Digital Integrated

Circuits
A Design Perspective

Jan M. Rabaey
Anantha Chandrakasan
Borivoje Nikolic

Arithmetic Circults

January, 2003




A Generic Digital Processor

INPUT-OUTPUT

MEMORY

<

A

A

A 4

DATAPATH

<

CONTROL




Building Blocks for Digital Architectures

Arithmetic unit
- Bit-sliced datapath (adder, multiplier, shifter, comparator, etc.)

Memory

- RAM, ROM, Buffers, Shift registers
Control

- Finite state machine (PLA, random logic.)
- Counters

Interconnect

- Switches

- Arbiters

- Bus



An Intel Microprocessor
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Itanium has 6 integer execution units like this



Bit-Sliced Design
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Bit-Sliced Datapath

From register files / Cache / Bypass
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ltanium Integer Datapath
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Adders




Full-Adder

A B
v ¥
Cin—- aIZIchII(Ier —Cout || g C; s c, Carry
) status
Sum 0 0 0 0 0 delete
0 0 1 1 0 delete
0 1 0 1 0 propagate
0 1 1 0 1 propagate
1 0 0 1 0 propagate
1 0 1 0 1 propagate
1 1 0 0 1 generate
1 1 1 1 1 generate




The Binary Adder

A B
v

Cin—.,! Full L
adder Cout

Sum

S = A(—DB(—DCi
= AI_5>(_3i +AB(_3i +Z\I§Ci + ABC

C0 = AB+BCi +ACi



Express Sum and Carry as a function of P, G, D

Define 3 new variable which ONLY depend on A, B
Generate (G) = AB
Propagate (P)=A®B
Delete = Z E
CO(G, P) =G+ PCI:

S(G,P) = P®C,

Can also derive expressions for S and C, based on D and P

Note that we will be sometimes using an alternate definition for
Propagate (P)=A + B



Complimentary Static CMOS Full Adder
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A Better Structure: The Mirror Adder
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Mirror Adder

Stick Diagram




The Mirror Adder

*The NMOS and PMOQOS chains are completely symmetrical.
A maximum of two series transistors can be observed in the carry-
generation circuitry.

*When laying out the cell, the most critical issue is the minimization
of the capacitance at node C,. The reduction of the diffusion

capacitances is particularly important.

*The capacitance at node C, is composed of four diffusion
capacitances, two internal gate capacitances, and six gate
capacitances in the connecting adder cell .

*The transistors connected to C, are placed closest to the output.

*Only the transistors in the carry stage have to be optimized for
optimal speed. All transistors in the sum stage can be minimal
size.



Transmission Gate Full Adder
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One-phase dynamic CMOS adder
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One-phase dynamic CMOS adder
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One-phase dynamic CMOS adder




The Ripple-Carry Adder

A, By A, B A, B, A; Bj
by b b b
CI 0 C0,0 C0,1 Co 2 Co 3
— FA ——> FA |——>| FA —— FA —>
(=Cin) o ——
! { —— !
So S; S, S3

Worst case delay linear with the number of bits
= O(N)

adder (N 1)tcarry um

Goal: Make the fastest possible carry path circuit



Inversion Property

A B A B
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Ci o FA — C,
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S(4,B,C;) = S(E,E,EI.)

C (4,B,C;) = C_(4,B,C))



Minimize Critical Path by Reducing Inverting Stages

Even cell Odd cell

Ao By A; B A, By As Bj

by . b .
CIO CoO Co,l C02 CoS

—| FA pb—>d FA ——> FA p—>d FA [—

Exploit Inversion Property



Carry Look-Ahead Adders

Carry boolean equations

Ci=Gi+PCi 1=K +DPC;
Ci=K;+PC; 1=G; +PC;_,

Having defined:

G; = A; B
P, = A; + B,
Ki:Ai—l—Bi:ziEi




Carry-Lookahead Adders

Therefore:

C1 =G+ P Cy

Co=Go+ P (G + P Cy)

Cs =G+ P (Go+ P (G + P, Cy))

Cy=Gy+ PGy + P (Go+ B (G + P CY)))



Carry-Lookahead Adders

Two-level carry equations:

Cy =G+ PO

Co=Go+ PG+ P, P (Y
Cs3=G3+ P3G+ P BG4+ Py P PG

Cy=Gi+ PG+ P P3G+ Py P PGy + PPy Py PO



Look-Ahead: Topology

Expanding Lookahead equations:

