Functional Verification: RTL2ZMuPATH
(Overview)
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Overview: Synthesizing formally verified microarchitectural
execution paths (WPATHs) from SystemVerilog RTL

rDesign Under Verification |

| (DUV): SystemVerilog RTL |

6esign Metadata: )
* All instruction encodings

Can also uncover using HW
event counters in a closed-

box manner

R R TL2MHPATH

* uFSM signal names
* Instruction fetch register

\s Commit signal

J

(designer-friendly)

CounterPoint  [Lindsay+,
ASPLOS 26, Best Paper Award]

]

Node: Specific inst (ST)
inducing a specific parch
event (updating comSTB)
in a specific cycle.

( All reachable
MPATHS per inst

~Functional
Contract

’Q
-~
ADD ADD BEQ BEQ ST ST
IF comSTB
ID(1) wBTn(1)
ID(2) Mem(1)
issue wBVd(1) Edge: One-cycle
LLSSC:I(&; wr$0 happens-before
Idstall(1) WRTg(1) relationship
Idstall(l) wBTn(2)
IdFin Mem(2)
scblss(1) wBVd(2)
schlss(l) wRTg(2)
scbFin(1) wBTn(3)
schFin(l) Mem(3)
scbCmt wBVd(3)
scbEx HB order for Implicit
memRq totally-ordered nodes

Cycle-accurate (or logical) microarchitectural
happens-before (LHB) graphs [Lustig+, MICRO’14]
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THE VERIFICATION CHALLENGE « RTL2MUPATH [ RTL2MpPATH -« [Hsiao+, MICRO24] « [Hsiao+, HES Top Pick Shortlist’26] |

Example: Synthesizing formally verified MUL nPATHs from a
simple processor

ALU All ADD uPATHs \
SU AILMUL WPATHs "\
MUL
Multiplication Unit MUL_mulU(MULNi0):
\ - :

if (10.0p0==0 ||

e i0.opl ): eyc 1
X return
mem cyc 2
SystemVerilog DUV
_ . = Zero-Skip Optimization cyc3
Design Metadata

Complete set of UPATHSs per inst
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Key Challenge: Encoding a phb node—as a set of state updates
induced by some instruction—as a function of DUV signals 1s hard

<inst>: MUL « Encoding edges? Easy with

ALU || op0 p
LSU || op1 IF SystemVerilog Assertions (SVAs), ##1
P —~— * Encoding nodes? Hard with SVAs
Ci ID requires detecting & attributing
P state updates to a specific inst
e ) acc(1)
Multiplication Unit (mulU)
—— acc(2)
|F | DX WB” <UPATH>: < acc(3)
LlS . WB
mem for

over ., example‘v ’[ All reachable

SystemVerilog DUV
b

Design Metadata
g Ask a model checker... tﬂz

P: Can <inst> exhibit l x

property template"\><MPATH> in any execution? Discard unreachable WPATHSs
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Key Challenge: Encoding a phb node—as a set of state updates
induced by some instruction—as a function of DUV signals 1s hard

Why? M i i in-flight sim n ! . .
[ y? Many instructions (colors) in-flight simultaneously ] MUL - Encoding edges? Easy with
Frontend 1D commit/ . EXE IF SystemVerilog Assertions (SVAs), ##1
_. issue —= 3th st « Encoding nodes? Hard with SVAs
[Tt | ID requires detecting & attributing
I — »| mem state updates to a specific inst
regfile i " a CC(].) SPECITIC INST
pC [ csr_buff [ 1d buff |«
Mux . ALU_|— acc 2
BTB/ branch unit — ( )
PHT/ scoreboard
Rf\:| isud | o .|pc |xpt |v1d aCC(3)
..... WB
—— for

SystemVerilog DUV Cove example;" All reachable
] g RTL2MpuPATH gV IR I TTTRYD N
Design Metadata &8

Ask a model checker...

