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The Design Process at 10,000 ft
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MAS: Micro-Architecture Specification
RTL: Register-Transfer Language This is the theory“_



In Practice...
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Validation
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How to: 1) check we captured what we wanted
2) check that we did not make a mistake along the way
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What Needs to be Validated?
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Logic Validation Brick Wall

Too many pre-Si bugs! Verification killing schedules
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Ability to Fabricate
Ability to Design
Ability to Verify

Without major breakthroughs, verification will be
a non-scalable, show-stopping barrier to further
progress in the semiconductor industry

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005/6



Design & Verification

(l n te,' Leap ahead”



Two Classes of Bugs:

J bugs
> What” is captured incorrectly
- Unintended interactions
- Deadlocks & Livelocks
ssimplementation bugs

> ‘How” is captured incorrectly
- Incorrect optimization of algorithm
~“Misunderstanding of algorithm
- Bug “fix* with unintended effects

s Note:

> The more abstract the specification is, the
more implementation bugs (and vice versa).

> Anecdotal evidence indicate that the more
abstract specification, the fewer total bugs

Implementation bugs
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Real problem:

* How te go from:

mals_ 0 = i32 7 ina_int[15:0] : { flt 7 ina_float[15:0] : ina_int[15:0]

Ik
nh15_0 = i32 7 inb2_i32[15:0] : {(flt 7 inb2_float[15:0] : inbZ_i16[15:0]);

/f 16-hit 1lsh mult
] - Il 3 LU
{5 {{mal33 x nb202) + {(ma2 % mb113)) % 9'h100 +
4

(ma233 x mh231) % 17 'h10000;

wire unsigned [16] iprodl_lower = {ma2 % nh002);

wire unsigned [17] iprodi_mid = (nal33 x nb202) + (ma2 x nbl113);

wire unsigned [16] iprodl_upper = (ma233 x mh231);

iprodl = iprodl_lower + iprodi_mid[16:0] % 9'h100 + iprodi_upper % 17 'h10000;

*Quickly

«Correctly

*Meeting timing goals

*Meeting area goals

*Meeting power goals

*Meeting manufacturability goals
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Today's Approach
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A Different Approach: Integrated
Design and Verification (IDV)

Transformation step

Verification step

Tool guarantees that
only valid transformations

and/or verification steps _ -
are performed When design is

completed, so is its
Impl. verification.
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Design in IDV

e Since IDV bridges HLM to symbolic layout, design activities inside IDV
occur at several levels:

* High-level algorithmic refinements, e.g.
> chan%e an algorithm from “simple to write and validate” to an algorithm that
‘can be implemented efficiently in silicon”
* Mid-level (implementation) refinements, e.g.
> change an “a+b” component to an efficient (power/area/timing) gate
Implementation

* | ow-level (physical) refinements, e.g.

> placement directives, pre-routes, slope management by buffer insertions
and/or mapping to different cells

15



High-Level Algorithmic Design
\

(l n te’l Leap ahead”
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Example of Algorithmic Design

e Task: Split a chain of 9 49-bit adders into two chains; one for
the higher bits and one for the lower bits

Integrated Design and Verification System Global Preferences | Close GUI

select all

Group {5y )
;i Select net PEXLIF_SEL {} {{pprod 0 bprod_ext[48:01}} {} {}
ik split wire into sum of subfields

fl_do_selection select_all
fl_fold_selected_one_inst gy 0
fl_set_selection
USER_DEFINED

17



Step 1: Group adders

. Integrated Design and Verification System

Design/circuit Selection | H23: mults | H24: adder_tree |

select all

Group (goq)
Select net PEXLIF_SEL {} {{pprod_0_bprod_ext[48:003} {} {}
split wire into sum of subfields

U2_const_and_carries[48.0] .
U2Z_pprod 0_bprod_ext[48:0] -
U2_pprod_1_bprod_ext[48:0] .
U2_pprod_2_bprod_ex{[48:0] '
U2_pprod_3_bprod_extj48:0][ >
U2_pprod_4_bprod_ex{[48:0] .
U2 pprod 5 bprod_ext[48.0] .
U2_pprod_6_bprod_ext[48:0] .
U2_pprod_7_bprod_ext[48:0] .
U2_pprod_8_bprod_exi[48:0] -

Comment
fl_do_selection select_all
fl_fold_selected_one_inst qoq 0
fl_set_selection
USER_DEFINED

const and carries[48:0

pprod 0 bprod ext[48:0

pprod
pprod
pprod
pprod
pprod
pprod
pprod

pprod

1
2

bprod
bprod
bprod
bprod
bprod
bprod
bprod

bprod

ext[48:0
ext[48:0
ext[48.0
ext[48.0
ext[48:0
ext[48;

ext[48.

ext[48;

Global Preferences | Close GUI

| >int_16x32_high[48:0]

18



Step 2: Insert high-low adder in
each input wire

e Use FEV to verify e.g. that a[48:0]=a[48:33]*233+a[32:0]

Integrated Design and Verification System

Design/Circuit Selection | HZ3: mults | H24: adder_tree |

ack| orward| U Imward | 23 Ta end| ® Guit| iew: Basic
Transformation: transf_2131 (#2132}

Operation | Comment
Pop fl_do_replacing 1 replace_one 11
transf_2127
Select by name: {draws_meHin {I[16:0]}} {draw_merin {i[18:0]}} {draw_meHin {i[20:0]}} fl_select_all_named {{draw_menrin {i[16:0]}} {draw_metin {i[1G:0]}} {draw_medin {i[Z0:0]}} {draw i
fl_fold_selected_one_inst low 0

