort | uniq
Find all LNK files that reference E Drive

grep”Shortcut LNK” timeline.csv| grep”E:”

FiindMountPoints2 entries that reference E Drive
grep”MountPoints2 key” timeline.csv} | grep”E drive”

grepUSB timeline.csv| grep“SetupAPILog”

12t_process -b timeline.csv MM-DD-YYYY..MM-DD-YYYY > filtered.csv

0. CONNECTTOSIFT |

SETTINGS -> OPTIONS -> Shared
5 -» Always Enabled (Check)

.
/ 2.SIFT Desktop > VMware-Shared-Drive

7 Access from a Win Machine
\\SIFTWORKSTATION

Ill

11 REVIEW TIMELINE |

e[

-inode: inode number of the file being parsed. (TFile ~ | A (s B . - - -

-notes: Some input modules insert additional information in the form of a File System M = I Review timelines using:

note, which comes here. Or it can be used during the review. Ext2/3 Modified Accessed  Changed N/A - Open, Soft, Filter with Excel
Hormat: Input module name used to parse the file. FAT Written Accessed N/A Created - - Import into SPLUNK

-extra: Additional information parsed is joined together and put here. NTFS File Modified Accessed MFT Modified Created SIMILE

\UFS_ Modified Accessed Changed  N/A

L
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Content

* Main topics
— Number representation
—C
— RISC-V
* Plus general "Computer Architecture”
knowledge

* Everything till lecture 8 CALL — including
lecture 8



Peer Instruction: Critical Path

Critical
path for addi - 20 lg
31:7 Imm clk Reg[rs?]
. Imm[31:0
R[rd] = R[rs1]+imm
\ 4 \A 4
PCSel Inst[31:0] ImmSelRegWEn BrUnBrLT Bsel ALUSel MemRW WBSel
Control logic BrEq  Asel

toeqg T tadd T timem + treg T tecomp T tatu * tomem + tmux T tsetup
1:clk-q + tIMEM + max{tRegi tImm} + tALU + 2tmux + tSetup

kg + timem + Max{treg, timm} + tary + 3tmux+ tomem + tsetup

None of the above

o0 w p
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Peer Instruction: Critical Path

Critical
path for addi

R[rd] = R[rs1]+imm

| PCSel Inst[31:0] ImmSelRegWEn BrUnBrLT Bsel ALUSel MemRW WBSel
Cantrol lagic BrEg Asel

toeqg T tadd T timem + treg T tecomp T tatu * tomem + tmux T tsetup
*
1:clk-q + tIMEM + max{tRegi tImm} + tALU +2 tmux + 1:Setup

%k
tokg + timem + Max{treg, timm!t + taww + 3 tnux+ tomem + tsetup

o0 w p

None of the above
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Instruction Timing

clk A x Ay
PC old X PC ,{ next
Instr Fetch old X instruction
Instr Decode old X register-out
Execute ALU old X ALU-result
MEM Read old X memory-data
a-—= 1= b 5 - C tey - d - tuem -c-t—it,  —P1

_F | D | B MEM | WwB | Toml

I-MEM Reg Read ALU D-MEM Reg W
200 ps 100 ps 200 ps 200 ps 100 ps 800 ps

40



Instruction Timing

X X 600ps

beq X X X 500ps
jal X X X X 600ps

SW X X X X 700ps

e Maximum clock frequency
f . = 1/800ps = 1.25 GHz
* Most blocks idle most of the time
— E.g8. fraxaw = 1/200ps = 5 GHz!

41



Control Logic Truth Table

Inst[31:0]




Control Realization Options

* ROM

— “Read-Only Memory”
— Regular structure

— Can be easily reprogrammed
* fix errors
* add instructions

— Popular when designing control logic manually

 Combinatorial Logic

— Today, chip designers use logic synthesis tools to convert
truth tables to networks of gates
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RV32l, a nine-bit ISA!

inst[30] inst[14:12] inst[6:2]

:$$ g}g :g g(]iig i k%IIPC 000D000 shamt rsl rd 00 1 SLLI
: : 0000000 shamt rsl 101 rd 00100011 SRLI
imm[20[10:1[11]19:12] rd 1101111 | JAL 0000 T = 101 = 001%1: SRAI
imm([11:0] rsl 000 rd 1100111 | JALR 0000 ) =i 000 d 0110011 | ADD
imm[12[10:5 rs2 rsl 000 | imm[4:1]11 11%&117 BEQ 0000 2 =y 000 rd 0110011 | SUB
imm|12[10:5 rs2 rsl 001 | imm(4:1|11 11 1 BNE 9000000 - = 001 d 0110011 SLL
imm|{12|10:5 rs2 sl 100 imm|4:1|11 1100011 BLT 000000 =9 = 010 =) 0110011 SLT
imm([12[10:5 rs2 rsl 101] | imm[4:1]11 1100011 | BGE ®400000 5 1 011 3 011%? SLTU
fmm[12]10:5 rs2 rsl 110 | imm[4:1/11] | [100011 | BLTU o = o o - OL100iT | XOR
imm|12(10:5 rs2 rsl 111 imm|4:1|11 11 1 BGEU 000000 = =3 T = onoom— SRL
Lo L il w rd T g 0100000 rs2 sl 101 rd 0110011 | SRA
imm|11.0 rsl po1 rd | LK 0000000 152 sl 110 rd 011001 | OR
T o L L B | LW 0000000 rs2 rs] 111 rd on&&? AND
imm(11:0 rs1 100 rd 00001 | LBU o] T pred TIce 0000 0000 DODIIIT | FENCE
_ imm([11:0 rsl oy | poogI1 | LHU 0000 | 0000 | 0000 | 00000 | 001 00000 0001111 | FENCE.I
imm(11:5 rs2 rsl 000 imm|4:0 pLo0g11 | SB 000000000000 |~ 00000 000 00000 1110011 | ECALL
imm(11:5 rs2 rsl 00 | imm[4:0 pL00011 | SH 000000000001 00000 000 00000 1110011 | EBREAK
imm(11:5 rs2 rsl 010 imm[4:0 0100011 | SW S s e RO A 1110011 | CSRRW
imm(11:0 rsl 000 rd DO10011 | ADDI | Not innCS61C = 010 rd 1110011 | CSRRS
imm(11:0 rsl 010 rd V010011 | SLTI PN e T e 011 rd 1110011 | CSRRC
3mm 11:0 rsl 011 rd DOloqll SLTIU CST zimm 101 rd 1110011 CSRRWI
imm(11:0 rsl 100 rd POI0011 | XORI | ot [ zimm 110 rd 1110011 | CSRRSI
mm 11:0 rsl 110 rd 001001 1 ORI [ csr | zimm 111 rd 1110011 CSRRCI
imm|[11:0 rsl 111 rd 0010011 ANDI