D
P: Can <inst> exhibit l
<UPATH> in any execution? X

property template ™ Discard unreachable LWPATHSs

Stanford | ENGINEERING



THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Our Solution: Encoding phb nodes as performing locations (PLs)
using micro-op finite state W 7

ALU || op0 Instruction-identifying register (lIR), e.g.,

==(0? . .
LSU || op1 ctrl register holding PC value. State variables,
K encoding a concrete
pc_i PCR acC o stateVars FSM state

Multiplicati®” ‘Wit (mulU)

0x42 MUL " An instruction occupies/ visits T"::;—OF: Ftin\ilte S>t€:te lMachine ( ):
r1oX w2 UFSM by placing a unique » StateVars=tupie .
- identifier (e.g., its PC) in the . Orchestrgte |ns'Fruct|on executlpn from
L1S] (WFSM’sIIR (e.g, its PCR). fetch until possibly after commit
T  Control instruction state updates per-cycle
mem
SystemVerilog DUV
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Our Solution: Encoding phb nodes as performing locations (PLs)
using micro-op finite state machines (LWFSMs)

ALU I stateVars I
LSU
Micro-op Finite State Machine ( ):
* <lIR, stateVars> tuple
Multiplication Unit (mulU) * Orchestrate instruction execution from
——— fetch until possibly after commit
 Control instruction state updates per-cycle
IF [ px]wB PrT= ety
I SIDLE MUL MUL
L1S Updates: N/A IF
L sMUL 8 PCR == 0x42 &&
;; D ) = O
SySte sFIN Z[Ctrl ==sMUL ]
Updates: acg, ... é
p Updates: acc, .. acc(
MUL updates acc . Performing location (PL):
when ctrl == SMU'—J . Concrete non-idle state of a uFSM
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Our Procedure: Uncover node uPATH backbones = uncover
uPATH edges -> uncover full uPATHs

ALU
LSU
PCR
Multlpllcatlon Unit (mulU)
IF | DX WB”
L13
mem
| SystemVerilog DUV |—
esign Metadata:

Step 1: Synthesizing sets of nodes
that can form reachable uPATHSs

* All instruction encodings
* Instruction fetch register
¢ Commit signal
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Our Procedure: Uncover node uPATH backbones = uncover
uPATH edges = uncover full uPATHSs

ALU o
: S
: ~ @ property templates t%l

Ask a model checker... )
Multiplication Unit (mulU) \
— ———el MUL MUL MUL MUL Can any inst visit <PL>?
IF | px|ws e O O
X Can <inst> visit <PL>?
e "PLe < O O O
mem O O Can <1nst>.v151t <PLO> and
not <PL1> in some PPATH?
| SystemVerilog DUV |— O O O
- . Ny J Can <inst> visit <PL®> and
esign Metadata: Y

* All instruction encodings Worst case: 2" sets (n > 40) <PL1> in some PPATH?
signal names

« Instruction fetch register | Step 1A: Enumerate all possible (concrete  Step 1B: SVA prope_rty-d riven
+ Commit signal ) w/ netlist analysis UPATH pruning
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THE VERIFICATION CHALLENGE « RTL2ZMUPATH [ RTL2MpPATH - [Hsiao+, MICRO’24] - [Hsiao+, HES Top Pick Shortlist’26] |

Our Procedure: Uncover node uPATH backbones = uncover
uPATH edges = uncover full uPATHSs

ALU = Step 1: Synthesizing sets of nodes "%x
TS0 m C_sIDLE > that can form reachable yPATHs  Ask a model checker...| a=
( ilein Visit
. Details in
. GMD’Q Step 2: Synthes g ullRATHSbYax: = (o oaoen <
: - ~ CSFIN D adding edges to reachable node sets  iigsvme praTH?
Multiplication Unit (mulU) X v/ X
— - MUL MUL
IF | DX|WB ( g] @)
" Candidate
n
LlS < - » O sets of nodes
mem O (10s to ~1K)
SystemVerilog DUV L O O
esign Metadata: —_—
* All ms“’?‘c“‘in encodings Step 1A: Enumerate all Step 1B: SVA Step 1C: Embed node
® Signal names . . .
« Instruction fetch register —» possible (copcrete . property-d riven sets as SVA pro peri.:l.es to
« Commit signal ) w/ netlist analysis ~ uPATH pruning deduce reachability
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Functional Verification: RTL2ZMuPATH
(Hands-On)
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RTL2MuPATH for uPATH Synthesis

| |dentify signals that make up PLs |

Identify reachable PLs for any
instruction

Identify reachable PLs per-
instruction type

Identify dependent pairs of PLs
to prune candidate sets

ecercorpe )

|dentify reachable sets of PLs

e

Determine uPATH nodes

Entering/leaving happens-before
edges for revisited PLs

Identify all uPATH decision
points

Determine pPATH edges
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Roadmap: Apply RTL2MpPATH on CVA6

Step 1: [Input] uFSM annotation
Step 2: [Inside] Per-instruction PL reachability
Step 3: [Inside] PL set (node set) discovery per instruction

Step 4: [Inside] Happens-before edge discovery

All examples in this section use the CVA6 (Ariane) processor.