L]

U2 pprod_0_bprod_ext{45:0] [

U2 v _1_bprod_ext[48:0]

U2 _pprod_2_bprod_ext{45:0] [

Sons 3 F i il

UZ2_pprod_35_hprod_ext[48:0]
U2 _corst_snd_carres4a0] [
U2 pprod_4_bprod_ext[48:0]

pprod 0 borod ext[43:0

pprod 1 borod ext 4800

U4 mig 0 pprd 4 borod extfED pprod 2 bprod ext[45:

o
pprod 3 borod et [45:0 WEER) D int_16x32_igh{45:0]

U2_pprod_5_bprod_esd{48:0] _ * e —

pprod 6 boprod ext[43:.0
L2t _F_bprod_es[450] [ fborod Sl i J ” ; pprod 7 bprod ext (4
pprod 8 borod ext[43:0

D[4:0]

UZ_pprod_7_bprod_ext[45:0] [

U2 _pprod_8_bprod_ext{45:0] [




Step 3: Group high-low splitters

Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | H23: mults | H24: adder_tree |

13 Elack| 4 orward| nward| To end‘ »® Quil| View: Basic
Transformation: transf_2131 (#2132}

Operation | Camment |
Select by name: {draw_split 1} fl_select_all_named {{draw_split 1}}
Group (high) 1l_fold_selected_one_inst high 0
Select inst PEXLIF_SEL 3 {} {} {} fl_set_selection
Unfold fl_unfold_selected

low
xrgd 0 brrgd ;i it o5 AHON  adEn)
pprad i bprad X Uz ri AHOH_B[ds:0]
corgd 2 bergd ;s Uz f AHON_B[dE0]

ppred_t_berad_cald 0] [
_ppradd_bprad_sxeld3:0] [
_pprod 2 bprad_out[d5:01 [
pprod ¥ bprad_e 401 [ e — 2 lis ot o _orssie) U mid AHON_0[d5:0 10 orad 4 bomd sl
ppradd bprad 2 s AHOH_afds:0 +

_pprod_d_bprod_ea[45:0] [ +‘LJ—I_I—

pprad S bprad_o w401 [ e — 2 l”‘ LEAHOH_O4i0] 4 1 pogd § kerd pld50]
pprad b bprad_o w401 [ e L Lt

m o
. s BHOH, . i AHON 0 L s
_pprodT_bprad_exefaz0] [ 4 Takprod U rf S HOH [ d:0) i bpmdysr[480] A
berod 2 £ AHON 0[450] perod i bpm.

: 10 pprod f bprad et 450 0 cerad 1 ke
hi

pprad 0 bprad . T
pprodlberod X id X EELS b = nt_16:x32_high[484

pprad® bprad X id X i pprodgi bpmd ot ds0)

pradZ bprad
prrodd byrod
ppradS bprad

Ak b
Ll corod 7 bomd
porad b eut[d0] pprod® bprd

pprod L bpmd

Eprads bprad

AL 7_bprod

eprodi_bprad_emdso1 [ i = sotgd 5 bomd soldnn]
t_smnrand sarriesl4200 [




Step 4: Unfold adders and using
associativity transform, make tree
into single left-spine of adders

E

Integrated Design and Verification System

Design/Circuit Selection | H23: mults | H24: adder_tree |

13 Back| 43 Forward| u: Inward|i§ To end| ® Quwt| view: Basic
Transformation: transf_2131 {#2132)

Operation
Select inst PEXLIF_SEL 3 {} {} {} fl_set_selection
UnTold

fl_unfold_selected
mk adders into left-spine

USER_DEFINED
Select PEXLIF_SEL {} {{U3_mid_ANON__D[48:0]} {mid_ANOMN__D}I8:0]} {US_mid_ANO fl_set_selection
|

| Comment |




Step 5: Use FEV to verify the small
transformation (swap arguments):

cur[48:0]

a1[48:0]
a2[48:0] [ > o01[48:0]

CUR[48:0]

A2[48:0]

A1[48:0] 3 02[48.0]




Step 6: Let IDV repeatedly apply
this transformation to yield™*:

* \Where green is high-bits, purple is low-bits and yellow is
merge-addition

= BE
Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | H23: mults I J33: adder_tree |

Hle Edit View Simulation Selection Structural Transformations PV SDP Custom Values at time: -1 ;l'waves Reﬁnement.directiun: ll Comments Save | X

Label Group Ungroup Replace | Synthesize | SynthfRemove wire Retime fwd Retime back Duplicate | Merge | Pv Flow Undo Redo |

4

* Somewhat simplified. Some extra “guidance” is needed to create the desired result. ’s



Step 7: Finally group the different
pieces to get:

E

Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | HZ3: mults | J33: adder_tree |

hle Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: |-1 :I'wavesl Refinement direction: . ll Commentsl Savel ®

Label Group | Ungroup | Replace | Synthesize Synth/Remove wire Retime fwd | Retime back | Duplicate Merge | Pv Flow | Undo |

high

U2_pprod_0_bprod_ext{48:0] >
U2 _pprod_1_bprod_ext[48:0] >

final_add

IU2_const_and_carnes[48:0
U2 pprod 2 borod extf48:0
U2 _pprod_3_bprod_ext[48:0
U2 pprod 4 borod extf48:0

1L
1
1>
1
U2_pprod_5_bprod_ext48:0][ >
1
1 —
1

> int_16:x32_high[43:0]

2 pprod 6 borod ext[48:0
U2 _pprod_7_bprod_ext[48:0
2 pprod & borod ext[48:0
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Mid-Level Design in IDV

e Preblem: Subtraction and negation in series!