Cok = Gt Pu(Gro1+Pr_1Co k-2)

All the way:
Cok = Gk +Pu(Gy-1+Py_1(... ¥ P1(Go +PoCi 0)))
Cio
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P3

<
o}
O

'_lm [+
§o) T §o) o)

1 114

lﬁl—lLoJ

IjgT L]




Manchester Carry Chain
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Manchester Carry Chain




Manchester Carry Chain

Stick Diagram

Propagate/Generate Row
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Carry-Bypass Adder

Po Gy Po Gy P, G P;  Gs Also called
\ 2 / \ 2R / \ 2R / \ 2R / Carry-Skip

Ci,O C0,0 C0,1 C0,2 CO,S
— FA }+—| FA }—| FA }—| FA |—

Po G; Po G; P, G P; G

Idea: If (PO and P1 and P2 and P3 =1)
then Cy3 = Cp, else “kill” or “generate”.



Carry-Bypass Adder (cont.)

Bit 0-3 Bit 4-7 Bit 8—-11 Bit 12-15
Setup l tsetup Setup t Setup Setup
bypass
U RN U ™\ U RN U RN
Carry_ - _ Carry_ ~ _ Carry_ ~ . Carry_ ~
‘ propagation propagation propagation propagation
> > > >
\/ - \/ - \/ - \/ e
Sum Sum Sum teum l Sum
M E)its

1:adder = tsetup + IVltcarry + (N/M _1)tbypass + (M - 1)t

carry + tsum



Carry Ripple versus Carry Bypass




Carry-Select Adder
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Carry Select Adder: Critical Path

Bit 0-3 Bit 4—7 Bit 8-11 Bit 12-15
Setup Setup Setup Setup
1|8 L L <
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Linear Carry Select
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Square Root Carry Select
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Adder Delays - Comparison
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“Q" Operator

a Definizione

(G%: Plg) = (92;?32) 0(91;2‘31) = (92 + P29, prl)

G = G% = G2+ P21
Pyy = P? = papy



Properties of the “O" operator

Proprieta associativa

((Q&Pg) O (QQ:P'EDD (Ql:Pﬂ = (9’3:?3) O ((QQ:PQ) G(QI:PI))

Dimostrazione

((g3.p3)o(g2.p2)) o (g1, p1) = (g3 + p3g2.p3p2) o (g1,p1) =
gs + Ps g2 + D3 P2 gr. Pa P2 1)

(
(g3.p3) 0 ((g2.p2) 0 (g1.p1)) = (g3, p3) 0 (g2 + P2 g1. P2p1) =
(g3 + P3(ga +P291), P3P 1) = (g3 + D3 g2 + PaD2 g1, P3 P2 P1)



Properties of the “O" operator

ldempotenza
(9,p)o(g,p) = (9, p)
Elemento neutro: (0,1)

(9,p)0(0,1) = (g.p)

N.B.: Non gode della proprieta commutativa

(92.p2) 0 (g1.p1) # (91, 1) 0 (92. P2)



Group Generate and Propagate

Definizione:

(GG, Py) = (g0, po) per k=0
(GE, PY) = (gr pr) 0 (gh—1, Pr—1) 0 =+ 0(go, po) per k > 0

Inoltre, se 1 < k:

(G*, PF) = (g, pr) o (gr—1, pr—1) 0 - - 0(gi, pi)



Group Generate and Propagate

Teorema:

Se (), = 0, allora Gﬁ = Cout k
Dimostrazione per induzione:

Posto k =0, C}, = 0.

GB = 40
Couto = go + po Cin = 9o
Gg — Oﬂﬂﬁ,{]



Group Generate and Propagate

Posto k =1, Cin1 = Couro = go.