We will work under rtl2mupath/ folder:

$ cd ~/fava_isca2026/rt12mupath/fv && . ./setup_scripts.sh && cd ../
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[Hands-On] Finding and Annotating uFSMs

Step 1: Supply uFSM design metadata
- PCR: reg that holds the PC of the instruction occupying this uFSM

- State vars: regs that encode this uFSM’s concrete state

$ vim fv/annotation_pcr_ufsms.txt Input Metadata
// (name, pcr, state_varl|commit_cond, state_var2|commit_cond,...)
// one line per field and each unique tuple is separated by empty lines

serdiv_unit_divide // User—-defined pFSM name
ex_stage_i.i_mult.i_div.pc_q // PCR for serdiv unit
ex_stage_i.i mult.i_div.state_q,0 // State variable 1, idle state 0

id_stage // user-define

1
2
3
4
5
6
7
8
9

id_stage_i.issue_qg.valid,

issue

fv/annotation_pcr_ufsms.txt
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[Hands-On] Finding and Annotating uFSMs

CVAG6 block diagram

Step 1: Supply uFSM design

Frontend EXE
metadata - - ] =
B F ariane (ariane) —-
. oy . . ¥ i frontend (frontend:{ArianeCfg="{2/| > lI—_"\ '
Example 1: Hierarchical 5 D id stage | (d stage) ——\ (st unit |

name of PCR and state
variables in the serial
division unit

& {F issue stage i(issue stage:(NR ENT
- P [Mui/Div |

- ik branch_unit_i (branch_unit)

rial division unit
- 1k csr buffer i(csr_buffer) Se >on 4

zoreboard
.| pc|xpt|vld
: . . . : . (commit_stage:(NR_ ;
Signal instantiated in the file relative to the top  regfile:(AsidWidth- i
module has prefix “ex_stage_i.i_mult.i_div” troller) || 2o ¥

Opening RTL hierarchy in Jasper
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[Hands-On] Finding and Annotating uFSMs

18 module serdiv import ariane_pkg

Step 1: Supply uFSM design b
metadata i
. Example 1: Hierarchicalname |

of PCR and state variables in }gg
the serial division unit =
$ vim cvab/core/serdiv.sv =

175
Input Metadata 176

1 // (name, pcr, state_varl|commit_cond, 177
state_var2|commit_cond,...) .

2 // one line per field and each unique 181
tuple is separated by empty lines 183

3

4 serdiv_unit divide // user-—-defined

5 ex stage i.i mult.i div.pc_q

6 ex_stage_i.i_mult.i_div.state_q,0
fv/annotation_pcr_ufsms.txt

230
231
232
233

enum logic [1:0

parameter WIDTH 64

IDLE, DIVIDE, FINISH
riscv::VLEN-1:0 pc_g, pc_d

state_d, | state_q

logic

unique case
IDLE: begin

state_q

state_d DIVIDE
DIVIDE: begin
if(~div_res_zero_q) begin
a_reg_en ab_domp
b_reg_en 1l

if(div_res_zero_q) begin
state_d FIMISH

assign op_a_d
aseerT0p_b_d
assign res_d
res_reg_en

a_reg”en
b~Teg_en
load_en '0

res_q res_q)-1:0

cvab/core/serdiv.sv
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[Hands-On] Finding and Annotating uFSMs

Step 1: Supply pFSM design metadata CVAS block diagram

. Frontend ID commit/ . EXE
° . ° Sq
Example.z. F.md PCR for the = issue -
decode pipeline stage i ml——
1% 1d_op
& ik ariane (ariane) regfile
L e b {2 ‘
P ="
L U2 _SCclllsell e Mux . -
— BTB/ branch unit }—
Signal instantiated in the file relative to the top PRTS/ scoreboard
module has prefix “id_stage_i” _ isud |...[pc|xpt|vid
i - mg 0 oo <
|

A A

. B 1k Isu_i (load_store_unit:(ASID_WID'
1F commit_stage_i (commit_stage:(NR_
{F csr_regfile i (csr_regfile:(AsidWidth=

= 1F controller_i {controller)
- Packages ID st
Opening RTL hierarchy in Jasper stage

-

I
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[Hands-On] Finding and Annotating uFSMs

16 module id_stage

. 17 input Tlogic clk_1i
Step 1: Supply pFSM design metadata [ s
. 42 // ID/ISSUE register stage
. Example 2: Find PCR for the 43 struct packed
. . 44 logic valid
decode Plpellne stage 45 ariane_pkg: : scoreboard_entry_t lsbe
. . 46 Logic is_ctrl_flow
$ vim -0 C\_/a6/core/1q_stage.sv 47 issue_n [Tssue g
cva6b/core/include/ariane_pkg.sv A
fv/annotation pcr ufsms.txt 320 always_ff @(posedge clk_i or negedge rst_ni) begih

