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Abstract

The practical constraints on the commercial FPGAs which contain dedicated wide function multiplexers in their slice
structure are incorporated with one of the most advanced FPGA mapping algorithms based on the AIG (And-Inverter
Graph), one of the best logic representations in academia. As the first step of the mapping process, cuts are enumerated
as intermediate structures. And then, the cuts which can be mapped to the multiplexers are recognized. Without any
increased complexity, the delay and area of multiplexers as well as LUTs are calculated after checking the requirements
for the tree construction such as symmetry and depth limit against dynamically changing mapping of neighboring nodes.
Besides, the root positions of multiplexer trees are identified from the RTL code, and annotated to the AIG as AOs
(Auxiliary Outputs). A new AIG embedding the multiplexer tree structures which are intentionally synthesized by Shannon
expansion at the AQOs, is overlapped with the optimized AIG. The lossless synthesis technique which employs FRAIG
(Functionally Reduced AIG) is applied to this approach. The proposed approach and techniques are validated by
implementing and applying them to two RISC processor examples, which yielded 13~30% area reduction, and up to 32%
delay reduction. The research will be extended to take into account the constraints on the dedicated hardware for carry
chains.
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o] 5711 =ElE 7 32 E Kol ity 19 Node *AND(Manager *p, Node *nl, Node *n2) {
- * * o
19] ool P28 ALFHR 209 Fetol 2 (505 ol ey ot 7T
E)
SH7F Zasks & 4 ot Wk 5-98 =g & W # trivial cases
- N - = if(n1 == n2) return ni;
S}I/I—Oﬂ EH H ShannOn (Aﬁlfj) Q—Xg—’q‘l— E,Y_ F5MLD(% /\]— i-F(n_’,_' == NOT(nz)) retu;\n e;
%?}E}D\i 4_%}3_;]' LUT 27H7} ;E_q gll_\: lam 2(C)9] 0 :!.'F(nl == const) return © or nz;
if(n2 == const) return © or ni;
Eofol & sunt VX aE AEHEA 5-YdE =gE if(ni < n2) { //swap the arguments
- N t =nl; nl = n2; n2 = t;
A% 4 ol o Yol S1 &efolaz E ahte) 5 ) ’ s
o1y =7]8 T3l o] E& S0 &do]2~9 FeMUX // one level structural hashing
r = HashTableLookUp(
=2 0‘_75;‘5]_@ 6,OH1€_:]' }‘Ea% —‘ll’c"ﬂ_é‘al— Zrt g}\E]- p->pTableStructure, ni, n2);
- if(r) return r;
}\]—Z\E_]y %% ?:}E*:;‘ 63-4‘7} ‘E%—X] 252 )-\_—‘:]_7:“0 7(5'% O] r = CreateNQdeEp, ni, n2);

Frol 9@ weols AEF AEE 24

o g': o] J functional reduction
= A class = HashTableLookUp(
o} gy AlE7) s £gfol 2o thE &Efol A p->pTableSimulation, ni, n2);
- - if(elass == NULL) {
= ded ﬁO% A '/:‘?']X] g+ Ol']/]r o])g— class = CreateNewSimulationClass(r);
AR A E]l——‘:];ﬂ o] A xede LUTe 74]0]1_5_ X]?j‘j‘_ HathableAdd(p->pTab1eSimula‘cionJ class);
return r;
O o A 5 7] Wit Eefolxe] wrt A }
L [ == for each node n in class
‘Q_lj-t ;E']O] T ?_9_0]-1’4—_ a9 2(c)°ﬂ/\1 LUT EEE}E if(CheckFunctionEquivalence(n, r)) {
o _/:_c?,] 2] B AE A '];(] oy AL lﬂl‘j— w2 ;qg% AddNodeToEquivalenceClass(class, r);
= = return n;

HdS F3l FoMUX % F6MUX$F ©@AZZ 344

1 I AddNodeToSimulationClass(class, r); return r;
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mapFPGA(aig, K) {
/i compute all K-feasible cuts at each node and save them
emunerateCuts(aig, K);
/ find a min-delay cut and save it as the representative
// at each node
mapMinimumDelayNetwork(aig, K);
// update the representative cut at each node to save area
recoverArea(aig, K);
// return the set of nodes used in the final mapping
deriveFinalMapping(aig, K);

}
a8 4. FPGA ol &
Fig. 4. FPGA mapping.

mapMinimumDelayNetwork(aig, K) {
for each aig node n in topological order {
n->bestCut = findCutMinimizingDelay(n);
setDelay(n, getDelay(cut));

}
}
findCutMinimizingDelay(node) {
bestCut = NULL;
for each cut ¢ of node
if(bestCut == NULL or
getDelay(bestCut) > getDelay(c))
bestCut = c;
return bestCut;
}
getDelay(cut) {
maxDelay = INFINITE;
for each node m in cut
maxDelay = max(maxDelay, getDelay(m));
return maxDelay + 1;
}
a8 5 =4 XA FPGA of &
Fig. 5. Depth-oriented FPGA mapping.

recoverArea(aig, K) {
computeRequiredTimes(aig);
for each aig node n in topological order {
n->bestCut
= findCutMinimizingAreaFlow(n);
setDelay(n, getDelay(cut));
}
computeRequiredTimes (aig);
for each agig node n in topological order {
n->bestCut
= findCutMinimizingExactLocalArea(n);
setDelay(n, getDelay(cut));

