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Design Flow

module conv;
reg [31:0] m[0:8192];
reg [12:0] pc;
reg [31:0] acc;
reg[15:0] ir;
always
begin
ir = m|pc|;
if(ir[15:13] == 3b000)
pe = ml[ir[12:0]];
else if (ir[15:13] == 3’b010)

Simulation

| Simulation (Circuit) |

| Emulation (System) |

Std Cell Lib
| Device Modeling |

| Parasitic Extraction |

—— |  DRC/LVS |

RC Extraction

————————

x
Minimum delay

FF3

Maximum delay

Timing Analysis

(Critical path)

VRS

Specifications

Architectural Design
Functional Design

Logic Synthesis

T

Package and Test

FI Logic Compiling

Fabrication

|
v
Logic Optimization I
v
|
|

'I Tech Mapping

Y
| Equivalence Checking

RET/OPC/ILT

DRC (MP

Desired layout structure

Structure in
photoresist w/o OPC

Mask with
phase shift

<+— QPC mask layout

Structure in photoresist
with OPC

Width rule a

Intrusion rule d

Spacing rules by, b,
Extension rule ¢

Enclosure rule e




Design Flow

it

/Standard Cell Library\

A N ? ...... ?
cell_1 wee| cell x T

7N S YYYY

Circuit Design
(RTL-level)

’ cell.n |[...| cellx
A A -

Verilog format
VHDL format
AIGER format
BLIF format
EDIF format
BENCH format
CNF format
Truth Table-
format

celly cell_ z

7YV x4

-

(a) (b) (©)




Overview

e Why
AT LAEREIMAPTE, WEFRLEFEHARRR?

[1] https://github.com

Berkeley-abcl' l{FZ{EAYRIRR :

o EBHMSEIEKA, B

o BEFEEHRE, O BHRE

o AIMBIELGERIAREberkeley-abeZ IR, HRMARS
EPFL-IsilsRI{FERY AJR

o Isils FHUEMGFERTEAMR

o IsilsHUIZAEAI T ZRETEZRYruntime AR QoRFabei M FIEELRE
o IsilsXgFliberty MAHFETUAASTHF

/berkelev-abc/abc/

[2] https://github.con

n/Isils




e How

SR ARIMAPTE? Fo3Kki

o g%, Ff

Overview

i T EAWnEH,

ST

° %IJﬁ§berkeley-abcL\,{&EPFL-lsilsEl’\Jﬁﬁ,\ﬁ“

SR E NI EY

o Tmﬂ'%?ﬁ'ﬂﬁﬁf Rt
o fEruntimeFQoR_E#Zifrberkeley-abe
o (BHAIMZIELZSHIBLGHER

e Goal
R+ Tz

g

MEIFSLARRIEESE IR, SFnhk

T‘=’ﬂ

M%ﬁ&“
SR TR
RISC-\/ 4 1823

6;strash;dch,-f;map,-p,-M,1,{D}, -f;topo;dnsize;buffer,-p;upsize;”

buffer; upsize

= m | mm
set abc_script "+read constr,$SDC_FILE;strash;ifraig;retime,-D,{D},-M,
#define ABC_COMMAND_LIB "strash; ifraig; scorr; dc2; dretime; retime {D}; strash; &get -n; &dch -f; &nf {D}; &put"
#define ABC_COMMAND_CTR "strash; ifraig; scorr; dc2; dretime; retime {D}; strash; &get -n; &ch -f; &f {D}; &put;
#define ABC_COMMAND_LUT "strash; ifraig; scorr; dc2; dretime; retime {D}; strash; dch -f; if; mfs2"
#define ABC_COMMAND_SOP "strash; ifraig; scorr; dc2; dretime; retime {D}; strash; dch -f; cover {I} {P}"
#define ABC_COMMAND DFL “strash; ifraig; scorr; dc2; dretime; retime {D}; strash; &get -n; &dch -f; &nf {D}; &put"

{D};

dnsize {D}; stime -p"
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iMAP T H|RE!

e iMAP 0.1%R T EF T ZMGIEELARISENCET
SRIE X FFLI8E:
o RSV
v AIG (And-Inverter Graph) & B9 N\F
v Verilog / DOT & vk
o BEGFAEET
v Rewrite (BEF4-N\EEFRAINPNITH)
v Refactor (BEFSOPFEIAHIIL)
v Balance (B FAND-treefJFEHX)
v LUT-opt (BEFFPGAT ZISTHILILELE)
v Map-fpga (EFcutLif ZAIGREE Rk choice GraphRIFPGALILEIZ)
v Map-asic(ETFAIGRIASICILLEILR, Flibertyfile, fFrelease)




iMAPTRigit
L

Logic Optimization Technology mapping

Cchoice generation)
C map_fpga )
C map_asic )

Utils
C Parser )
C Input / Qutput )
o

Basic operations

Boolean Cut
operators operators
b — 3 >
atabase
s ) [
[1] https://github.com/OSCC-Project/iMAP

[2] https://gitee.com/oscc-project/iMAP

- E2RiEI
o TRIESHEN

e add new features

rewrite

=]

o BRE
e compare with ABC
i
o 1Y+ APIs
o Al +i1MAP

e Commands
e Python APIs

refactor

balance

operators




SRS

o ZIEFEERERIA

AIG (And-Inverter Graph) Ao ;
A Hr= : <:)ate1 ! ))% e X
AND#[Inverter 2iZHE55THH . : 2w

nand

M M o A% er




e CUT
XFF— 1N rarAYcut,

=

SRS

A=

H

Hig N\t ERYIR2E YT

MEIAET Rr—ERE i %eut

k-feasible-cut

k-feasible-cut computation

/ \
’
’ \\
4 \
4 \

d e%
b C

tE4{a,b,e}e T Al —- 3-feasible-cut

/IIIII'