124 issue_q issue_n

s end
Input Metadata 6 end

1// (name, pcr, State_var1|commit_cond, cvab/core/id_stage.sv

state_var2|commit_cond,...) [ ———

2 // one line per field and each unique // ID/EX/WB Stage
tuple is separated by empty lines /] ————————————
typedef struct.peaerked
8 id_stage // user—define LogiC [riscv::VLEN-1:0 pC .
> 9 : logic [TRANS_ID BITS-1:0! trans_id

10 1d_stage_i.issue_q.valid, @
fv/annotation_pcr_ufsms. txt

scoreboard_entry_t
cvab/core/include/ariane_pkg.sv

Stanford | ENGINEERING



[Hands-On] Finding and Annotating uFSMs

16 module id_stage

. 17 input Tlogic clk_1i
Step 1: Supply pFSM design metadata [ e
. 42 // ID/ISSUE register stage
. Example 2: Find PCR for the 43 struct packed
inali 44 logic valid
decode Plpellne stage 45 ariane_pkg: : scoreboard_entry_t sbe
. . 46 logic rs=ctrl_flow
$ vim -0 C\_/a6/core/1q_stage.sv 47 issue_n, [ssve_g
cva6b/core/include/ariane_pkg.sv ...
fv/annotation pcr ufsms.txt 120 always_ff @(posedge clk_i or negedge rst_ni) begin

124 issue_q issue_n

125 end
Input Metadata 126 end

1 // (name, pcr, state_varl|commit_cond, cvab/core/id_stage.sv
state_var2|commit_cond,...)  ®590 /) ——
2 // one line per field and each unique // ID/EX/WB Stage

tuple is separated by empty lines YA —
. typedef struct packed

8 id_stage // user—define logic [riscv::VLEN-1:0 pC .
9 id_stage_i.issue_q.sbe.pc logic [TRANS_ID_BITS-1:0[~Trans_id

10 1d_stage_i.issue_q.valid, @
fv/annotation_pcr_ufsms. txt

scoreboard_entry_t
cvab/core/include/ariane_pkg.sv
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Roadmap: Apply RTL2MpPATH on CVA6

Step 1: [Input] uFSM annotation
Step 2: [Inside] Per-instruction PL reachability
Step 3: [Inside] PL set (node set) discovery per instruction

Step 4: [Inside] Happens-before edge discovery
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[Hands-On] Per-instruction PL reachability

Step 2a: Enumerate all possible PLs (con¢’ permmrmrsr wa R R e

. . 19 arameter WIDTH 64
widths of the annotated puFSM signals 20 (
$ vim —o fv/annotation_pcr_ufsms.txt .
—F=1 = 45 1 1:0] {IDLE, DIVIDE, FINISH
fv/xDUVPLs/perf_loc.sv state_d  state q;
Input Metadata 54 logic [riscv::VLEN-1:0 pc_q, pc_d

1 // (name, pcr, state_varl|commit_cond, cvab/core/serdiv.sv
state_var2|commit_cond,...)

2 // one line per field and each unique Intermediate Output
tuple is separated by empty lines

1 wire|serdiv_unit_divide_s1]

p ex_stage_1.1_mult.i_div.state_q 2'dl
3 1'bl

4 wire serdiv_unit_divide_s?2

5 ex_stage_i.i_mult.i_div.state_q 2'd2
6 1'bl
7
8
9

3 .

4 serdiv_unit_divide // user—de Idle state

5 ex_stage_i.i_mult.i_div.pc_q

6 ex_stage_i.i_mult.i_div.state_q,0
fv/annotation_pcr_ufsms. txt

Intermediate Output

wire serdiv_unit_divide_s3
ex_stage_i.i_mult.i_div.state_q 2'd3
1'bl

[LWESM variable name, signal width
1 ex_stage_i.i mult.i_div.state_q,2

/- 14_stage_1i.1ssUe_qg.vaclid, I

. : fv/xDUVPLs/perf_loc.sv
fv/xDUVPLs/sig_width. txt

Stanford | ENGINEERING




[Hands-On] Per-instruction PL reachability

Step 2b: Uncover per-instruction PLs: An inst visits a PL by placing its PC in the
UFSM’s PCR and assigning its concrete non-idle state to the uFSM’s state variables