G%} =g+ P1 9o
Cout.1 = g1 +P1 Cin1 = g1 + P1 90
G|1j — Cﬂﬂt,l

Posto k > 1, Cing = Cout 1 = Gﬁ_l

(GE.PY) = (gropr) o (GE Py ) = (gk +pe Gy Lope Py Y)
Cout = gk + Pk Cingke = gk + pr G
Gﬁ — Ccmt,k



Look-Ahead - Basic ldea

Ao, Bp A1, B; An-1) Bn-1

N

Ci,O ] PO

Cok = T(AKLBKLCok-1) = G +PCo 1



Logarithmic Look-Ahead Adder
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Brent-Kung BLC adder
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Folding of the inverse tree
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Folding the inverse tree
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Dense tree with minimum fan-out
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Dense tree with simple connections
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Carry Lookahead Trees

Co.0 = Go + PoCi o
Co1 = G1+P1Go+P1PeCi g
Coz = G, +P,G, +P,P,Gy+ PzF’)lPOCi’ .
= (G2 + PyGy) + (PoP1) (G + PoCi ) = Gaip +P21Cy 0

Can continue building the tree hierarchically.
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Arithmetic Circuits

16-bit radix-2 Kogge-Stone tree

© Digital Integrated Circuitsnd
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Sparse Trees
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Tree Adders
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Example: Domino Adder
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Example: Domino Adder

VDD
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Example: Domino Sum
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Adders - Summary

Adder Complexity Latency
Ripple carry N N

Carry select [1] 2N 2/ N — 1)
Carry select [2] 2N \/ 2N —7/4)+1/2
Carry skip N 2(v2N —1)
Bin. look. (tree) |2(N —1)—logN 2log N

Bin. look. (array) Nlog N 2+ log N

1] Uniform blocks sized K = v N
2] Scaled blocks with K,,;, =1 or K,,;;, = 2
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The Binary Multiplication

N—-1 N-—-1
X = Tp 2", Y:Zyﬂg’l
n=0 n=>0
N—-1 N—-1
7 = XY(Z:I:HQ”) ( :BQO)
n=0 m=0
N—1 N—1 IN—1
— :>::Bﬂym2”+m— ZZHQH’
n=0 m=0 n=>0



The Binary Multiplication

Multiplicand Y3 Y2 Y1 Yo
Multiplier s T T o
Lols oYz Loyt TolYo
Partial T1Ys  T1Y2  T1Y1 T
Products Tols X9y Tl Talp
I3ys T3lYs I3y I3Yp
Result e Zg 5 24 23 29 21 20



The Binary Multiplication

101010 Multiplicand
X 1 011 Multiplier
1 01 010

1 01 010
00 0O0OOO Partial products

+ 1 01 01 O0

111001110 Result



The Array Multiplier
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The MxN Array Multiplier
— Critical Path

Jl L

L

Jl e
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HA
v
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— Critical Path 2
——

h

<+—— (Critical Path 1 & 2

tmuﬂt — [(J[ — 1) + (i"?\";r — 2)] ica--r-’r‘-y + (i"?\";r — 1) tsum + iﬂﬂ-d




Carry-Save Multiplier

S SR O SR I B
HA HA HA HA
l‘/,l/,l‘/vl‘/
HA FA FA FA
l‘/,l‘/,l‘/ lf
HA [ FA el FA e | FA

FA |« FA le HA

1T

HA

[

Vector Merging Adder

mul’t dV-1)¢ carry +IV-1)¢ :md merge]



Multiplier
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HA Multiplier Cell

FA Multiplier Cell
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Wallace-Tree Multiplier

Partial products First stage
6 5 4 3 2 1 0 6 5 4 3 2 1 0 Bit position
o o o o ©o 0 0 0 0 o o
©o 0 o0 o o S o 0 O
o o o S o
© o o o
(a) (b)
Second stage Final adder
6 5 4 3 2 1 O 6 5 4 3 2 1 O
o o o0 o o
FA HA

() (d)



Wallace-Tree Multiplier

X3Y2 XoY2  X3Y1X1Y2 X3YoX1Y1 X2Yo XoYi1
Partial products X3Y3  PXoY3 {(1)’3 {oy\o, X2Y11XoY2 X1Yo |*%oYo
First stage HA HA
Y v V/XH/Q*) %/ YY
Second stage FA
xi --f-o-/z-ia/--i—f--f-\
Final adder \\o_____________________________9___9/’
Z; Zg Zq Z



Wallace-Tree Multiplier
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Wallace Tree Mult. Performance
3 -3
o (2) = v ()

po— 08 (N2) e N 1)

log, (3/2)

tmult = 1.71 (10g2 N — 1) tsum + tadder




Wallace Tree Multiplier Complexity

N _N+2N+22N+ +2”‘1N
¢S4 T 73 3] 73 3] 3o 3 3

Awry =~ N(N —2) Avdder



4:2 Adder

Ini In2 Ind |n4

b1y

CSA
c s

Cout - i l cin
' '

