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Background

= The Workflow of Coarse-Grained Reconfigurable

Architecture (CGRA)

Memory

| b[O:Nn]

IISIISIS)

SIS

for (int 1 =0; 1< n; ++1)
el = afi] + b}

Processing
Elements

(PE)
/

[ DFG Generation
Scheduling
1 Mapping

Switches

application code An example of CGRA



Motivation

Motivation Example

@ LD, : A[i-1][j]
@ LD, : Ali-1][j-1]

LD, BN LD

@ LD, : Ali+2][j-1]
@O ST, : Alillj]
for(inti=1;i<N;i++)

ADD 9
for(intj=1;j<N;j++)

Alil[j] = Ali-1][j] + Ali-1]{j-1] é
+ A[i+2][j-1];

#idefine N 32
int A[N][N];
void example () {

Motivating example code DFG of example code



Motivation

@ LD, : Afi-1][j]
LDO LD .LDl :A[i-l][j-].]

@ LD, : Ali+2][j-1]
@ ST, : Alillj]

= Motivation Example S @
= Invalid scheme with N =2 and B = 32

f« n1=2 4
cycle [t=1[t=2[t=3[t=4[t=5[t=6[t=7] t=62]t = 63
=1

i i=2
pe1

PE3
PES
i=1

PE7 Bankl - Bankl| ***e=-

Bank0 Bankl . NEZR
A[0][0~ 31]|A[1][0 ~ 31] Bank index = Lﬂ.z /2
A[2][0~31]|A[3][0 ~ 31]] X:the address of data

&




Motivation

@ LD, : Afi-1][j]
LDO LD .LDl :A[i-l][j-].]
@ LD, : Ali+2][j-1]

= Motivation Example 9'5T0=Amm
= Valid scheme with N=4 and B=16 é

t= 61|t= 62|t=53|

i=2

i=1
o ) -

BankO Bank1l Bank2 Bank3

Bank index = l%' % 4
A[0][0 ~ 15] | A[0][16 ~ 31]|A[1][0 ~ 15]|A[1][16 ~ 31]| ..
AL2][0 ~ 15]| A[2]116 ~ 31]|A[3][0 ~ 15]] A[3)[16 ~ 31]| ** the address of data
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Definitions

s Affine Address Access .
0

6(7) = [ASy AS1... AS;_1]| " | +BA

= Access Pattern -1

Pa = {¢1 (l_i), coes ¢m(l_r;1)}

= Control Step Access Pattern

Py ={$1(i1), ..., pq(ig) }
q (g £ m) memory accesses at nt"* cycle
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Definitions

= Memory Partition

¢ %
= | 7 |%N; - - B+ ¢%B
f(¢): bank function g(¢): offset function

s [teration Distance

af _ data_delay
Mapped 11

zterd
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Target
= (1) Access Il

All = MAX(Con;),1<i <N

= 2 Iteration Count Vector

Vig,ig € M, Vo (i), pp(ip) € P2, a # fp
-2

(e = ip) - (Lico,.. | |ice) = iterS?, f(halia)) # f($p(ip))

=0
= Given an [-level loop In the iteration domain M with
m affine memory accesses on the same array
PA — {¢1(i1)' ) ¢m(lm)}
find the N and B such that:
% Minimize All in @ & Hold the equation @

11
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End-to-End Framework: Hardware

MI Reservation StationH CGRA Controller |
R S
RISC-V CPU| A?::t’iﬁ?;f +  CGRA ﬁ = Enhanced IOB to
3 — | .
e R 2 access different banks
- || EEEmn coh during execution

= "i'—‘ i | . .
S| o0 S || = Specific mechanism for

= - e || . .

o proadcastt—esme] | | 77y = . loading/storing data
pesess—fomm] | T . from/to external memory
oad/Store Controller |! i
I.Icomem/ln;:ass Paufrnncngtjlm_'i ‘H _] 1

1

1

i

OB Group: 2 |
Nmax = 2 banks i
i

]

Parallel access |0B

The SoC supports parallel memory access
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for(i=0;i<N;i++}H{

}

End-to-End Framework: Software

-based Front DFG Generation
loop kerne LLVM o atit
End Analysis and Optimization

’—————h

[ Description

SoC,
Execution [csra caliing Fun.