/\\\7I

op



SRS

o CUT

X F—1M TRl cut, 2—HEER A CRIFZHEKET
MNBIABTDR—ERE] T1Zcut

k-feasible-cut ({7} {d, e}, {d. b, ¢}, {a. b, e} {a, b, c} }
k-feasible-cut computation o
S

{{d}. {a, b}} {{e} {b, c}}

/IIIII'

/\\\7I

VAN

op



ZIEICEF

e Framework of rewriting algorithms

substitution l
_______________________

Ll
L2
Node Rewriting algorithm —
| DB
boE
‘ B O © ¢
T T T T 11 ) B T
Subgraph extraction Node rewriting Cost evaluation Equivalent Replacement

I, Subgraph extraction
2. Node rewriting
3. Cost evaluation

4. Equivalent replacement



ZIEICEF

e Rewrite-4
NPN-library pre-computation
k-feasible-cut enumeration

Iteratively local replacement
e cost evaluation

e Substitution

T

N

NPN equivalent >
rd

e—

—

N o<
Vv v
N

L4

Xy z zy X Boolean

f(x,y.2) = (xty)z a(x,y,2) = (z+y)x functions

|

L XK

—@ f

e

Subgraph 1 Subgraph 2 Subgraph 3

a b a G b G a G
Figure 2. Different AIG structures for function ' = abc.

~

Equivalent
classes

Subgraph 1 Subgraph 2

Figure 3. Two cases of AIG rewriting of a node.




ZIENEF
e Refactor

Reconvergence-cut computation

Local replacement
e SOP minimization
e C(Cost evaluation

e Substitution

n, =de

ns = n4n, = abc

Ng = Ny,N5 = bed

n, = ngn, = cde

ng = NzNg = abc & bcd = abed
Ny = n;ng = cde & abcd = abcde



ZIENEF
e Balance

AND-tree computation a

e Tree-balance

Figure 3.1.1: Tllustration of the covering step.

(fb g =5
& L7 4
5 % a b Cfde

Figure 3.1.2: Illustration of the tree-balancing step.

Covering Tree-balancing
E§ = g o =
: b h
a b Ped c f
a b ¢ d e
d e 4

d/Qb‘e d

Delay: 5 levels Delay: 3 levels

e replacement

Figure 3.1.3: Illustration of AND-balancing.




e Lossless synthesis

Design
. B

sweep
eliminate

B

simplify
eliminate
sweep

. B

eliminate
simplify
resub

. B

fx
resub
sweep

. 3

eliminate
sweep
mis —w 22

a

Technology
Mapping

(a) Conventional Synthesis

Design
L1

sweep
eliminate

. B

simplify
eliminate
sweep

. B

eliminate
simplify
resub

&

fx
resub
sweep

. B

eliminate
sweep
mfs —w 22

J:LD—JJ—J:LE-Q

Eas ps @osphmpashms

Technology
Mapping

(b) Lossless Synthesis

Network 1

ot

p=bG

o=a+pd+pe

TSIRHEF

choice generation (remain structural bias)

Network 2

o=a+p(d+e)

Network with Choice




TSIRHEF

e map fpga/map asic

f :4}—%_& k-LUT
g
d -
E
€ —m W Technology mapping

h — 1 %D» -
b D

inv(1)

—fe

a :DPnandZ(Z) Ij )andg @
c % >|l°r(2) E‘:} nor3 (3)

Logic-Level circuit _
—f>e

standard cell library

nand2(2)



iMAP{EEFB5 BB

e command engine

username@pcl-X11DPi-N-T:<project_path>/bin$ ./imap
imap> read_aiger -f ../../../benchmark/EPFL/arithmetic/adder.aig
imap> print_stats -t @

Stats of AIG: pis=256, pos=129, area=1020, depth=255
imap> rewrite

imap> balance

imap> refactor

imap> lut_opt

imap> map_fpga

imap> print_stats -t 1

Stats of FPGA: pis=256, pos=129, area=215, depth=75
imap> write_fpga -f adder.fpga.v

./imap —¢ “read aiger —f ../../../benchmark/EPFL/arithmetic/adder.aig; print stats —t 0; rewrite; balance; refactor; lut opt; map fpga; print stats -t 1; write fpga —f adder. fpga.v”



iMAP{EEFB5 BB

from imap_engine import EngineIMAP

e python engine

class Demo(object):

A very simple demo.
class EngineIMAP():

wom

IMAP engine for python usages def __init_ (self, input file) -> None:

self.input_file = input_file

4 self.engine = EngineIMAP(input_file, input_file+'.seq’
10 functions: z € Cnpat_ put- T
read def _opt_size(self):

write self.engine.rewrite()
self.engine.add_sequence('rewrite’)
self.engine.refactor(zerc_gain=True)

Logic optimization functions: .
self.engine.add_sequence('refactor -z")

rewrite

refactor def _opt_depth(self):

balance self.engine.balance()

Ayt T self.engine.add_sequence('balance’)
ut_op

hiStory def _opt_lut(self):

self.engine.lut opt()

