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Introduction Waveform Analysis Language [6,7,8,9]

Hardware analysis important step during Specification [specirication] = How do high-level configuration options impact performance?
most development phases = How can development tools support todays diverse designs?
Problems: . = Staring at waveforms is too much manual work

= Increasing design sizes = Extending testbenches not very flexible and reusable

» Increasing number of custom designs : » Programmable Waveform Analysis can solve this problem

= Low supply of domain experts | — Allinformation is inside waveforms

— Automation is mandatory e —— e m— = Waveform analysis programs should be: [=]

This thesis presents HW analysis techniques el e S — Generic and reusable '
= (Extra-)Functional Verification I = e — Easy to integrate into existing flows and tools wal-lang.org

= Debugging — Written in convenient language and not duct-taped to other systems
= Post Synthesis Optimization }

All results are open-source and use .
Post Synthesis
open-source tools Optimization

Synthesis

(count (&& (rising clk) 1dinstr_done))

(whenever (= dinstr_value[6:0] 111)
(print “JAL”))

instr_done / \ / \ / \
instr_value /ar...\ /£70...\ 178...

0996: ...

Equivalent Program EXecution (EPEX) oassune 1 =2, 12 = 2046, 3 = 0

1000: add t3, t1, t2 # t3 = t1 + t2 = 2048

Broaden test programs automatically
Generate new test programs automatically

# assume t1 = 2, t2 = 2046, t3 =0

For a test program P, formally generates an equivalent 2 st = o e v snife ere e by e
program P activating different control / data paths g, Ecemprofeauiintiestprogm M

D # assume t1 = 2, t2 = 2046, t3 = @
1000: j 1044 # set pc to 2044
1 ||JIB s u I|R| 1004: ...

Verification

Reusable analysis programs ,

. ) . Core Configuration IPC  Stalled Cycles
Generlc core algorlthm + Ilttle SERV servant 0.02 not pipelined
desi gn-s pec|f| Cc code PicoRv32  default 024 not pipelined

VexRiscv microNoCsr 0.33 63%

Performance analysis of VexRisev  smallest 033 66%

VexRiscv smallAndProductive 0.42 54%
u P ro C e S S O rS VexRiscv smallAndProductiveICache 0.47 51%
VexRiscv twoThreeStage 0.47 48%

u B usses VexRiscv secure 0.57 42%

VexRiscv linux 0.59 38%

= Caches VexRiscv  full 0.57 35%

VexRiscv fullNoMmuMaxPerf 0.63 33%

Use as a compilation target BEX  default 0.63 48%

IBEX icache 0.89 19%

Check SVA on waveforms 6o -Stage 0.61 65%
Embeddable into HDL design Toc  4sued 070 5%
TGC 4-Stage v3 0.70 44%

Add analysis to waveform viewers TGC 4-Stage va 0.68 13%

TGC 5-Stage 0.78 40%

(a) Excerpt of test program P

Test Program Testbench

Queue

—_— i
—1 i l Compare

Succ. States

2044: jal t3, -104@ # jump back and link t3 =
2044 + 4 = 20438
(c) Excerpt of equivalent test program Pz
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Figure 3: Exemplary distribution of instruction class replace-
ments for ADDI test (cf. Table 1)

Wait
Active: 5.9%

vt Spo: & set_cnt: assert property(
@(posedge clk)
wiie R disable iff(rst)

Active: 92.59% Active: 1.51%

Avg. Spend: 124 Avg. Spend: 7 S t aXr t | —_ > ( ch t

The ultimate form of RISC is only one instruction

SUBLEQ: subtract and branch if less or equal O

Programming in SUBLEQ is hard — RISC-V layer on top

Developed fully compliant SUBLEQ microcode implementing RV32I
Built VP and formally verified all RV32I instructions

Best paper award at FDL'22 (rv-verify

:name “JAL”
cinit-pc JAL-PC
cfuel 20
:microcode microcode
:solver (boolector)
s spec
ELF File (lambda (res)
D (and (eg? (list-ref res REG-RVPC)
ORISC-V ISS : (bvadd val-rvpc val-immi))
. (eg? (list-ref res REG-RSLT)
Memory RISCV_: 0ISC Unit (bvadd val-rvpc (bv 4 XLEN)))))

RV Regs = e e e i Ama
d =] ELF Loader Exec ffiadsSsSumptl10oIs
OISC Regs -

. sumLgo sact oo 3 (1an'|bda ( res )
Application J" O aico o 71 3 (assume (eq? (bv 0 2)
[] B .
I 7 : (extract 1 0 (list-ref res 1))))))
Timi Decode :
- ,:drgg‘j I_I Functional
Registers

Time fetch decode execute

PX) SW X7, 84(x3) sub X7, X7, X2
24 Iw X2, 96(x0) sw X7, 84(x3) sub x7, X7, x2

25 add x9, X2, X5 Iw x2, 96(x0) W X7, 84(x3) sub X7, X7, X add x7, x4, x
26 _ Iw X2, 96(x0) SW X7, 84(x3) sub X7, X7, x2
SRC1 TMPO 1 # TMP O = —SRC1 27 jal x3, +8 add x9, x2, x5 - Iw x2, 96(x0) SW X7, 84(x3)
TMPO SRCZ 1 # SRC2 = SRC2 - (-SRC1)

TMPO TMPO 1 # TMPO = 0

28 jal x3, .+8 add x9, x2, x5 - Iw x2, 96(x0)

29

H FH= H H= H H

30

31

Simulation Time (Bin size = 101 clock cycles)
mm wbl e wb2 J

virtual Signals e inipisigisininE

Inject new logic into waveforms st \ o |
Use-cases counter 0 Y 1 X 2 X3 ¥4 YooY 1Y)o2
. Debugglng counterinew 0 Y1 :X 2 X 3 :)( 4 Y5 Yo )1
= Abstraction (reg counter/new [clk (rst O0)]

= Analysis (if (= counter/new 5)

Allows highly interactive debuggin 0
without need for re-simulation (+ counter/new 1)))

External Don’t Cares allow post-synthesis optimizations Design  Assumpions
* Reduced instruction set
* Limited input value range
Each gate is checked using formal methods
We propose FSYN o s
XDC optimization tool
Fully built on open-source technologies
Property Checking/Equivalence Checking backends

Distributed

H
i

!

Equivalence Check .}

¥
Optimized Netlist

a0=0

1) Initial Synthesis Phase
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