Data Parallel Mappin

[ Memory
Partition

]

!

Graph Coloring
Scheduling

CGRA-Mapper

Post-Mapping
Conflict Checkin

¢

<+—No conflict hNith confl

ict—» /
_—

Software flow with the proposed memory partition algorithm
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End-to-End Framework: Software

NI][ PB NI];
I1[_PB_NI);
I1[_PB_NI];

LLVM-based front-end tool

PB D kas

PB NK; k= k + 4
* BIKI[]] + [k+1] * Blk+1][j]+ A[i][k+2] * B[k+2][j]1+ A[i]l[k+3] * B[k+3][]]

Allll and B[][] have multiple memory accesses

4 cgra_execute(vold** din_addr, void*s dout_addr)

t ctnfo1]( attribute__((aligned(:6))) = {

{
{
{
{
{
{
{

CONST38, Const=5
Op=1

partition and schedule

10

Mapper Report :;

Begin traversing the scopes, layer (0).
Enable +all dumping.

End of traversing.

fsdbDumpon - All FSDB files at 0 ps.

— = e o T — a8
A (o865 ) ( 10866 e e 7~ 10868 N\ e e
Qoss:t) St g (_ oFGinput20 (_ oFGilnput2s ) (_ oFGinputzs ) C oreinpaa? ) pis

e 4 i — A Ay N
D) (ceciss2 ) (“cocBs3 ) CGGIBS4 ) D)

<‘EEG 1856

(ol GREs N\ ¢ cpea 7~ _GPEss i
C “DVG ADDZ%A;‘ »DF(, MULZS \. ‘PFG ADD30 (_ ofGMuLsl ) il
— — 5 aEn T

(opeas)
L SPEA3)

CPU to finish the task.
CGRA to finish the task(1).

)
}
}
)
}
}
}
3
3
1
}
1
)
)
)
]
)
)
}
)
)
}
}
}
}
}
}
}
}
1
L
1
3.
}
3
)
)
)
}
)
}
}
)
}
}
}
3
}
}
}
}
)
)
!
)
)
)
)
)
)
}
)

X A AN Ll o P s —
(€66 2N CGGIB30 ) Fe ¢ CGGIB33 ¢ ) &
\ffmsfi/ g‘n:‘// [ ceGiB32 y* ( cGeB33 \f»cclaéa/, k»\c;cclexs/\ 64

o elies > s =25 65 )

GRA comput finished!
hecking results!

67 load_cfy((vatd*)ctn,
68 Load data(din_addr([
ov Toad_data(din_addr [
7 Load_data(din_addr[
7 load_data(din_addr(
7 Load_data(din addr{
3 Load_data(din_addr{
74 10ad_data(din_addr[
7 Load_data(dtn_addr

3 7T GPE2S N
) (_ ore:muLis

CD)
(ore2

" GPE26_
DFGMUL29

L 1
c6 0
(cooi813 ).

("(’GAGE;Q" 5

)

Al T e\ Y It Simulation Result

— g Lk 0, 0);
5 mc.og;ms (‘OBE’) 78 store(dout_addr[], A ,8,0,0,0,8);

082\ " 1083 (o _loBs "N = A0BS
_ OFGinput7 ) (_ DFGinputs ) DFG:Inputd ) (_ DFG:Output32

Mapping Result CGRA Calling Function
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CSP formulation

= Constraint Satisfaction Problem(CSP)

= Iteration Constraint(pre-mapping): Before mapping, all
the accesses in the P, are regarded in the same iteration

io=ig=1i€M

= Bank Constraint: ¢,(i,) and ¢4 (ig) access the same
bank equation: 5o
f(Qb(x(la')) _f(gbﬁ(lﬁ)) = ﬁBﬁ

q')a(la')

¢a(la)

|%N = |

|%N
| - L¢ﬁ( ig)

.