« Example: Fill in expression to encode a LW inst visits serdiv_unit_divide_s1
$ vim -o fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv

Intermediate Output

LW pc@_i@_assoc_1: assume property posedge clk_i
id_stage_i.fetch_entry_i.address pco id_stage_i.instruction i0
serdiv_unit_ O wire serdiv_unit_divide_s1
divide_sl1

(div in progress)
_ _ 1'bl
serdiv_unit_
divide_s2

(div finished)

LW_0: assume property (i0[14:12 3'b010
LW_1: assume property (i@[11:7 5'do
LW_

i
i
i 2: assume property (i0(6:0 7'b0000011

C_0: cover property posedge clk_i) serdiv_unit_divide_sl
fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv
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[Hands-On] Per-instruction PL reachability

Step 2b: Uncover per-instruction PLs: An inst visits a PL by placing its PC in the
UFSM’s PCR and assigning its concrete non-idle state to the uFSM’s state variables

« Example: Fill in expression to encode a LW inst visits serdiv_unit_divide_s1
$ vim -o fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv

Intermediate Output

T T e same-cycle implication T its encoding is 10
LW pc@_i@_assoc_1l: assume propei .y VIVEISIVIVTOR v,
id_stage_i.fetch_entry_i.address pco id_stage_i.instruction i0
serd ;v__unit_ O wire serdiv_unit_divide s1 symbolic pc@ is at fetch stage
divide_sl1

(div in progress) 10 visits serdiv_unit_s1 PL

serdiv_unit_
divide_s2 i0[14:12 3'b010

(div finished) ' 1: assume property (i@[11:7 5'do i@ constrained as a LW
' 2: assume property (i0(6:0 7'b0000011

C_0: cover property posedge clk_i) serdiv_unit_divide_sl
fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv
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[Hands-On] Per-instruction PL reachability

Step 2b: Uncover per-instruction PLs: An inst visits a PL by placing its PC in the
UFSM’s PCR and assigning its concrete non-idle state to the uFSM’s state variables

« Example: Fill in expression to encode a LW inst visits serdiv_unit_divide_s1
$ vim -o fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv

Intermediate Output

LW 55 pc@_i0_assoc_1: assume property posedge clk_i
56 id_stage_i.fetch_entry_i.address pco id_stage_i.instruction i0
serdiv_unit_ <:> 82 wire serdiv_unit_divide sl
divide_sl1 83 (ex_stage_i.i_mult.i_div.pc_q = pc@)
(div in progress) 84  (ex_stage_i.i_mult.i_div.state_q == 2'dl)
) ] 85 1'bl
serdiv_unit_
divide_s2 318 i_LW_@: assume property (i@[14:12 3'b010
(div finished) 319 i_LW_1: assume property (i@[11:7 5'do
320 i_LW_2: assume property (i0[6:0 7'b0000011

321 C_0: cover property posedge clk_i) serdiv_unit_divide_sl
fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv
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[Hands-On] Per-instruction PL reachability

Step 2b: Uncover per-instruction PLs: An inst visits a PL by placing its PC in the
UFSM’s PCR and assigning its concrete non-idle state to the uFSM’s state variables

 Example: Determine whether a LW inst visits serdiv_unit_divide_s1

$ cd fv && mkdir xEval

$ ./RUN_JG.sh —j xEval —s synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv

1asKk lee M~ TIUpEILY lauie

~

a:
Name [ ] [Resuit | 8 <[ No filter =||v-Filter on name

e & P~
=- All Tasks w7 |Type 7 |Name v |Engine7 |Bound |Traces|Time |Task B
- <embedded> [_10:70:0:0 S . —
i T |® Assume ariane.ex_stage_i.Isu_i.i_store_un...|? 0 0.0 mytask
mytask 5 B 18:16:6:0 I ] - -
2/@® Assume ariane.ex stage i.lsu i.i store un... ? 0 0.0 myta_sk
¥ [Cover ariane.C_0 AD (7) Infinite |0 1.1 mytask
X Cover arane.C 1 AD (8] nhnite 0 0.2 Mytask
%‘ « Cover ariane.C_10 Tri 10 1 2.9/ mytask J
E, « | Cover ariane.C_11 AM 6 1 0.3 mytask
i 6 22 g|%X Cover ariane.C_12 AD (9) |Infinite |0 1.1 mytask
ick “Task Tr : < Limy
Cl C as ee S|v [Cover ariane.C_13 Tri 2-3 1 2.9 mytask
i ~/| Cover ariane.C 14 Tri 8 | 1 1.5/mytask _[;I
4 3
Design Hierarchy | Task Tree ﬂ [Total: 192 [Filtered: 81  [Selected: 1 |Validity: 18:6:16:41 [Run: 41:0:16:24