CSA
c s

P

carry Sum

n |Cin| Cout | Carry | Sum
0|0 0 0 0
110 0 0 1
2o | - . 0
310 1 0 1
4 |0 1 1 0
C 11 0 a 1
111 0 1 0
2 |1 ’ * 1
S |1 1 1 d
4 | 1 1 1 1




Eight-input Tree




Architectural comparison of
multiplier solutions
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SPIM Architecture

Multiplier (B input)

Booth Encoders (16 bits al a time)

Multiplicand (A input)

1

L

& Block
Booth Muxes

B Block
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B e g
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B Block
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Q] Sy i
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Shit Fught
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To Carry Propagate Adder




SPIM Pipe Timing

Cycle
] ] 1 2 3 q 5 i 7
Action
stanup
Booth Encode D15 16-31 az-47 48-83
& and B black
Bogth Muxs Lk 16-31 32-a7 il
A Block
o-7 16-23 32-19 4855
CSA's
B Block
B-15 24-31 40-47 5663
CSA’s
C Block 0-15 16-31 32-47 48-63
claar
D Block D-15 16-31% 332-47 48-63

ii. . || | | |i- '| 2nd .| . i- -|




W e e o A A s o oy Qoosong : P T DR e oo e SR
s&ai@;m A Soge Sl stm st it ST

[E=REE
S e e RN ﬁﬁmm RS e Ry EIE b

AR R b A

.

BEDTr P

i

Side

; e O .

g __N” >'!B$. !‘-oc 35 c-f.:-m:--:uoﬂ-cxtﬁ% & ;U__w________hg ey s snles
'.~ R e LR A R L EERTIING mmam;f‘"‘s? [ g L nd o

o o e e TERERE TR T eIt 3RS SRS H

R s e Y T e

© Digital Integrated Circuits2d Arithmetic Circuits



SPIM clock generator circuit

starl.n

testcik

testmode.h




Binary Tree Multiplier Performance

" =

()
n = logg 5

tmult = (IOgQ N T 1) tsum + tadder

N
2



Binary Tree Multiplier Complexity

v N+1N+12N+ +1’”—1N
oAy 2/ 4 2 ) 4 ) 1

Aprar >~ N (N —2) Audder



Multipliers - Summary

e Optimization Goals Different Vs Binary Adder

 Once Again: Identify Critical Path

* Other possible technigues
- Logarithmic versus Linear (Wallace Tree Mult)

- Data encoding (Booth)
- Pipelining

FIRST GLIMPSE AT SYSTEM LEVEL OPTIMIZATION



Multipliers - Summary

Multiplier Complexity Latency
Serial multiplier N N?

Serial carry save N 2N
Array multiplier | N(N — 2) N —2
Wallace tree N(N—-2) |17 (logN —1)
Binary tree N(N-=2)| 2(logN -1)




Booth encoding

N—2
X = E 2,2 — gy 2N
n=0

N/2—1 N/2—1
= E Ton 277 + E Top_1 22"t —xy_ g 2V
n=0 n=1
N/2—1
2
= E (Ton_1 + Ton — 2T9,41) 27"
n=0



Booth encoding

Tontt | Ton | Tont | f(2n) | f(2n)Y
0 0 0 0 0
0 0 1 1 Y
0 1 0 1 Y
0 1 1 2 2Y
1 0 0 —2 —2Y
1 0 1 —1 —Y
1 1 0 —1 —Y
1 1 1 0 0




Tree Multiplier with Booth Encoding

Y X
Booth Encoder—

f(2n)
Booth MUX

| |

_

CSA




The f.p. addition algorithm

Q Exponent comparison and swap (if
needed)

a Mantissas’ aligment

Q Addition

a Normalization of result
a Rounding of result



The f.p. multiplication algorithm

0 Mantissas’ multiplication
0 Exponent addition

a Mantissa normalization and exponent
adjusting (if needed)

a Rounding of result



Dividers




lterative Division (Newton-Raphson)

y(r) = f(xo) + (o) (x — 20)
_ ODgialnlegraled Crows™  ifmeicCrauts



lterative Division (Newton-Raphson)