B

Integrated Design and Verification System Global Preferences | Close GUI

DesigniCircuit Selection | L37: fpu_back | L38: adder | L40: expcomp | M42: Extracted |

Hle Edit View Simulation Selection Structural Transformations PV SDP Custom Values at time: -1 ;‘wavesl Refinement direction:.ﬂ Commentsl Savel =

Label Group | Ungroup | Replace | Synthesize | sSynth/Remove wire | Retime fud Retime back | Duplicate Merge | Pv Flow | Unido | Redo |

L2P_EXP_294564[8:0] m

L2P_EXP_294565(8:0] [ ——\ " : shiftby_Isb0_shift_full_[7:0]

pS [ shiftby_lsb0_expdiff_[8]




Step 1: Make new design and FEV
immediately against spec.

Integrated Design and Verification System Global Preferences | Close G

Design{Circuit Selection | L37: fpu_back | L38: adder | L40: expcomp | M42: Extracted |

PY SDP Custom Values at time: -1 &l wavesl Refinement direction: .1' Comments | Jave |

Fle Edit View Simulation Selection Structural Transfommations P =

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd Retime back | Duplicate Merge | Pv Flow | Undo | Redo

8 [ shiftby_Isb0_expdiff_[8]

2P_EXP_294565[8:0]

-2P_EXP_294564[8:0] : shiftby_Isb0_shift_full_[7:0]




Step 2: Design one subtractor from
adder and find-and-replace to find

every occurrence

Integrated Design and Verification System

Design/Circuit Selection | L37: fpu_hack | L38: adder | L40: expcomp | M42: Extracted |

Hle Edit View Simulation Selection Structural Transformations PV SDP Custom

Values at time: |-1 = wavesl Refinement direction: 1' Comments | Save |ﬂ

Label Group | Ungroup | Replace | Synthesize |

SynthfRemove wire | Retime furd Retime hack | Duplicate Merge | Pv Flows | Undo |

L2P_EXP_294564[8:0] >—I

T

) N

—LB—D shiftby_lsh0_expdiff_[3]

L2P_EXP_284565[8:0] > JI><>

T |

J D

8

shifthy_lsb_shift_full_[7:0]




Step 3: Get a suitable adder candidate

from library (speed, power, area, ...
and use find-and-replace again

Global Preferences | Close GUI

. Integrated Design and Verification System

Design/Circuil Selection | L37: fpu_back | L38: adder | L40; expcomp I M42: Extracted |

File Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: -1 f'waves Reﬁnementdirection:.ll Commentsl Savel X
Label Group | Ungroup | plicate | Merge | Pv Flow | Undo |

Choose replacement design

Kogge-Stone adder 308 ps -1 mW 931 mu”2 #5072
Kogge-Stone adder 326 ps -1 mW 849 mu”2 #5075
Kogge-Stone adder 419 ps -1 miW 501 mu”2 #5078
Kogge-Stone adder 510 ps -1 mW 501 mu~Z #5081
Kogge-Stone adder 582 ps -1 mW 491 mu~2 #5084 Orider
(fhomefcseger/Pilot/multiplier/DB_mult_props) add_assoc_10 291 _1 Sort by Date
(Mhomefcseger/Pilot/multiplier/DB_addition_properties) a+h == b+a

Matching
I Exact matching
_1 Remove dangling outputs

L2P_E><P_294564[8:D]|:>—E Mootace N
_I Replace
I Sloppy

R

_I Keep folded after replacement 0

a0 ————————————p{ > shiftty_Isbl_expdiff_[5]

L2P_ExP_234365(8:0] Replace Once | Find am&geplace I Repeatedly Find and Replace Cancel
| I

I 4

O\
[ {/_ I shifthy_IshO_shift_full_[7:0]




Step 4: Use pocket-synthesis to

implement

Refinement Transfonm for wind

42 (.idv_gui.notebook

e.page3d.f.c.synthesis)

. Integrated Design and \

Refinement Transform

Cancel

remaining logic

Global Preferences | Close GUI

DesignfCircuit Selection | L37: fp

Fle Edit View Simulation Selec

Before

Name: |

Wiew Export |

|

Comments | save | X

1

Lahel Group | Ungrouy

After

Mame: |tmp_ 1068 Viewl Importl

Wisual Edit

Templates

Tesxtual Edt |

Pv Flows | Undo |

*

L2P_EXP_284564[ 0] Eﬁ

Synthesis
LDS | LDS Options | PC | Don't Care | Rewtites |
Export Flter:
Standard

Import Flter:
Standard

1 Synth

Config pZp report

Mappers: Scripts:
*

Ids_bdm_w_choice
ﬂ nomap mfs
= algebraic
rugged

alg-abc-area
abc-delay
ahc-area

alyg-mTs-delay

aly-abc-delay

L spesie

Interactive |

Do Batch

L2P_EXP_294555[5: 0] [ et

g

Verification

—Engine

~ acalar Simulation

~ Symbolic Simulation

]