Technology mapping functions: self.engine.add_sequence('lut_opt")

map fpga def run(self):

self.engine.read()
Utils: opt_round = 5
add_sequence while opt_round > @:
self._opt_size()
self. opt_depth()
pl‘iﬂt—StatS self.engine.print_stats()

opt round -= 1

cleanup

self.engine.map_fpga()
self.engine.add_sequence('map_fpga’)

self.engine.print_stats(type=1)

self.engine.write()




iMAP for EDAKSTHEELZEE

o Tl AEERENUS I ZIRGTHIERERIE

: Xt
IMAP & L
] e
BRREREE O #uss

A ||+ g | LUTR=
5 T e




AlG
feature

FPGA netlist

feature

iMAP for EDAfS R AR EE

=5 TE M) HFHIE:
o I%f2: iMAP/cli/ command / print_stats.hpp

if( type == 8 ) {
if( store<iFPGA::aig_network>().empty() ) {
printf("WARN: there is no any stored AIG file, please refer to the command \"read aiger\"\n");
return;

}

iFPGA: :aig _network aig = store<iFPGA::aig_network>().current(). storage;

iFPGA: :depth_view<iFPGA: :aig_network> daig(aig);

printf("stats of AIG: pis=#d, pos=%d, area=%d, depth=Xd\n", aig.num_pis(), aig.num_pos(), aig.num gates(), daig.depth());

1
I

else if (type == 1) {
if{ store<ifFPGA::klut network>().empty() ) {
printf("WARN: there is no any FPGA mapping result, please refer to the command \"map_fpga\"\n");
return;
}
iFPGA: :klut network klut = store<iFPGA::klut network>().current(). storage;
iFPGA: :depth_view<iFPGA: :klut_network> dklut(klut);

printf("stats of FPGA: pis=%d, pos=¥d, area=¥%d,

L]

depth=%d\n", klut.num pis(), klut.num pos(), klut.num gates(), dklut.depth(});




00

H
3
17

=
58
i
il

AEiTLl



AFKiTk

o Eruntimel AN QoR_EfF#Eberkeley-abc

o STEIIRELANIR

o ST FF5IEDAF

APR

, SRS AR

CBR3E

o X ¥EFphysical-awareHUiZ B S

o SHSTMKIET AISBIREE (IS




iEDA Tutorial SEPYHRINES

Part1 iEDA-IMAPTEAE 20min  ({7FfH) doh
o

Part2 AIMAPT ZIETELXL 15min (X&)

Part3 FHFLBEESEE 15min (BRB) |0
part4 [EDA-ATPGTEAE 20min (MBEE) b g
1



Technology Mapping Problem

Combinational Technology Mapping: Given a set of

gates L, called the library, and a Boolean network G, let D> f i// LUT3 ™\
M be the set of Boolean networks constructed using A - i
gates from L that are functionally equivalent to G. These | ﬁ F 1/ ) /_Wéi
are called mapped networks. . /«\\L—UTL -~
The goal of mapping is to find a mapped network M € M HEDW % N ([T
that minimizes some objective such as area subject to . wowmn
certain constraints such as timing j@ C_/\Luxz/
AlG Luts
« ASIC library: Standard Cells, e.g, AND2, INVERTER Mapping
« FPGA library: Look-up Tables(LUT) :>

look-up table with k inputs, called a k-lut is a
configurable gate that can implement any Boolean
function of k variables

Time Complexity:
« Minimize delay (depth of LUTs, load-independent
delay): 0(n*) [1]
« Minimize area (humber of LUTs, area of cells): library
NP-Complete [2,3]

Standards Cells



For ASIC: Standard Cell

A standard cell library is a collection of predefined
and pre-characterized logic cells or building blocks
that are used to implement digital designs

It composes a set of standard cells (predefined and reusable
logic gates: e.g., NAND2, INV, OR2, and AOI21) and their
electrical and physical properties (e.g., functionality, pins, timing
information, and power consumption). For example ASAP7
7/nm PDK contains 154 standard cells

Supergate is the composition of the standard cells into a single-
out gate and contains many gates with diverse functionality,
which is utilized to mitigate the structural bias problem in
technology mapping

b~ c’_ (Ii 1’ Ee/
Figure 4: A supergate. Figure 5: Supergate generation.

cell ( AND2CLKHD1X ) {
area

cell leakage power :

cell footprint

pin ( A ) {
direction
capacitance

pin ( B ) {
direction
capacitance

pin ( Z ) {
direction
capacitance
max capacitance
function
timing ( ) {
related pin
timing sens
cell rise (
index 1
index 2
values

: 7.564 ;
0.344886 ;
: and2clk ;

: input ;
: 0.00226414 ;

: input ;
% 0,.100221.057¢

: output ;

: 0 ;

: 0.423245 ;
= 11 (A B) " ’.

IIAH E
e : positive unate ;
delay template 6x6 ) {
( M0.0001, 0:02, 0.1, 0.2
( "0.033344, 0.093963, 0.
(\