{1 session_0 |

¥ - @0 F

cover property clk_i

serdiv_unit_divide_sl

fv/synthlc/i_LW_out/xCoverAPerflocDiv/out/cover_individual.sv
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Roadmap: Apply RTL2MpPATH on CVA6

Step 1: [Input] uFSM annotation
Step 2: [Inside] Per-instruction PL reachability
Step 3: [Inside] PL set (node set) discovery per instruction

Step 4: [Inside] Happens-before edge discovery
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[Hands-On] PL set (node set) discovery per instruction

Step 3: For each candidate PL set, check if an instruction can visit exactly the
nodes in the set, but no others in some reachable execution.

Example: Fill in the property to determine if a LW inst visits the deplcted PL set

$ vim synthlc/i_LW_out/xPerfLocSubsetDiv/covertest/covegng _
Symbollc instruction with pcO with

Intermediate Output symbolic encoding being i0
LW 55 pc@_i@_assoc_1: assume property posedge clk_i
} 56 id_stage_i.fetch_entry_i.address pc@ id_stage_i.instruction 10
id_stage_sl1 Q) .
. 90 wire id_stage_sl . . . e
issue_s16 QO 01] (id_stage i.issue_g.sbe.pc == pc@ Symbo!|C|nstruct|on i0 visiting
p id_stage_i.issue_q.valid 1'd1 id_stage_s1PL
mem_req_sl QO e
322 reg id_stage_s1_hpn P . .
scb_0_s8 O 323 always @(posedge clk_i) begin i0 visited id_stage_s1 PL in past
if (lrst_ni
scb_0_s12 id_stage_s1_hpn 1'b0 o :
else if (id_stage._sl Ever a cycle where visited signals
scb_0_s13 O id_stage_s1_hpn 1'bl for the PLs in the set are true
load_unit_s1 O 441 C_0_N: cover property posedge clk_i) id_stage_s1_hpn
) 1'b1 id_stage_sl
load_unit_buff_s1 O issue_s16 | scb_0_s13 | scb_@_s8 | load_unit_s1 | load_unit_buff_s1 | mem_req_s1l | 1'b0

fv/synthlc/i_LW_out/xPerfLocSubsetDiv/ eIl RGNS CA T EIT=ET A6
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[Hands-On] PL set (node set) discovery per instruction

Step 3: For each candidate PL set, check if an instruction can visit exactly the
nodes in the set, but no others in some reachable execution.

Example: Fill in the property to determine if a LW inst visits the depicted PL set
$ vim synthlc/i_LW_out/xPerfLocSubsetDiv/covertest/coverset_0.sv

Intermediate Output

LW 55 pc@_i@_assoc_1: assume property posedge clk_i
} 56 id_stage_i.fetch_entry_i.address pc@ id_stage_i.instruction 10
id_stage_sl1 Q) .
. 90 wire id_stage_sl
issue_s16 O 91 id_stage_i.issue_q.sbe.pc pco
92 id_stage_i.issue_q.valid 1'd1l
mem_req_sl QO ..
322 reg id_stage_s1_hpn
scb_0_s8 O 323 always @(posedge clk_i) begin
if (lrst_ni
scb_0_s12 id_stage_s1_hpn 1'b0
else if (id_stage_sl
scb_0_s13 O id_stage_s1_hpn 1'bl
load_unit_s1 O 441 C_0_N: cover property posedge clk_i) id_stage_s1_hpn & issue_s16_hpn & mem_req_sl_hpn &
sch_0_s13_hpn & sch_0_s8 hpn & load_unit_sl_hpn & load_unit_buff_sl_hpn 1'b1 id_stage_sl
load_unit_buff_s1 O issue_s16 | scbh_0_s13 | scb_@_s8 | load_unit_s1 | load_unit_buff_s1 | mem_req_s1l | 1'b0

fv/synthlc/i_LW_out/xPerfLocSubsetDiv/covertest/coverset_0.sv
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[Hands-On] PL set (node set) discovery per instruction

Step 3: For each candidate PL set, check if an instruction can visit exactly the
nodes in the set, but no others in some reachable execution.