4~ SAT Saturation limit |2

~ BDD ‘“fariable Order | |

~ SEQVYER

Backfrack limit: |2

—Verification options

[~ Binary states

Status: ﬂ

State Relation |
Case Split |

Werify |

Counter Ex. |

[ sttty _Ishi_expclifs_[8]

}Dsﬁiﬂw_lsbo_mift_full _[7:0]

Transformation
MName: |transf_S087

_I Keep folded after replacement

Replace Once Find and Repl

tedly Find and Repl

LNporL_retel
ch_open_rdonly 'I'/home/cseg

Error messages




Step 5: and run FEV on the resul
before using it inside IDV

' Integrated Design and Refinement Transform

Design/Circuit Selection | L37: fpl| Before

File Edit View Simulation Selec| Mame: I Wiew | Export | 1' Commentsl Savel X

Label Group | Ungrou| After Pv Flow | Undo | Redo |

Mame: tmp_1068 Wiew | Import | Yisual Edit Templates Textual Edit |

Synthesis

LDS | LDS Options | PC | Don't Care | Rewrites |

Export Filter: Mappers: Scripis:

Standara 3 T [atgmis-dciay © | symesie

Import Filter: lds_bdm_w_choice
Standard ﬂ nomap mfs

algebraic :
| Synth N rugged Interactive |
alg-abc-delay
Config pZp report
DI alg-abc-area

L2P_EXP_294564[3:0] abc-delay Do Batch
/ lahc-area [ahifthy_Ish0_expdift_[4]

Verification ]—Dshiftwfls‘oﬂfmifuull | [7:0]
L2P_EXP_294355[5:0] [_ —Engine —Verification options s

[~ Binary states Status:
~ Scalar Simulation ]

| v Symbolic Simulation State Relation |
Case Split |
4% SAT  Saturation limit |2 Backfrack limit: |2

~ BOD  Variable Grder | | werify |

« SEQVER

Counter Ex. |

Transformation
MName: [transf 5087

_| Keep folded after replacement

Replace on¥e Find and Replace Repeatedly Find and Replace Cancel |

Thport reter| Error messages Save this transformation and replace before with after circuit|
b_open_rdonly "/hone/csegd




This yields

Integrated Design and Verification System Global Preferences | Close GUI

DesignfCircuit Selection | L37: fpu_back | L38: adder | L40: expcomp | M42: Extracted |

Hle Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: -1 ;‘wavesl Refinement directjnn:. Cnmmentsl Save | X

Lahel Group | Ungroup | Replace Synthesize | Synth/Remove wire | Retime fwd | Retime back | Duplicate | Merge | Pv Flow | Undo |

. e-Stone adder 419 ps -1 mi 501 mf
Lz P_EHF_g 945 6413 0] [ et 29 ﬂi_’a_D
i et 276
5

3 -

5
sr ‘!ﬂ
=

s i ek _lrk d_rhife_full [ T:0]
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Step 6: Perform cons
ropagation yielding

. Integrated Design and Verification System

DesignfCircuit Selection | L37: fpu_back | L38: adder | L40: expcomp I M42: Extracted |

Hle Edit View Simulation Selection Structural Transfonmations PV SDP Custom Values at time: |-1 :I'wavesl

Glohal Preferences | Close GUI

Refinement direction: . Comments | Sa\rel =

Lahel Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd | Retime back |

Duplicate Merge | Pv Flows | Undo | Redo |

Kogge-Stone adder 413 p=-1mW S0 my*2
2 I 1

~—= T

LiF_giF,
LiF_BiF 205655 “‘D—

"f

Y

|

|

:

|

#

39

1
Kogge-Btone adda 413 pz-1mw S0 me§ |
I 1 s

T

Y

BBARARI

Y

] rhiFeb_Lb_rhife_Full_[7:0]

shiftby_lrb0_sxpdift 18]




Step 7: Size the cells based on
iming/power/area requirements.

=L _—— . [EE

R N LR Sizer {attached to canvas .idv_gui.notebook.nhirame.page39.1.c) (clock period 450 ps)
Integrated Design and Veri

Design/Circuit Selection | L37: fpu_back

Fle Edit View Simulation Selection

el Group | Ungroup |

e
inst__ 24 _anon__ 7[0]
inst__2st_anon__&[0]
inst__2/ul_t_anon__K[0]
inst__2/uZ_t_anon__z[0]
inst__2/0_anon__2[0]
z[8]
abc_nobbl2dabe_cchbh

inst_ 13 inst_ 13
inst__2finst__ 3 inst__Zfinst__ 3
inst__Zfinst__20 inst__Zfinst__20
inst__2finst__ 31 inst__2finst__ 31
inst__2finst__ 45 inst__Zfinst_ 45
inst__2finst__B3 inst__2finst__ B3
inst__2finst__ 72 inst__2finst__ 72
inst__43 inst__43

inst_ 27 inst__ 27

I!T\TITIJJTITIJJTIJJTIJJﬂ'ITllr_!