Instruction type encoded using only 9 bits
inst[30],inst[14:12], inst[6:2]
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Combinational Logic Control

e Simplest example: BrUn

inst[14:12] inst[6:2] = Branch
imm|[12(10:5] rs2 rsl 000| | imm|4:1|11] 1100011 | BEQ
imm|12[10:5] rs2 rsl 001| | imm[4:1[11] 1100011 BNE
imm|12]10:5] rs2 rsl 100 | imm[4:1]11] 1100011 BLT
imm|12(10:5] rs2 rsl 101| | imm(4:1]11] 1100011 BGE
imm|12[10:5 rs2 rsl - [110| | imm[4:1[11] 1100011 | BLTU
imm[12]10:5] rs2 rsl 111] | imm[4:1]11] 100011 BGEU

* How to decode whether BrUn is 1?

* BrUn = Inst [13] e Branch

45



<

ROM-based Control

11-bit address (inputs) —

Inst[30,14:12,6:2] BrEq BrlLT

PCSel
ImmSel[2:0]
BrUn

ASel

BSel
ALUSel[3:0]

MemRW
RegWEn
WBSel[1:0]

15 data bits (outputs)

46



ROM Controller Implementation

AND OR

Control Word for add

Control Word for sub

Control Word for or

Inst[]
BrEQ
BrLT

P }

Controller output (PCSel, ImmSel, ...)

47



Controller: AND logic (add, sw)

inst[30] inst[14:12] inst[6:2]

e 4 K

(iti00000 2 | rsl 000 | rd [01100i1 | ADD
i imm|[11:5) rs2 ‘ sl | P10 | imm[4:0) _31009]'11 SW

e add= inst[2] ® inst[3] ® inst[4] ® inst[5] ® inst[6] e
inst[12] e inst[13] e inst[14] e inst[30]

e sw= inst[2] e inst[3] ® inst[4] ® inst[5] ® inst[6] e
inst[12] e inst[13] e inst[14]

AND Controller Logic
2 3 4 5 6 12 13 14 30 unused
add xor(i[2], 1 )exor(i[3], 1 )exor(i[4], 0 )exor(i[5], 0 )exor(i[6], 1 )exor(i[12], 1 )exor(i[13], 1 )exor(i[14], 1 )e(xor(i[30], 1 )+ 0 )
swW xor(i[2], 1 )exor(i[3], 1 )exor(i[4], 1 )exor(i[5], 0 )exor(i[6], 1 )exor(i[12], 1 )exor(i[13], 1 )exor(i[14], 1 )e(xor(i[30], 1 )+ 1 )

* bne_ t= bne ¢ BrEQ
* bne f= bne ¢ BrEQ "



Controller: OR logic

PCSel Inst[31:0] ImmSelRegWEn BrUnBrLT Bsel ALUSel MemRW WBSel
. Asel
Control logic BrEq s€

e MemRW =sw+sh+sb

e WBSel[0] =add+ (all reg.toreg.)+ AUIPC + ...
e WBSel[1] =JALR+JAL

 PCSel =beq t+bne t+blt t+bltu t+
jal +jalr

49



Control Logic Truth Table

Inst[31:0]




ROM Controller Implementation

AND OR

Control Word for add

Control Word for sub

Control Word for or

Inst[]
BrEQ
BrLT

P }

Controller output (PCSel, ImmSel, ...)
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Call home, we’ve made HW/SW contact!

High Level Language
Program (e.g., C%

Compiler

Assembly Language
Program (e.g.,RISC-V)

Assembler

Machine Language
Program (RISC-V)
| |

Machine
Interpretation

Hardware Architecture Description
(e.g., block diagrams)

Architecture
Implementation

Logic Circuit Description
(Circuit Schematic Diagrams)
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“And In conclusion...”

* We have built a processor!

— Capable of executing all RISC-V instructions in one cycle
each

— Not all units (hardware) used by all instructions
— Critical path changes
* 5 Phases of execution
— |IF, ID, EX, MEM, WB
— Not all instructions are active in all phases

* Controller specifies how to execute instructions
— Implemented as ROM or logic
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