"0.067736, 0.074117, 0.09274,
NOET25164 0. 133677, 10152551

3343, 0.337365, 0.355432,

VQ.5683, '0.578238, 0.598328,
"0.807801, 0.819009, 0.86723%5

0
0
HO'
0
0



For ASIC: Standard Cell

pin (OUT) {
Non-Linear behavior of Cell Delays: max_transition : 1.0;
timing ()
Input transition (slew): refers to the change in Tl BhSE pin. 3 TIHEL
. . . . timing sense : negative unate;
voltage at the input of a logic gate or circuit (" cell rise(delay template 3x3) |
from one logic state to another. typically index 1 ("0.1, 0.3, 0.7"); /* Input transition */
from low (O) to high (1) or vice versa index 2 ("0.16, 0.35, 1.43"); /* Output capacitance */
' values ( /* 0.16 0.35 1.43 ¥/ \
/*0.1*/ "0.0513, 0.1537, 0.5280", \
Output Capacitance (load): refers to the /* 0.3 %/ "0.1018, 0.2327, 0.6476", \
capacitance that is present at the outputofa | /" 0-7*/ "0.1334, 0.2973, 0.7252");
logic gate or circuit. It reprgsents the ability F céll_fan (delay template 3x3) {
of the output to store electrical charge. index 1 ("0.1, 0.3, 0.7"); /* Input transition */
index 2 ("0.16, 0.35, 1.43"); /* Output capacitance */
values ( /* 0.16 0.35 1.43 */ \
If the mapped circuit is obtained, one can /FR A% M, 0617, 0,1537, 0,5280%, X
. . . /* 0.3 */ "0.0918, 0.2027, 0.5676", \
compute the delay using (i) non-linear delay | B S wP  wh Bds  f SE. & @bt
model, NLDM, or (i) wire load model WILM )

Before mapping, both the input slew and output load are unknown!



For ASIC: Mapping Flow (Dynamic Programming)

The heuristic mapper in ABC [4]

Existing studies focus on:

Input: And-Inverter Graph

1.

2.
3. For each cut, the truth table is computed to check whether

6.

Construct supergates and Compute the load-independent
delay model for each supergate
Compute K-feasible cuts for each node

it can be implemented by the supergates

Compute best arrival time (estimated delay) at each node
« Intopological order (from Pl to PO)
« Compute the depth of all cuts and choose the best one

. Perform area recovery

« Using area flow
« Using exact local area

Chose the best cover
« Inreverse topological order (from PO to PI)

Output: Mapped Netlist

(1) Cut Ranking, filtering, merging

(2) Designing heuristic area estimation

(3) Supergate generation

(4) Delay estimation of the cells (or supergates)
« load-independent delay estimation
« load-dependent delay estimation

f

A
(a) AIG with function f. (b) Mapped circuit of f.
Fig. 1. An example of an AIG and its mapped circuit with the Boolean

function f = a @ b A cAd. The dashed lines on the edges indicate the wires
with inverters.




Load-Independent Supergate Delay Estimation

p

d(g) =1D x Ga + P

LD is the induced delay per unit load,
Ga is a pre-defined gain factor for load.

Large Gap Between Estimated and Actual Circuit Delay

TABLE 1

Supergate Delay Estimation

is the load-independent parasitic delay w.r.t. the gate,

MOTIVATION EXAMPLE: THE SIGNIFICANT DISPARITY BETWEEN
ESTIMATED CIRCUIT DELAY AND ACTUAL CIRCUIT DELAY.

in ABC

pin (OUT) {
max_transition : 1.0;
timing () {
related pin : "INP1";
timing sense : negative unate;

cell rise(delay_template 3x3) {
index 1 ("0.1, 0.3, 0.7"); /* Input transition */
index_2 ("0.16, 0.35, 1.43"); /* Output capacitance */
values ( /* 0.16 0.35 1.43 */ \
/¥ 0.1 %/ ™0.0513; 0.1537; 0.5280™; \
/* 0.3 %/ "0.1018, 0.2327, 0.6476", \
/% 0.7 */ "0.1334, 0.2973, 0.7252");

-

5

Y
i

cell fall (delay_template 3x3) {
index 1 ("0.1, 0.3, 0.7"); /* Input transition */
index 2 ("0.16, 0.35, 1.43"); /* Output capacitance */
values ( /* 0.16 0.35 1.43 */\

Circuits Estimated Results Actual Results 5 elay
> | Area(um?) LI-Delay(ps) | Area(um?) Delay(ps)
adder 898.31 2,613.78 898.13  3,770.65 44%
bar 2,681.62 152.96 2,680.39 1,114.9 629%
log2 26,556.98 3,891.66 | 26,561.26  6,797.77 75%
cavlc 463.27 185.07 463.29 03.2 50%
int2float 158.61 174.27 158.63 91.7 47%
ctrl 106.92 08.53 106.84 89.9 9%

[I-Delay refers to the load-independent circuit delay estimation in ABC [1].

The actual circuit delay is computed by the non-linear delay model [1].

f& B, 1 v "0.0617, 0.1537, 0.5280", \
J= 0.3 * "0.0918, 0.2027, 0.5676", \
% Q.7 % "0.1034, 0.2273, 0.6452") ;




Supergate Delay Estimation

Load-Independent Supergate Delay Estimation
d(g) =1D x Ga + P

p is the load-independent parasitic delay w.r.t. the gate,

LD is the induced delay per unit load,

Ga is a pre-defined gain factor for load.

Large Gap Between Estimated and Actual Circuit Delay

TABLE I
MOTIVATION EXAMPLE: THE SIGNIFICANT DISPARITY BETWEEN
ESTIMATED CIRCUIT DELAY AND ACTUAL CIRCUIT DELAY.

in ABC

pin (OUT) {
max_transition : 1.0;
timing () {
related pin : "INP1";

timing sense : negative unate;

( cell rise(delay_template 3x3) {

index 1 ("0.1, 0.3, 0.7"); /* Input transition */
index_2 ("0.16, 0.35, 1.43"); /* Output capacitance */

values ( /* 0.16 0.35 1.43 *x/ \
/* 0.1 */ "0.0513; 0..1537; 0.5280"; \
[* 0.3 */ "0.1018, 0.2327, 0.6476", \
/% 0.7 */ "0.1334, 0.2973, 0.7252");

S

Y
i

cell fall (delay_template 3x3) {
index 1 ("0.1, 0.3, 0.7"); /* Input transition */
index 2 ("0.16, 0.35, 1.43"); /* Output capacitance */

Estimated Results

Actual Results

Circuits Area(pn12) LI-Delay(ps) Area(pm2) Delay(ps) el
adder 898.31 2,613.78 898.13 3,770.65 44%
bar 2,681.62 152.96 2,680.39 1,1149 629%
log2 26,556.98 3,891.66 | 26.,561.26  6,797.77 75%

463.27 185.07 463.29 03.2 50%

cavlc

values ( /* 0.16 0.35 1.43 */\
/* 0.1 */ "0.0617, 0.1537, 0.5280", \
/* 0.3 */ "0.0918, 0.2027, 0.5676", \
N "0.1034 0::2273., 0.6452") ;

}

Before mapping, both the input slew and output load are unknown!