Step 8: After converging choose cells
according to sizer and the mid-level
design phase Is over

Integrated Design and Verification System Global Preferences | dlose GUI

Design/Circuit Selection | L37: fpu_back | L38: adder | L40: expcomp | M42: Extracted |

File Edit View Simulation Selection Structural Transformations PV SDP Custom Values at time: -1 Z‘wa\resl Refinement direcu'on:. Commentsl Savel x

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fuwsd | Retime back | Duplicate Merge | Pv Flow | Undo | Redo |

] rhiftby_Leb_rhife_Full_[7:0]

Kogge-Sboneaddu A3pz-Imw S0 Tmu'2

LaF_EiF_z9d5 g #:0]
LeF_BiF 2986 50 [} ms{_aﬁ -

rc hy interface-» ((1,1,0,0), [ ({(0,0), (360, 3200)), 1./
ell name->"r63in00he20"
ame->"ré3in00h"

%

irct__ 45

ﬁ%

inct__ 249

'ﬁ%

inct__250

i

inct__254

'ﬁ%

1
o5z ¥oggeStons addy 419 pe 1 m S0 Tma

=

i

i

bk L e difi 191

T

I




!

Jio

LOW.

¢

(l n te’l Leap ahead”

‘Level Physical Design

36



Low-level/Physical Design in IDV

Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N7E: logical | N77: Extracted

Hle Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: -1 ;'wavesl Refinement direction: . 1' Commentsl Pop back to 76 |X

Lahel Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwid | Retime back | Duplicate | Merge | Pv Flowr | Undo | Redo |

Specification

addin_a0[15:0] [ ==t
shiftby_Isb0_addin_b_[15:0] [ ==

=

*

logicop[1:0]

> shiftby_Isb0_logicout_0_[15:0]




Step 1: Split into bit-slices

. Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted |

Hle Edit View Simulation Selection Structural Transfornmations PV SDP Custom Values at time: -1 Z‘wavesl Refinement direction: . Commentsl Pop hack to 76 |X

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd | Retime back | Duplicate | Merge | Pv Flows | Undo | Redo |




Step 2: Select the private fanin-cone,
I.e., logic feeding only this output

Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted |

Hle Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: -1 Z‘wa\resl Refinement direction: .ﬂ Commentsl Pop back to 76 |X

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwrd | Retime back | Duplicate | Merge | Pv Flows | Undo | Redo |

i AT —
il WA ]

T

- - 4
Selection " Add first level fanincone to selection

NN
!.J_l

Show original code
Add to waveforms
Hide

Mark

Toggle highlight
Copy to selection

Add fanincone to selection

i

Add non-laich fanincone to selection
Adgrprivate fanincone to selection
Remove fanincone from selection

Remove non-latch fanincone from selection

Remove private fanincone from selection

HQHHHHHL““TT

UU%H%

#“H“TT

THHHH&H%WL“}F% ﬁﬂ%ﬁ%

Add first level fanoutcone to selection

Add fanoutcone to selection

Add non-latch fanoutcone to selection

Add private fanoutcone to selection

Remove fanoutcone from selection

Remove non-latch fanoutcone from selection

{

Remove private fanoutcone from selection

HUUI




Step 3: Push into the single bit

. Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N7E: logical | N77: Extracted | N78: Extracted |

File Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: |-1 ;'wavesl Reﬂnementdirection:. 1' Cummentsl Pop back to 77 |x

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd | Retime back | Duplicate | Merge | Pv Fow | Undo | Redo |

o
addin_a0[7] [ >— JD*

L2P_EXP_98337 [ > COND [
(i1 _c,il_d),

L2P_EXP_98338 > (i2_c,i2_d)
= 4| > shiftby_Isb0_logicout_0_[7
L2P_EXP 98341 [ > (i3_c,i3_d) y-1sb0_fogieout 0.17]

]
shiftby_Isb0_addin_b_[7] DL } otherwise




Step 4: Design one bit slice (both
mapping to cells & sizing)

. Integrated Design and Verification System Global Preferences | dlose GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted | N78: Extracted |

File Edit View Simulation Selection Structural Transformations PV SDP Custom Values at time: -1 ;‘wavesl Heﬁnementdirection:._l Commentsl Pop back to 77 | X

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fuwsd | Retime back | Duplicate | Merge | Pv Flow | Undo | Redo |

addin_a0[71 [_»

shiftlyy_Isb0_addin_b_[7] [ >

#0
phy_interface-»> ((1,1,0,00, [ ({(0, 0y, (1600, 320033, 1/1)], [ 1}
inst |eell_neme->"r63nolzh=20"
name->"r63nolzh"
L2P_EXP_88337 >
L2P_ExP_98339 [ > %
inst__ 97 shiftby_Ish0_logicout_0_[7]

—inst__89

L2P_ExP_aga41 [ >




Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted | N76: Extracted |

Hle Edit View Simulation Selection Structural Transfommations PY SDP Custom Values at time: -1 ;‘wa\resl Refinement direction: .ﬂ Commentsl Pop back to 77 | b4

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd | Retime back | Duplicate | Merge | Pv Flows | Undo | Redo |

W

23.04x3.20 40 O 72 1)

addin_ 0TI D :}S )
by _lrbiad ain_b_[71D+ inst__0d inst__95

L~ T >
Thst_an inst_93
Z.nn_m

LzP_ENp_a3327[
LzF_EHP_as333[ >

rhiftby_lrb 0_logicout_i_

LeF_EHP_a53d1[ >

I'\I [ = 7 Close | Aylines Hone ~| Options Commands  Col:27 Row:-1




Step 6: Finish placing the single
bit-slice

. Integrated Design and Verification System

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracied | N78: Extracted

File Edit View Simulation Selection Structural Transfonmations PY SDP Custom Values at time: |-1 z'wavesl Reﬁnementdirectiun:.ll Commentsl