1/xg—0
L1 = o — ;’((a;z))) = Xy — iaio/x% — .’13’0(2 — b.’L’o)
1/xy —b
Lo = T1 — ;,((le)) = 1 — 1311/3;% - .’13‘1(2 — bﬂi’l)
/() =X, — L, — b = 2,(2 —bx,)

Tp+1l = Ty —
i () —1/x2



Quadratic Convergence of the Newton
Method

Tn — 1/0|
En = 7 = |1 —bux,]|

Cne1 = [1=bxpa|=[1=-bx,(2—0bx,)]

= (1= b, = 2

T



Properties of the Newton Method

a Asymptotically quadratic convergence
Q Correction of round-off errors

2 Final multiplication by a generates a
round-off problem incompatible with
the Standard IEEE-754



lterative Division (Goldschmidt)

Define two sequences x,, and vy,, such that

Lo = Aa and y[]:b



lterative division (Goldschmidt)

vy = To(l+9)

yi = yo(l+0)=1-4
vy = o (1+8)(1+0°)
yo (14+8)(1+6%) =16

Y2

Ty = 2o (140)(1+6%) ... (140

U = Yo (1+0)1+6%) ... (146" )=1-6"



Iterative Division (Goldschmidt)

a The sequence of x, tends to a/b
Q The convergence Is quadratic

aIn its present form, this method Is
affected by roud-off errors




Modified Goldschmidt Algorithm
(correction of round-off errors)

1 = o (14 do)

yi = Yo(l+d)=1-0
ro = xo9(1+dp)(14 01)
y2 = Yo (1+00)(1+ 1)

r, = o(l+00)(1+0)....(1+0d,_1)
Yo = Yo(14+00)(1+01)cc.(1+8,_1)



The Link between the Newton-Raphson
and Goldschmidt Methods

By setting 0,, = 1 — bx,,, the Newton method provides

vy = 20(l+ do)
Lo = 1'0(1—|—(50)(1—|—51)



The Link between the Newton-Raphson
and Goldschmidt Methods

By expressing 0,, vs 0p, the Newton method provides

L1 = .’130(1—|—50)
xa = xo(1+do)(1+dp)



Comparison between Newton and
Goldschmidt methods

a The Newton and Goldschmidt methods
are essentially equivalent;

0 Both methods exhibit an asymptotically
guadratic convergence,

a Both methods are able to correct round-
off errors:

Q The Goldschmidt methods directly
computes the a/b ratio.



Shifters




The Binary Shifter

Right nop Left

I [ ¢
A; - » TTLC »
T

i
A T L
e




The Barrel Shifter
A | | 1 |.

T
14
T

o i i
LR
e e R
'ﬁgﬁgﬁﬁ;
i |

Sho Shl Sh2 Sh3

— . Data Wire

B, = Control Wire

>
-

>

>

Area Dominated by Wiring



4x4 barrel shifter

Buffer




Logarithmic Shifter

Shl Shi Sh2 Sh2
1

Aj - T . TL

]

LTTL B

]

A, T myps

7T s gy

+

-l -
Aq . 7T . T

:
!
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Two-bit MUX

G3 Gy G Gy

.

SvJeS R SO N

|

F(ALB)=Gy-AB+G,-AB+G,-AB+Gs-AB



Two-bit MUX Truth Table

i B=1 =] ™S
=1l k=1 lss
A
o

F(AB)=Gy-AB+G,-AB+Gy-AB+G3-AB



Two-bit Selector Truth Table

G, Gy |G Gy F(A, B) enEaEnE F(A, B)
010100 0 1]1o0lol0]|A-B=A+RB
ololo|l1]A-B=A+B|1|0o|l0|1]|A-B+A.B
0OlOo|1]O0|A-B=A+B|1]l0of|[1]0 B
010|111 A 10| 1| 1|A-B=A+D
011100 ]A-B=A+B| 1[1]0]0 A
Ol1]0]1 B 111|101 ]|A-B=A+B
01110 iL?*E“E.l 1{1]|]0lA-B=A+DRB
0l1]1]|1]|A-B=A+B[1]1]1]1 1

F(AB)=Gy-AB+G{-AB+Gs-AB+G5-AB




Carry-chain Truth Table

C.. |KILL]PROP] C,,
( 0 0 |
0 0 1 0
( | 0 0
0 | 1 N.A.
1 0 0 |
| 0 | |
1 1 0 0
| | 1 N.A.
Cou.t = K + P_z'.-n — f (F + Czn)