Ll-Delay rerers to the load-independent circult delay esumation i AsC | 1],

The actual circuit delay is computed by the non-linear delay model [1].



AiMap: Learning to Improve Technology Mapping
for ASICs via Delay Prediction

e Problem

Given a Boolean network, its k-feasible cuts for each node, and the supergates matched for
each cut, our goal is to make an accurate estimation delay of supergates, w.z.¢ the cut to
guide the search of the mapper to achieve the better QoR of the mapped circuit.

e Challenges

a) How to generate supergate delays under the better circuit delay?

b) How to design learning model to be aware of (i) varying contributions of different pins to supergate delay

estimation (ii) hierarchy of node-cut-supergate tuples

c) How to prune the number of node-cut-supergate tuples ?



AiMap: Learning to Improve Technology Mapping
for ASICs via Delay Prediction

e Problem

Given a Boolean network, its k-feasible cuts for each node, and the supergates matched for
each cut, our goal is to make an accurate estimation delay of supergates, w.z.¢ the cut to
guide the search of the mapper to achieve the better QoR of the mapped circuit.

e Challenges

a) How to generate supergate delays under the better circuit delay?

b) How to design learning model to be aware of (i) varying contributions of different pins to supergate delay

estimation (ii) hierarchy of node-cut-supergate tuples

c) How to prune the number of node-cut-supergate tuples ?



AiMap: Learning Label Generation

Three parameterizable strategies from the perspectives of (i) load-independent,
(ii)load-dependent supergate delay estimation, and (iii) cut sample.

« Strategy 1: Load-Independent Supergate Delay Estimation
d,(g) = LD, X Gas + P,

d(g) = a-d(g) + (1 — ) - ds(g)

Ps Is the load-independent parasitic delay from the view of slew

LDs Is the induced delay per unit slew,

Gas Is a pre-defined gain factor for slew.

d(g) is the Load-independent model for the gate delay estimation in ABC



AiMap: Learning Label Generation

e Strategy 2: Load-dependent Supergate Delay Estimation
d(g,1) =d(g) - (B-7-1ogRF + (1 — §) - T - log LF)

RF an LF are the fanout of the root nodes and leaf nodes of the cut, respectively.

Update arrival time:  Arr(v) = max {Arr(g9) +d(g.0)}

VgeCutLeaves(v)

e Strategy 3: Cut Sample

In practice, we indeed use five ranking criteria (with parameter ¢ ) to sort the candidate cuts and sample a
relatively smaller number of cuts (with parameter r)

Finally, performing a grid search for these parameters to obtain the supergate delay w.r.t. the cut
under the best circuit delay



AiMap: Framework Overview
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AiMap: Feature Embedder

* Node Embedding TABLE I

SUMMARIZATION OF NODE FEATURES

Node Features | Child | Features | Child 2 Features

Collect 10 features to capture the structural information
. . . level(wu level level(u
from the node itself and from its two children, fiﬁiui&) ‘ fiiliéiéiﬁl) ‘ tiﬁié&i)g)

inverter(uo)

inverter(w) inverter(uq)

re-level(u)

 Cut Embedding

Collect 19 features for each cut from the cut-node and cut-structure aspects.

cut-node: it includes 6 nodes as the features
cut structure: it contains 13 features, i.e., (i) the root fanouts, (ii) the cut leaf number and the cut
volume for the cut itself and its two parents, (iii) the max, min, and gap of the cut levels and fanouts,

e Supergate Embedding

Collect 60 features, in brief (i) the basic descriptions, e.g., the area, leakage power, and the
number of inputs/outputs, (ii) features related to delay on each pin, e.g., the estimation of load-
independent delay for different pre-defined gain factors, and (iii) the overall features of the
supergate, e.g., max and sum delay on all pins.



AiMap: Learning Model

e Cut-Node Attention f ,Sup?j_gates ‘z (G S T
To be aware of the varying contributions of different § | ) | DGBH = | j
pins to supergate delay estimation 096 p?b o store
i Emb. Cut -Supergate

K = tanh(mean(C,,)W) T ESr

-
" 311 | U -
N = o(KC] C, i 3
Node Cut-Supergate! i Weighted : Predlctzdl
\\ Tuples / \_  Cut-Node Matrix uperga € de aY

* Cut-Supergate Fusion R Learning Model
To jointly learn the physical features related to delay in the supergate
and the structural features of the cut based on a CNN mode

* Training process

Guided by minimizing MSE Loss based on our generated supergate
delay labels and predicted the supergate delay



AiMap: Results
QoR of Technology Mapping

TABLE III
RESULTS COMPARISONS OF ABC, SLAP, AIMAP. WE HIGHLIGHT OUR METHOD IF IT BEATS THE COUNTERPARTS w.r:f. THE AREA AND DELAY. THE
RESULTS OF SLAP DERIVE FROM THEIR ORIGINAL ARTICLE, WHEREAS “~ REFERS TO THE EXPERIMENT RESULTS THAT WE WERE UNABLE TO
REPLICATE. COMPARED TO ABC, WE IMPROVE 10 OUT OF 15 CASES.