Label Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fuwsd | Retime hack | Duplicate | Merge | Pv Flow | Undo |

X

L2040 0 ed 1)

addin_ 0071
by 0_ad din_L_[7] D+

LzP_EHP_8237[ 3
LzP_ERP_s339[ >

shiftby_lrb 0_ln giza ut_0_

Lzp_enp_aszd 1]

Fylines Mone gl Options Commands  Col:1




Step 7: Save transformation and use it
in a find-and-replace operation

Integrated Design and Verification System Global Freferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted | N78: Extracted |

hile Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: -1 ;I'wavesl Refinement direction:. 1' Cnmmentsl Pop back to 77 | X

Group | Ungroup | Replace | Synthesize | Synth/Remove wire | Retime fwd | Retime back | Duplicate | Meryge | Pv Flowr | Undo |

20.48:x3.20 40 0 64 1)

Name pop transformation Discard |
Transform name: transf_ 5088

_I Keep folded after replacement

Replace Once | Firy; and Replace I Repeatedly Find and Replace | Cancel |

L2F_EHF_8433T
L2F_EHF_84339
LzF_EXF_933d1 = rhifeby_teb 8_la qizaue_0_[7]

ad din_ al[7]
shiftby_lrb0_ad din_b_[7]

Flylines Mone al Options Commands Col:14




Step 8: Place the bit-slices according
to output wire name and auto-place
the decoder logic.

. Integrated Design and Verification System Global Preferences | Close GUI

Design/Circuit Selection | N74: fpu_back | N75: adder | N76: logical | N77: Extracted |

Fle Edit View Simulation Selection Structural Transformations PY SDP Custom Values at time: |-1 jwavesl Refinement direction: . 1' Commem.sl Pop back to 76 |x

Lahel Group | Ungroup | Replace | Synthesize SynthfRemove wire | Retime fwid | Retime back | Duplicate | Merge | Pv Flows | Undo | Redo |

P A

o LT

a=t e |

.l

T

S T

L ¥

20.48:54 .40 (0 0 64 17)

I_I;il

FAylines All fanouts Al Options Commands  Colis Row:10




| andling in IDV




Properties

* Taking advantage of properties in the design process is often critical to
reach a desired outcome

> E.g., complex logic can be drastically simplified if some property is known to hold

* TWo types of properties:
> Assumptions
- E.g., "these inputs will always be mutually exclusive”

> Don’t cares:
= E.g., ‘the result will never be used if the valid bit is false”

* Properties are often treated as second class citizens

> Managed in different languages, maintained differently, verified correct/valid only
late in'the design process, etc.

> Many synthesis tools can only take advantage of “local” properties (if any!)

- E.g., properties stated/proven several pipe stages away are rarely (ever?) visible/used by
synthesis tools.
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Assumptions in IDV

* Assumptions are treated exactly the same as hardware components.
> Anassumption is a finite state machine with some inputs and a “ok” signal.

> Modeled as a combinational assertion together with some extra latches/flops and
logic to create a checker.

> Assumptions are visualized with the corresponding logic and can be transformed
like other compoenents, e.g., they can be:

- Duplicated
- Moved in the design hierarchy

= Retimed either forward or backwards (usual restrictions)
> Relinement verification both uses and verifies all properties in a spec/imp pair.
s Assumptions come from two main sources:

> In the original HLM capturing the environment (input assumptions)
> Implied from up-streams logic

* Assumptions can be added either manually or computed (semi-)
automatically
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Example

CI‘T\"D :
2310 [ >— I>_)

k[
mi3:0 [
shiatg [Ty

majz:0 [




Select Logic Implying Property




Add a Property Manually

[mplementation
: Chy D
HFL | RTL | LDS | VEdit |

Template: Interface —-| Create HFL | i1[31:0]

HFL file: [12611/sv_Kq18017/Extracted.fl @|| 12[31:0]

Reaa HFL

“erification
Settings |

Transformation
Name:|transf 30

WD
M[31:0)
2[31:0]

hever_h igh_simultanously

O30
O30




Verify the Validity of Property

Implementation

HFL | RTL | LDS | VEdit |

Template: Interface — | Create HFL |

113

CHVI >

1:0]

HFL file: [12811/sv_Kq18017/Extracted.fl @|| 12[31:0]

Read HEL

Verification
Settings

Transformation
Hame:|transf 30

— > 5[31:0]
—{ > ts131:0)

CI"I‘\"D

M[310]
i231:00

hever_high_simultanously

l_

D310

[Oa310]




Replace Originally Selected Logic
With Same Logic + Property




Select Property and Click on
“Duplicate Logic”




Now Select Property and Click on
“Retime Forward”




Result

it[31:0]

1

EVEL

—hi

gh_simultanousty

.
I

1221 _high_simultanousty

-




Now Select New Block and
Repeat Complete Process




Result

| .

A
I

iy

l_@

newer_hich_simultanously I—

ewer_high_sitmulbanolsty
+ : >nes[31:l]]

T




Finally use Property to
Drastically Simplify Design

Implementation

HFL | RTL | LDS | VEdit |

Template: Interface — | Create HFL |

HFL file: =]
Et peasiii | f[371:0] never_high_simultanously

g[31:0]

Yerification
Settings

Transformation
Hame: transf 34

f[31:0]
res[31:0]

g[31:0]




Final Result

i[31:0]

[ |
i2(31: 0] [ ety Iﬂi}

ok [
mz:0 >

hever_high_simultanously |—

mzgz1:0] >
shiz:0 [




Automation Can Also be Used:




Automatically Computed Property




Where:

63



Care Properties

» Since IDV uses (qua)ternary logic in refinement verification,
output cares are modeled using “tri-state drivers”

> E.g., output is “X” when care condition is false.