3k € Z, s.t. = B </ ¢a(ia) — ¢pp(ig) —kNB/< B

I ’

& JkeZ, st |

| +kN




CSP formulation

= Constraint Satisfaction Problem(CSP)

[(ASE — ASP) ... (ASF, — ASP )]

,I_ﬂ,

I

usy

+ (BA® — BA?) — kNB

X CSP problem: the conflict exists when one solution is found

under such the constraints

< B
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Graph Coloring-based Scheduling

= When failing to find a conflict-free solution
= Schedule the conflict accesses into different control steps
= Mminimizing the All

Py ={¢(LDy), $(LDq),$(LDy),$p(STo)} LD : Ali-1][j]
Partition parameters: N=4,B =16 LD, : Ali-1][j-1]
LD, : A[i+2][j-1]
&>-@ 7w
Coloring SchedulingP}l = {¢(LD,), p(STy)}
P; = { $(LDy), $(LD)}
All =2
(a) (b) (c)

Example of graph coloring and scheduling process
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CSP-based Post-mapping Checking

= Iteration Constraint: now iterdo‘ﬁ # 0

(ia —ig) - (L, ico, ..., | | Pce) = iter

[ —

Do

ap

I
-

t

It can be transformed into a CSP problem, where the conflict exists

when one solution is found

s CSP Check

dk e Z, s.t. — B <

¢o(ic) — ppig) — kNB

< B

19
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Area (mm~2)

NN

[\ %}

o

System Level Evaluation

1.828

Memory CPUTile | CGRA

2.773 2.803

Control logic
]

3.132

|

3.186

l

Rocket

FDRA-6x2 |(DPRA-6x2

FDRA-8x2

The area of each SoC

DPRA-8x2
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System Level Evaluation

-Rocket -FPGA IFDRA DPRA
20+
® 30 1@
g 150
g E 15
20+ 1
1 |-
O o 10+
5 ;
a 107 o~ st
0 0
adi 2mm gemm hydro 2-d-ehf eq-of-f jacobi iir
(a)6 x 2 (b)8 x 2

Comparison of performance

I Rocket FPGA N FDRA DPRA
20 T
5 310¢
c c
215¢ 19
= ©
5o &
5 5/
4] Q
G 5r o
0 ) 0
adi 2mm gemm hydro 2-d-ehf eq-of-f jacobi iir
(2) 6 x 2 (b) 8 x 2

Comparison of energy efficiency
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Time (s)
N

System Level Evaluation

BN FDRA Mapping

"IDPRA Mapping

Partition Generation

3.688

0.481
adi

5.207
4.644

0.501 0.265

2mm gemm

(a) 6 x 2

4.553
E 10+  9.193
Q
|E 57
0.413 - 1.699
hydro 2-d-ehf

11.609
8.339
0.421 0.813
eq-of-f  jacobi
(b) 8 x 2

Comparison of compilation time

9.062 1

iir
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s Energy efficiency =

CGRA Level Evaluation

Throughput

Power consumption

Frequenc
s Throughput = Ldiesd
Mapped_II
>
g CASCADE DPRA
.9 I I |
—
=2
1T
S
o1
| .
ch
w0 '

2-d-ehf dynprog gemm hydro
Comparison of energy efficiency with CASCADE

eq-of-f
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= ACSP

Conclusion

-based memory conflict detection for

memory partition

= A graph coloring-based approach for memory
access scheduling during the partition process to
Improve performance

= An eng
paralle
paralle

-to-end CGRA framework, including the data
architecture and compiler with efficient data

ISm support
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