Circuits ABC ‘SLAP ‘AiMap AiMap/ABC AiMap/SLAP
Area(um?)  Delay(ps) | Area(um?) Delay(ps) | Area(um?)  Delay(ps) | Area  Delay | Area  Delay
adder 898.13 3,770.65 1,031.33 3.268.67 1,060.96 3,486.11 1.18 0.92 1.03 1.07
bar 2.,680.39 1,114.90 3,083.23 923.82 2,059.40 1,058.98 0.77 0.95 0.67 1.15
log2 26,561.26 6,797.77 — — 23,330.10 6,855.81 0.88 1.01 — —
multiplier 25,458.31 4.649.10 — — 20,106.40 4,512.38 0.79 0.97 — -
sin 5,207.04 3,955.57 5,087.60 3,584.79 4,503.00 3,599.18 0.86 0.91 0.89 1.00
sqrt 20,252.20 180,518.05 — — 19,918.61 185,280.97 0.98 103 — —
C6288 2.991.82 1.248.55 3,023.54 1,236.59 2,479.53 1,385.40 0.83 1.11 0.82 LA
C7552 1,978.45 797.54 2,002.01 800.09 1,758.93 913.78 0.89 LIES 0.88 1.14
mul32-booth 9,889.44 3,229.54 — — 8,041.16 3,410.47 0.81 1.06 — —
mul64-booth 39,736.45 6.715.12 - - 31,087.36 7,058.33 0.78 1.05 — —
64b_mult 52,318.64 7,922.55 — — 37,275.11 9.343.50 0.71 1.18 — —
aes 18,190.01 656.60 16,489.63 594.64 15,792.12 625.95 0.87 0.95 0.96 1.05
cavlc 471.23 294.12 — — 480.32 259.77 1.02 0.88 — -
int2float 159.56 160.04 — — 162.13 163.32 1.02 1.02 — —
ctrl 107.54 134.04 — — 107.31 101.96 1.00 0.76 — —

Geomean 4,290.43 2,098.17 - - 319773 2,079.21 | 0.885  0.991 | 0.865 1.087




AiMap: Results
QoR of Delay-Oriented Technology Mapping

TABLE V

DELAY-ORIENTED MAPPING RESULTS OF ABC AND AIMAP.
i ABC AiMap AiMap/ABC

" | Area(um?) Delay(ps) | Area(um?) Delay(ps) | Area Delay
adder 2,369.43 2,618.21 1,398.51 2225775 | 0.59  0.85
bar 4,198.34 1,936.90 2,779.53 1,428.83 | 0.66 0.74
sqrt 48,105.13 303,498.88 | 37.596.11 301,290.41 | 0.78  0.99
sin 9,784.00 6,456.01 8,691.31 6,996.77 | 0.89  1.08
C6288 2,991.82 1,248.55 2,479.53 1,385.40 | 0.83 1.11
C7552 3,748.58 1,605.98 3,733.41 1,163.79 | 1.00 0.72
aes 29.721.57 939.01 | 25,064.54 79139 | 0.84 0.84
router 329.16 617.27 452.56 609.04 [ 1.37 0.99

Geomean | 517428 321970 | 437154 291476 | 0.845 0.905

AiMap achieves a remarkable delay improvement of 15% compared to ABC. Surprisingly, it even outperforms our
parameterized strategy generated labels by 7% (the labels result being 2,394.06 ps). Proved by CEC (combinational
equivalence checking)



AiMap: Results
QoR of Training Strategies

TABLE 1V
TRAINING RESULTS w.r.t. THREE TRAINING STRATEGIES. WE ONLY RECORDED THE IMPROVEMENT IN DELAY, DISREGARDING CHANGES IN AREA.

Circuits ABC Strategy 1 Strategy 2 Strategy3

Area(um?)  Delay(ps) | Area(um?) Delay(ps)  ADelay | Area(um?) Delay(ps) ADelay | Area(um?) Delay(ps)  ADelay
adder 2,371.12 2,618.21 2,323.37 2,394.06 8.6% 2,323.37 2,394.06 8.6% 2.325.37 2,394.06 8.6%
bar 4,198.34 1,936.90 2,389.64 93451 51.8% 3,169.06 876.30 54.8% 3,275.38 872.59 54.9%
max 4,092.32 4,640.24 3,448.38 4,372.64 5.8% 2,724.51 2,948.38 36.5% 2,731.99 2,939.40 36.7%
sin 9,785.40 6,456.01 10,840.20 4,498.79 30.3% 8,465.33 4,438.97 31.2% 8,467.88 4,434.73 31.3%
i2c 1,167.24 24435 1,209.60 222.21 9.1% 1,241.32 208.55 14.7% 1,241.32 208.55 14.7%
priority 1,736.08 2,856.16 1,697.73 2,669.83 6.5% 1,697.73 2,669.83 6.5% 1,697.73 2,669.83 6.5%
router 452.56 609.04 441.56 497.60 18.3% 441.56 497.60 18.3% 464.73 488.26 19.8%
Geomean 2,323.49 1,813.76 | 2,113.47 1,442.44 20.5% 2,061.37 1,336.26 26.3% 2,087.21 1,331.07 26.6%

our strategies can be extended to enhance the mapped network for both area and delay. The three strategies
collectively contribute 16.6%, 18.3%, and 18.8% to the area and delay improvements, on average.
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FiFrefactorFiEHR

o XIH/RIZIEMEZHITI, 3K1EF{Kareafldepth,
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/Standard Cell Library\