> As withiproperties, the basic care component is combinational. Extra
Cireuit is used to create sequential care properties.

s Care properties have two major sources:
> Initially in the HLM

= Requires diligence to actually state them!
> Implied by down-stream logic
- Written by hand & verified or computed automatically using formal methods.

» Care properties can be added/moved/... like hardware
components and the verify tool understands and checks
correctness.
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Circuit with Explicit Care

f1 2
a[31:0] a[31:0] r[31:0] a[31:0] r[31:0]
g1 g2
aﬂ31:[]] 1[31:0] aj3na r31:0)
f_opl >
ck[D>—
res[31:0]

valid D




Combine Explicit Care with
Implied Care (verified!)




Retime Care Backwards




Use Care to Introduce Clock
Gating (Sequential FEV)

Implementation
| HrL |[RTL | 1os || vEdit |

Template: Interface ql Create HFL |
| HFL file: 30901/sv_ky18109/Extracted.il @]

Read HiL

Yerification

c2

Transformation ' nom305h[31:0]

|Name:|transf 54




Final Stage Clock Gated




Move Care Backwards Through
Combinational Logic

[mplementation

HFL | RTL | LDS | VEditl

Template: Interface — | Create HFL |

HFL file: |30901/sv_Tv18674/Extracted.fl @]

‘Read HFL

12
enty | MiM305h[31:0] a[31:0] r{31:0]

¢l

2
mim305h[31:0] al31:0] r31.0]




Final Result

wilid
a[31:0]

<lk|

f_op D—r

j’,

g
{1 e

g2

@ a[31:0 ]r[31:0!

2031:01e[31:41
PR |

f1

I_EH
a[31:01e[31:]
2z o







Integer Execution Unit in Core

e RTL: ~3,000 lines with focus on HOW
e HLM: ~300 lines with focus on WHAT

300 line HLM

' Two implementations derived inside T -
| DAV D\ A
1. To the existing implementation :\ o
2. .New. version using a different algorithm -
and partitioning D/
> New version 20% smaller than original E(

Ve rs I O n /nilial_halann:ing_of_pipeline #129

* Both versions provably equal to HLM
and thus HLM validation was shared.




Graphics Execution Unit

Graphics execution unit

HLM -> Placed cells

2k lines of code + 20 pages tables

High-level specification

32 7 ina _int[7:0] ¢ { flt 7 ina_float[7:0] : ina 1n‘t[7 Accumulator gj_
7 inb2_i32[7:0] : (flt ? inb2_float[7:0] : inb2_i 3

ma _int[Z3:16] : (flt 7 ina fluat[23 16] :

ina_in §
? mbz float[’S 16] ¢ inb2 1lb[ﬂ 16]), ' ki is If
0 i 5

: (fl1t 7 inb2 floa+ [7:0] :
: (flt 7 inb2_float[23: 16]
? i nt[3 {(flt 7 ina_float[15:8]
i mb? 132[15.8] (flt 7 lnbz 'FlDat[lﬁ.S]
i32 7 ina_int[31:24] : (flt float[23:16]
nb231 = i32 "' 1nb2_i32[15:8] (flt 7 2_float[23:16]

nal5 0 = i _int[15:0] ¢ ( flt 7 ina_float[15:0]

wh15.0 = i 7 130[15:0] : (f1t 7 inb2_float[15:0]

~120,000 gates
Converged to meet timing

Control & decoder 31 Back
i (dot+4 rnd)

232,
mb? 116[31 2
ina_int[32:25]°
ink2_i16[31: 24

ina_int[15:0]);
+ inb2_i16[15:0]);

Design and
verification
in IDV

(4 multipliers)

\
\

New implementation algorithm ideas

FPU pipeline

Renamed interfa o
l .I@I@@@I@@@@.
/i' Split the clock to the EBB (#62) .|EIJ =




Communication Link Between
Interconnect and Cache in “Uncore”

Origingl input buffer Top-level HLM Entry "Early Design: HLM to netlist
1 designer _ e —

12 FUBs

2 RF, 1 CAM EBB
In production flow for
more than 1 year

Final Besign Sent to Router Cegic’And Physical View

Integrated Design and Verification System

Bottom line: During 13 months of design effort, no HLM changes
were needed because of implementation considerations.




A'*]’ and Future Work
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Experience in Handling Properties
Like Hardware Components.

* Pros:

> Automatically manage properties (e.g., wire renaming gets done the
same for flops as properties!)

-~ Make properties highly visible and explicit
> Fermalizes many “hand waving” arguments (and finds quite a few bugs!)
> Ensures preperty verification gets the same priority as design verification!

K Cons:
Ll
> Semetimes very tedious to manage
- E.g., forgetting to duplicate a property used in a replacement!

> “Global” properties are difficult to use/move around
> Difficult to'deal with for backend tools

- JI[Dhrop(re]rtiles will eventually “disappear” since they will not result in any transistors on
e chip!
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Pros with an IDV Methodology

* Direct benefits:
> Bugs about to be introduced during the design process will be caught immediately

- "Goofs" (e.g., cut-and-paste errors)

= Desi%n_com lexity bugs, e.g., performance artifacts (speculation, re-timing, power-down),
testability, etc.