ALU block diagram (Mead-Conway)

- Rs Rs Ry Ry

! L

K, K, K, K, Py Py 1y

! RN




ALU Operations

KILL| PROP|RES |Cy, |CF

|

Function

A+ B+

A—-—DB—-Cy,

B—A—-Cj




ALU Operations

Operation | KILL | PROP | RES | C;, | CS
A+ 3 12 § 2 | 0
B+ 5 10 § 2 | 0
A—1 12 3 9 2 | 0
B-1 10 5 9 2 | 0

—A 12 3 § 2 | 0
—B 10 5 § 2 | 0




ALU Operations

Operation | KILL | PROP | RES | ()}, | CS
A.and.B 0 8 12 0 0
A.or.B 0 14 12 0 0
A.xor.B 0 6 12 0 0
A 0 3 12 0 0
B 0 5 12 | 0 | 0
A 0 12 12 0 )
B 0 10 12 0 0




ALU Operations

Function | KILL | PROP | RES | C;, | CF
Multiply 1 14 14 0 1
Divide 3 15 15 0 2
A/O 0 14 12 0 | 3
Mask 10 5 8 2 0
SHL A 3 0 10 0 9
Z.ero 0 0 0 0 0




ALU Operations

Operation | Select | Flag bit | KILL | PROP | RES
Uncond. 0 X e .
Multiply 1 0 ---0] --0-1--0-
Multiply 1 1 e 02 | 0---
Divide 2 0 ---01]-00-1]0--0
Divide 2 1 --0-]0--01]0--0
AND/OR | 3 0 R T .
AND/OR | 3 1 R | 0 I




MIPS-X Instruction Format

Mamory
12| OP grc Dest Ofise1 (3 7) \
Branzh
00 | Cond Sirc Sic2 e Chap (16)
Cempule
'0- ] OP Sro Src2 Des Comp Fure (12) :

Compute immediate

i1 or e Geslt ez (17) ‘J




Pipeline dependencies in MIPS-X

B.ypassjng _
IF RF ALﬂ @ WB
IF RF VALU \MEM

IF \RF ALU
Delayed Branch -/ iIF RF



ts
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MIPS-X Architecture

Instruction Cache

Instruction Regrster

L
Immediate Vsiare
Bus
f X
r
5rcl
EE—d
e To Address
B Result i el
Bus
PC
Bus
Sre2 N
Registar Bus . PC
Fite Bypass Shiftcr MD ALU Uit Tags
¥

To Nata Pacls



MIPS-X Instruction Cache-miss timing

iF CM1 CM2 RF ALU
| o
o)

- | |

|
NSty . Pack
and wrriter
ot n Phi2
'rs‘hm;s brack

ard wntten
n Pky2



MIPS-X Tag Memory

, — |
] tiy Block Miss

;gr/erle Tag <7

Ei____+ D
. CAM Cell

PCo a4

L L. [_4 1_‘
PCO_b_g1 L": B '
L]

Pe25_gi T

@&t

PC25 b ol ]

Tag ¢ Tag 31 Wnte Match



MIPS-X Valid Store Array

Bit Bit

Tag—
Write

S

From address decode

¥
l bit

To Tags |
\J \j &‘\ 1

word line




RAM Sense Amplifier

bit bit
\( Y
R o—
A >
i




CMOS Dual-port Register Cell

Wordline 1
1
I:|F>‘| [
» g J - IT':.[ |
] —
I .
Wordline 2
N
hit bit



Self-timed bit-line write circuit

FFSEEFEFRIEES FIERPrr R rL d A F PRSPPI FFEFF R FEFFEFAFFEFTFFIV T,

D1t
F 3

it
Zaro
call

Write
Driver




Register bypass logic

Sre
| Sre2

Dest

R

Latch

.

Compare

.

Compare

v

Register

R

Compare

.

Compare

h 4

Register

.




Schematic of comparator circuit

%ql‘ﬂ Fb_(—p‘
Dest qu ,
Srct )
S -

'

g




Squash FSM

Exception or
Squashing Branch

ICacheTest
Exception

ICacheTast

Exception
Sguash

Feset




Cache-miss FSM

Reset

Exception

Cache
Miss
Recovery

Exceptior