A N ? ...... ?
cell 1 wee| cell x T c

7N S VY YY)

Circuit Design
(RTL-level)
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HiTrefactorFiEHR
e Refactor

e Topological order(Sequential)
e Reconvergence-cut computation
e SOP refactoring(Truth table)
e Evaluation(MFFC)

e Local replacement

Pos

Pis




HiTrefactorFiEHR
e Refactor

Topological order(Sequential)

e Reconvergence-cut computation

e SOP refactoring(Truth table)

e Evaluation(MFFC) ‘
e Local replacement




HiTrefactorFiEHR
e Refactor

e Topological order(Sequential)
e Reconvergence-cut computation
e SOP refactoring(Truth table)
e Evaluation(MFFC)

e Local replacement nnn
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Subgraph 1

Subgraph 2
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HiTrefactorFiEHR
e Refactor

Topological order(Sequential)
e Reconvergence-cut computation
e SOP refactoring(Truth table)

e Evaluation(MFFC)

e Local replacement

Cost = mffc.size()




HiTrefactorFiEHR
e Refactor

e Topological order(Sequential)

e Reconvergence-cut computation

/\ Pl /\ Pl
e SOP refactoring(Truth table) i o 7 e Coni
. O  AND-gate QO  AND-gate
e Evaluation(MFFC) e

e Local replacement

—  Wire
==»> Inverter K
a\ /o\ e\ /d

f==aANbANc) Nd

Compare(old_sub_g.cost, new_sub_g.cost)

n3:a/\b/\b/\c~ n3=aNb /N c
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ATPGHHXHEE

o TRFE (Defect)
> LIREBRAIMEIRIT CAFENYEER
> AEBRIHEIENTIZEE, TZ2RITARFREERK
> S|ERIFER. RIRF

o HWFEREY (Fault Model)
> REERYZIEEMRKRT
> BUURER, Sl
> Stuck-atifEIEEY, Transitiont{[EIEEY, DelayiifEiREIS

—1/0

i H good / error

[Vallet IBM 1997]




ATPGIEXIEE

- BalliFf[aE4% 6% (Automatic Test Pattern generation, ATPG) YN

> FIXEERSIERE, Bt I AT R E

~O-~00

> WhiAEE: BEEEEMAER (+ BEEFEE R

stuck-at fault

- ATPGMEERYE ETnE
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> 1E1TRYE
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IATPGREETFIE

.+ IERAVER R SALIE
> %E*E#Xj%ERVeriloglx_xli‘éEl’\J%HE standard cell example

NOT1
> FRITFHIRENATPG libraryficell model#iE Z: ﬁ > .
> tgfEStandard cellpz > | BRI L%— an
D MUX [—
> Z£5cell model##E, #¥iEPrimitiveMzE, (REMETXZR .
> PrimitiveMZERM D RALIE
> ARATERAREEEE, RBSEEAFNFAFREE, A EETSTREKEInoutT R
fﬁ)\ﬁ%buﬁer
fABUS
U -
|n0ll¢|t—|jm\ﬁ£$7jfﬁ 7\
std cell netlist l primitive netlist levelized netlist i tieX — . 2148480
P ey s tpe et e ‘\ TIEX "0“%73;5‘%.2‘JT‘ . ifﬂ%‘?yr‘
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IATPGRHEFFIE

» ClockiZE/F=0H, BEREAINEEFIRSHNEE
> ClockfESHIEE (port&=F, XIFRE) scaninfl g8
> ISEBEPRFe{EH Clock{ZSRIIKENE! ii,l, —
> BBEREEmIENFERE (EiEa=, WmASIH, @mEsIH) —
> AT STILST IR X test procedurefiis "Premrrreen
> EEHFIRYtest procedure, {CEIMBERITHEEIEHRME

66 "load_unload_grpl"{/% waveform table
Timing 67 W tset gen_tpl: T il )
68 1€ { _po_ =\r2 X ; blif_clk_net = 0; blif_reset_net = 0; “_chainl_scan_outl_" = X; ki / logd/unload s 5t fii
69 'V { scan_en = 1; blif_clk_net = 0; blif_reset_net = 0; } !
IScanStmctures ’SignaleupsDomain| 70 € { "_chainl_scan_inl " = N; } !
71 Shift { V{ *_chainl_scan_inl_" = #; "_chainl_scan_outl_" '=_§¢;_ _E'l'i?;EfR_'néi'E'f:_ blif_reset_net = 0 ; }

72 } S v Y
II Spec 73} B Y (A A clock{5 5 event

Q ET R A &

TE—— ETFload/unloadi S8
MacrosD plpiess = DFF

Pattarnl ProceduresDomain + O SET E— ‘
EFBUEHE 0 RST — e Qs

S DATA —

‘ 0—1—-0 CLK —

Figure B.1—Top level of STIL data model EFmEESORREER




IATPGRHEFFIE

« ATPGT&bIEER{E
> AR & (SCOAP)

> REESXRRM. BEETARE FE&FEY)

> TuaRiPEIRB (FIRE)

0-controllability | 1-controllability | Observability

Combinational CCoYN) CC'(N) CO(N)
Sequential SCN) SC'(N) SO(N)
» Sandia Controllability Observability Analysis Program
SCOAP