> Nerneed to re-write the model to be “synthesis friendly” and (unintentionally)
intreduce bugs.

* [ndirect benefits:
> HEM much smaller and simpler than today's RTL

= Can be written and maintained by a few people
- Allews significantly faster simulation (DV)
- |Is a much better target for formal property verification

» HLM much more stable
- Can make emulation much more attractive
> Same HLM can be refined to different implementations with different tradeoffs

- ldeal in a System-On-Chip design environment



Cons with an IDV Methodology

* New role that require significant training and/or changed mindset:
> Designers don't know validation
> Validators don't know how to design

s Reacting to chanﬁes In the HLM can be tedious and require
significant re-wor

* Difficult to make use of “global” properties and don’t cares.

o Trulyshigh-level models require significant FV expertise to refine &
verify terabstract RTL

» [Danger of “video-game” design:

> Making large number of refinements & transformations without really
converging towards a viable design.

- My record is ~210 transformations to get back to where | started!



Open Questions

* What Is the right level of a High-Level Model?

> It's not really a question of language Salthough a good/bad
language can help/hinder abstraction

> Hew can a truly abstract model be used for other purposes than
logic specification?

- High-level models are needed for many non-logic purposes!
* WhatIs the right refinement relation?
> Tradeolf:between flexibility and difficulty verifying.

* \What is the best way of capturing “design intent” so that
the process is captured, not only the end result.
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(l n te‘l Leap ahead”

Questions?
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Example of High-Level
Transformations
e Basic anthmetic facts: E.g., at+(b+c)=(a+b)+c.

s Verified through FEV for every size and stored in database

=] >
Edit View Simulati i

1

[N T

File Edit Vi imulation Selection Structural Transformations PY¥ SDP Custom Insert t time: -1 _I | Refinement direction: . ﬂ | |
Label | Group | Ungroup | m Synthesize | SynthfRemove wire Retime fwd | Retime bhack | Duplicate | Pv Flow | Redo |

a[22:0] [ > )
b[22:0] |: 2 22:0 |_ : : + res[22:0] res[22:0]
o[22:0] [ > \_/

A[22:0] |: A[22:0

l::_‘ ~, .: : . I-"'.....’--+_--‘....'"'-.I ﬂ%: 220

Cc[22:01[ >
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High Level Transformations

 Complex transformations: E.g., a*(b+c)=a*b+a*c
» Verified threugh a sequence of IDV transformations

s> Seguence captured in reFLect program and result for every
Size stored in database

2! waves| Refinement direction:

Global Preferences | Gose GU

Refinement direct

View Transformation: =
= - o Selected Edge: Import | Replay | View Comments
Select by: Transformati name —I —I

1 mul_assoc_52 (#533)
£ mul_assoc_54 (#554) | distributel8 ( ) mul un atel8 (#169)
1 mul_assoc_56 (#575)
1 mul_assoc_58 (#596)
1 mul_assoc_60 (#617)
£1 mul_distribute? (#18)
£ mul_distribirted (#39)
€1 mul_distributet (#60)
(1 mul_distributed (#61)
£ mul_distribute0 (#102)
£1 mul_distribute12 (#123)
1 mul_distributel4 (#144)

(1 mul_distribute16 (#165)
Bl & - dotruisto +106)
£1 mul_distribute20 (#207)
£ mul_distribinte22 (#228)
1 mul_gistributez4 (#249)
£1 mul_distributezs (#270)
£1 mul_distribute8 (#291)
£1 mul_distribute30 (#312)
£1 mul_distribute3?2 (#333)
(1 mul_distributesd (#354)
£1 mul_distribute3s (#375)
£1 mul_distribute38 (#396)
£ mul_distribirtedd (#417)
1 mul_tistribute42 (#436)
£1 mul_distributedd (#458)
£1 mul_distributeds (#480)
£ wul_distribirteds (#501)
£1 mul_gistributes (#522)

b[17:0]
e[17:0]

Elbg mul_distribute1d

replace fl_replay_just_string (replace with lahel "Mul’ with transf 177, no dangling)
group many CktMatch label: I replay just_string {group_many [(Mul,[59, 67]), (Mul,[65, 63]), (Mul,[61, 59]),
set selection fl_set_selection

replace N fl_replay_just_string (veplace each one in [1,2,...,17] with transf 178)

duplicate fl_replay_just_string (duplicate with label *~Add$")

group many CktMateh label: fl_replay just_string (group_many [(CktMatch,[2, 11, with dangling)

set selection fl_set_selection

replace N fi_replay_just_sting (veplace each one in [1] with transf 179)

group many CktMatch fabel: fI_replay_just_string (group_many [(CktMatch,[89, 86, B8]), (CktMatch,[85, 33, 3
set selection fl_set_selection

=]

& s

new[17:0

&,

replace N 1l_replay_just_string (replace each one in [1.2,...,18] with transf 180}
duplicate 1l_replay_just_string (duplicate with label "/Constg")
clean top_fubs fl_replay_just_string (vemove unused top Tubs)

RN

set selection fl_set_selection

& 5

replace: 1l_replay _just_string (replace [23, 24, 31] with transf 181, no dangling)
set selection fl_set_selection
replace fl_replay_just_string (veplace [29, 36, 143] with transf 151, no dangling)
set selection fl_set_selection

& 5