Example: Cover property to determine if a LW inst visits the depicted PL set

$ ./RUN_JG.sh —j xEval -s synthlc/i_LW_ out/xPerfLocSubsetDiv/covertest/coverset_0.sv

id_stage_sl1
issue_s16
mem_req_s1
scb_0_s8
scb_0_s12
scb_0_s13
load_unit_s1
load_unit_buff_s1

OO0 0000kt

Pivpeity e

B «* | No filter =||v-Filter on name los RRINPEAT
i ?lType 'w‘lName ¥ |Engine ¥ | Bound |Traces|Time |Task |Y$"
E @ |Assume ariane.issue_stage_i.i_scoreboar... |? 0 0.0/ mytask

§' @ |Assume ariane.issue_stage_i.i_scoreboar... |? 0 0.0/ mytask

i @ |Assume ariane.issue_stage_i.i_scoreboar... |? 0 0.0/ mytask

@9 @ |Assume ariane.ex_stage_i.lsu_i.i_ord_sra... |? 0 0.0/ mytask

3|@ |Assume ariane.ex_stage_i.lsu_i.i_store_un...|? 0 0.0 mytask

_ " N .o

o|® |Assume ariane.ex_stage i.lsu_i.i_store u . 0.0 mytask

o _ _1Isu_LLI_ _

g|®@ Assume ariane.ex_stage_i.lsu_i.i_store_u DOUble CIICk 0.0 mytask

o

O|® |Assume ariane.ex stage i.lsu i.i store un...|? 0 0.0 mytask

ariane.C_ 0_N

Total: 142 Filtered: 142 |Selected: 1

[Validity: 1:0:31:110 [Run: 141:0:0:1]

cover property clk_i) id_stage_s1_hpn issue_s16_hpn scb_0_s13_hpn

scb_0_s8 hpn load_unit_s1_hpn

issue_s16 | scb_0_s13 scb_0_s8 load_unit_s1

load_unit_buff_s1 hpn & mem_req_s1_hpn id_stage_sl

load_unit_buff_s1 | mem_req_s1l

fv/synthlc/i_LW_out/xPerfLocSubsetDiv/covertest/coverset_0.sv
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[Hands-On] PL set (node set) discovery per instruction

Step 3: For each candidate PL set, check if an instruction can visit exactly the
nodes in the set, but no others in some reachable execution.

Example: Cover property to determine if a LW inst visits the depicted PL set

$ ./RUN_JG.sh -j xEval -s synthlc/i_LW_out/xPerfLocSubsetDiv/covertest/coverset_0.sv

\/ + g<<Target>>::tx [*>>::tx
LW n L load_unit_s1 1\
. ~ . load_unit_buff s1 — v
id_stage_s1 Q) L ‘mem req s1 —
issue s16 O - id_stage_s1 _hpn !
- - issue_s16_hpn /
mem_req_s1 O . scb 0 s13 hpn ]
- scb 0 s8 hpn /
scb_0_s8 O - load_unit_s1_hpn f
-load_unit_buff s1 '
SCb_0_s12 - mem_req_s1 hpn /
sch_0_s13 QO - idstagesil__y [ |
- i issue s16 5 f |
load_unit_s1 O i scb_0_s13 1 |
™ scb 0 s8 |
load_unit_buff_s1 QO \_77—'
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Roadmap: Apply RTL2MpPATH on CVA6

Step 1: [Input] uFSM annotation
Step 2: [Inside] IUV PL reachability
Step 3: [Inside] PL set (node set) discovery per instruction

Step 4: [Inside] Happens-before edge discovery
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[Hands-On] Happens-before edge discovery

Step 4: Netlist analysis derives candidate happens-before edges among PLs.
RTL2MUPATH encodes them as SVAs to check whether each is a true HB relation.
Example: A property that asserts a LW always visits id_stage_s1 before issue_s16
$ vim synthlc/i_LW_out/xHBPerfG_dfg_v3_div/out/HB_59.sv

Happens-before assertion template:

HB_<NUM>: assert property (@(posedge <CLK>)
(<PL1>) && I<PL1> hpn | — ' (<PL2>_hpn || (<PL2>)

Instruction visiting SVA syntax: Instruction is not currently in PL2
PL1 for the 15ttime Same-cycle implication and has never visited PL2 before

id_stage_sl Q?

issue_s16
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[Hands-On] Happens-before edge discovery

Step 4: Netlist analysis derives candidate happens-before edges among PLs.
RTL2MUPATH encodes them as SVAs to check whether each is a true HB relation.
Example: A property that asserts a LW always visits id_stage_s1 before issue_s16
$ vim synthlc/i_LW_out/xHBPerfG_dfg_v3_div/out/HB_59.sv