> g8 node, HESME
CCO(N): Combinational O-controllability, CC1(N): Combinational 1-controllability
Minimum number of combinational Pl assignments and logic levels required to control a 0 or a 1 on node N
CO(N): Combinational Observability
Minimum number of combinational Pl assignments and logic levels required to propagate logical value on node N to PO
SCO(N): Sequential O-controllability, SC1(N): Sequential 1-controllability
Minimum number of FF assignments (number of clock cycles) required to control 0 or 1 on node N
SO(N): Sequential Observability

Minimum number of FF assignments required to propagate logical value on node N to a PO

[
S1: Backward

> Traditional single-line-conflict analysis

» Fault-Independent algorithm for REdundancy identification (FIRE) FIRE

» For each gate g in the circuit, the following two sets are computed
» S0 — Set of faults not detectable when signal g = 0.
» S1 — Set of faults not detectable when signal g = 1.
» Faults that unexcitable or unobservable are considered as not detectable.
= Any fault that is in the intersection of sets SO and S1 would be untestable because it requires conflicting

values on g as necessary conditions for its detection.

a— N N1 4 . 5

) x ;
1 - —at —
b= 4

BTN e | w y ’
c

Faults unexcitable due tob = 1:
b/1, by/1, by/1, d/1, x/0, z/0

Faults unobservable dueto b = 1:
a0, al/1, e,/0, e,/1, y/0, y/1, e,/0, e,/1, el0, e/1, c/O,
c/1, by/0, by/1

Faults unexcitable and unobservable due to b= 0:
b/0, by/0, b,/0, e/0, e,/0, e,/0, y/1, c/0, c/1

Redundant faults:
b2/0, e/0, e1/0, e2/0, y/1, cl0, c/1




IATPGRHEFFIE

- BETFEIMIEAR. SPERENIRE]. WEEYS. BRI
> R BIRERISIREYIZR, ICRIEIKAR (standard cell, primitive gate)
> IRBIEMERE, HITHEESE
> IRBIASTRENFEZESI (untestable, detected by implication)
> SN EREI B FES ZRISEEN

NOT1
SN —— Detected by implication, DI
RN % ~-a |Untestable Site of “Unused” Fault SCAN_PATH SCAN | DI faults that are directly in the scan path.
ANDT | DFF_PRI D Q/ -
SE o] — s on | SCAN_ENABLE SEN DI faults that can propagate to and disrupt scan
Sl ——% MUX Shlﬂll’lg
D —% uTt Master = -
ol ¥ CLK|. Latch aB CLOCK CLK DI faults that are in either the scan or functional
o — clock cone of state elements.
s-a-1/5-a-0
P E—— o Fault list example
o0 sal Sn'es o Tl'ed Faults dimncdaticsicis- il 2 type code pin_pathname
- 3 T
I / ¢ \ }s—a—o 4 1 uc /9137736/Y
AR T Cr_ D 5 0 EQ /9137736/A
T, 5-a-0 } 6 0 EQ /reset
¥ 0 uc /g137736/Y
8 1 EQ /9137736/A
» GND — 9 1 EQ / rgset
) . . . . N 10 0 uc /si[31]
Figure 4.7: Equivalent fault collapsing for Boolean gates, wires, and fanouts.
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IATPGREEIFIHE

- ETfERERTHEER
> EFParallel Pattern Single Fault Propagation (PPSFP) AI#&FEEHL
> XIFHREERA SHEN 2 EE
> ZIELARERERRIE G SRS = 9 B intifE
> XFE AT EEERHISRESYIZRNEIRSE
> SISIRHRE RS 3 R A I (Gt apticotion) 'soans (10,208

AT T T T T (posdet_testable) 14032
“ ! (untestable)

Statistics Report

BEEEN
! . . . "
SRR | DI (det_implication)
' SCAN (scan_path)
+ i SEN (scan_enable)
I

CLK (clock)

ST S
BN ?

UT (untestable)
uu (unused)
A (tied)

( &= ) -
2 =
= 1
& ! (blocked)

| st s 5742 (0.90%
; ' v ! :

| IR BRRIEHL i B AT E Coverage

| S | * * E test_coverage 99.16%

P N — fault coverage 96.95%
FUZEP R - -
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- I LHBIRER D REEMRF A EHIAPI
I S R S

readVerilog RN Verilog M & 44
readLibrary fiE At ATPG library .44
readSTIL FRHTSTILSC 1
readFaultList b WP 471 3 S A
buildNetlist FEJ S e Je B R
addClock A B clock{z 5
addScanChain 75 B LB SR [
checkDesignRule clock (5 5 AN FEAH I KLU AS 75
preprocessBeforeATPG ATPGHH K il b B4
readPattern MSTILELHE SR H 7] =
createFault P PN Ak R 2 5%

simulatePattern
writePattern
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LA Verilog testbenchi =04y H 14 7] &



iATPGEYAPISTCLAGES

- #IEBRIFNERAFRTCLES

read_verilog
read_library
read_stil
read_fault_list
add_clock
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design_rule_checking
read_pattern
set_random_pattern

create_fault

simulate_pattern

write_pattern

B2 A Verilog i 2 044
L AATPG library {4
BEASTILCAF
PPN RS
7 iclock(s 5
7 B FRLER R A )
clock {5 Rl 4 AH SR I AG; 75
M STILEHE s 3RECG 4 1) =
VB AR B ALK ) 2 ) B
FEJEE PR S R 1 3R

PATIZ A, / SR

i HE 98 1) B AF

R S 44
ATPG library 3.4
STILX {4
W55 57 3 SO 44
port4 ¥, -off state [0 ] 1]
PHEEA T, WG, ]
yi
y
I 7] B ) 8
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-source [external | random]
-start_pat_id [int] -end pat_id [int]

-source [external | random]
-start_pat_id [int] -end pat_id [int]
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