Happens-before assertion template:

HB_<NUM>: assert property (@(posedge <CLK>)

((<PL1>) && !'<PL1>_hpn) |-> !(<PL2>_hpn || (<PL2>)));
Intermediate Output

322 reg 1id_stage_s1_hpn

? 326 else if (id_stage_sl
issue_s16 6 327 id_stage_s1_hpn 1'bl

LW
id_stage_sl Q

Instruction is visiting

334 else if (issue_s16 id_stage forthe 15ttime

335 issue_sl16_hpn 1'bl
339 HB_59: assert property posedge clk_i
issue_s16_hpn issue_s16

Instruction is not visiting issue_s16 v/synthlc/i_LW_out/xHBPerfG_dfg_v3_div/out/HB_59.sv
and has not visited issue_s16 before

id_stage_sl id_stage_s1_hpn
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[Hands-On] Happens-before edge discovery

Step 4: Netlist analysis derives candidate happens-before edges among PLs.
RTL2MUPATH encodes them as SVAs to check whether each is a true HB relation.
Example: A property that asserts a LW always visits id_stage_s1 before issue_s16
$ ./RUN_JG.sh -j xEval -s synthlc/i_LW_out/xHBPerfG_dfg_v3_div/out/HB_59.sv

L L il
Design Hierarchy X Property Table X

2 m ariane (ariane) <[ 8 l‘lgNo filter jl Filter on name m E Pva
O * i_frontend (frontend:(ArianeCfg="'{2,32,128,32'b010,1024"
O ¢ id_stage_i (id_stage) " ‘:‘lType ‘r’lName ¥ |Engine¥ |Bound |Traces|Time |Task |‘? Tr‘lsij
O i issue_stage_i (issue_stage:(NR_ENTRIES=32'b0100,NR_WB g @ |Assume ariane.issue_stage_i.i_scoreboar... |? 0 0.0/ mytask A
O & ex_stage_i (ex_stage:(ASID_WIDTH=32'b010000,ArianeCfg o : : T P
LW 0T commit stage i (commit stage:(NR_COMMIT PORTS=32'b( g @ |Assume arTane.lssueistag!eil.Lvs‘coreboar... 7 0 0.0 mytask A
O csr_regfile_i (csr_regfile:(AsidWidth=16,NrCommitPorts=32 | = @ |Assume ariane.ex_stage_i.Isu_i.i_ord_sra... |7 0 0.0/ mytask A
. O 1 controller_i (controller) w|@ Assume ariane.ex_stage_i.lsu_i.i_store_un...|? 0 0.0/ mytask A
ld_Stage_Sl = 04 Packages ) %‘ @ |Assume |ariane.ex_stage i.lsu_i.i_store_un...|? 0 0.0 mytask A
oo a'naneﬁpkg (ariane_pkg) o|® Assume ariane.ex_stage i.Isu i.i store un...|? 0 0.0 mytask A
O & riscv (riscv) = - = = =" =
. O & cvab_config pkg (cva6_config pkg) - o e a o0
issue_s16 08 dm (dm) 5, __Assert ___ariane.HB 59 AD (6) _Infinite_0____
_— 4
Design Hierarchy [ Task Tree | Total: 114 Filtered: 114 |Selected: 1

\Validity: 2:0:32:80 |Run: 112:0:0:2

assert property clk_1i id_stage_sl id_stage_s1_hpn
issue_s16_hpn issue_s16

fv/synthlc/i_LW_out/xHBPerfG_dfg_v3_div/out/HB_59.sv
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[Hands-On] uPATH visualization

$ cd ~/fava_isca2026/rt12mupath

$ xdg—open
all_paths_html/IA/i_ LW _III/xSummarize/nonisograph
/com_46_0_0.png

LW
id_stage_s1 simplified core-level
LW ppath w/ unused
row labels omitted

mem_req_s1 —

scb_0_s8
scb_0_s12
scb_0_s13

issue_s16

load_unit_s1

load_unit_buff_s1

scb_0_s8_final

scb_1_s12

scb_1_s12__final mem_req_s1 ‘

sch 1513
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Other outputs

Run RTL2MuPATH end-to-end:
e ./run_an_inst.sh <instr>.sv

Per-instruction outputs are in directories:

« fv/synthlc/i_LW_out/
fv/synthlc/i_DIV_out/

« fv/synthlc/i_SW_out/

Per instruction directory, all uPATH outputs are depicted in .png files:
« fv/synthlc/i_<instr>_out/xSummarize/nonisograph/*.png
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