}
}
a3 6. FPGA gl M |43 chA
Fig. 6. Area recovery in FPGA mapping.
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getDelay(node, cut) {
maxDelay = INFINITE;
for each node m in cut
maxDelay = max(maxDelay, getlLevel(m));
if(node->muxCut == cut) {

mux = node->mux;

// data input nodes

in@ = mux->in@; inl = mux->inl;
inBmux = 1n@->mux; 1inlmux = inl->mux;

if((iné->bestCut == in@->muxCut) &&
(ini->bestCut == inl->muxCut) &&
inémux->flag && inimux->flag) {
// both children are muxes
if(in@mux->level == inlmux->level) {
mux->level inémux->level + 1;
mux->flag = (mux->level < 4);
} else mux->flag = false;
} else
if((in@->bestCut != in@->muxCut) &&
(inl->bestCut l= inl->muxCut)) {
// neither is a mux
mux->flag = true; mux->level = 8;
if(isPi(in@) || isPi(inl))
mux=->flag = false;
} else mux->flag = false;
} else mux NULL;
if(mux && mux->flag)
return maxDelay + muxDelay[mux->level];
else return maxDelay + 1;

}
a3
Fig.

9. ZEIZHYA X & ch A
9. Calculation of multiplexer delay and level.
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(a) 8-to-1 multiplexer
module mt8pl (al, dl, yl);

ipput [2:0] al;

ipput [7:0] d1;

output yl;

assign yl1 = dl[al];
endmodule

(b) 2-read L-write 128-entry register file

module dpRegfilel28(clk, store, result, rz, z, ra, a);
input clk, store;
input [1:8] result;
input [6:8] rz, ra;
output [1:8] a, z;
reg [1:0] rf[127:0];
assign a = rf[ra]l;
assign z = rf[rz];
always @(posedge clk)
if(store) rf[rz] == result;
endmodule
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Fig. 10. Construction of multiplexer trees.
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shannonExpand(aig) {
newAig = createAig(getPIs(aig)); p = getManager(newAig);
A0 = getAOsInTopologicalOrder(aig);
for each o in 40 {
AS = getASs(o);
ASC = getFaninConeNodesInTecpologialOrder(AS);
for each n in ASC
if(isAND(n))
n->copy = AND(p, n->in@->copy, n->inl->copy);
for(j = @; 7 < |As|; j++) save[j] = AS[j]->copy;
// calculate cofactors
AOC = getFaninConeNodesUpToASsInTopologicalOrder(o);
m = z\ﬂs\;
for(k = ©; k < m; k++) {
for(j = @; j < |AS|; j++)
AS[7]->copy
= (1 << (]AS] = j - 1)) ? constl :
for each n in AOC
if(isAND(n))
n->copy =
cofactor[k] =
}
for(j = @; 7 < |AS|; j++) AS[j]->copy = savel[jl;
// construct a multiplexer tree
for(j = @; 7 < |Asl; 4++) {
s = As[las| - 4 - 11, m /= 25
for(k = 9; k < m; k++)
cofactor[k] = AND(p,
NOT(AND(p, NOT(cofactor[2 * k]), NOT(s))),
NOT(AND(p, NOT(cofactor[2 * k + 1]), =)));

conste;

AND(p, n->in@->copy, n->inl->copy);
o->copy;

}

o->copy = cofactor[e];

PO = getPOs();
POC = getFaninConeNodesUpToASsAndAOsInTopologicalOrder(FO);
for each n in POC
if(isAND(n))
n->copy = AND(p, n->ine->copy, n->inl->copy);
return newAig;

¥
a2 11, Bx S| MY &
Fig. 11. Shannon expansion of auxiliary outputs.
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E 1. NANO =Z=ZAMA el FPGA oig Z1}
Table 1. Mapping results of the NANO processor.

Design 1 > LUT 3 7 5 MU6XF 7 FD 1%&'1% Area Delay
statemn lo 5 1 2 6 1
mts 5 1 2 6 1
alu lo 69 198 748 192 1015 17
mts 161 52 197 630 161 2 1 192 1040 9
reg_file lo 116 69 1076 1024 1261 5
- mts 4 844 115 385 192 80 1024 963 5
ren_reg lo 1 2 1 5 2
- mts 1 3 1 4 2
wen reg lo 2 1 2 1 5 2
- mts 1 3 1 2
lo 7 4 44 25 55 3
peu mts 2 2 44 2 25 56 3
bc_ counter lo 19 23 76 32 118 12
- mts 28 4 37 45 28 32 114 11.59
ir reg lo 33 32 33 2
- mts 33 32 33 2
datain _reg lo 33 32 33 2
- - mts 33 32 33 2
data_out _reg lo 33 2 32 35 3
- - mts 33 2 32 35 3
address _reg lo 64 34 32 98 3
- mts 32 34 32 66 3
mem_ lo 1 1 1 1
pause_reg mts 1 1 1 1
lo 184 312 2095 382 2591 17
NANO mts 228 71 1142 826 612 192 80 382 2267 11.59
mts (mux tree synthesis) / lo (luts only) 0.875 0.682

E 2. DLX ZZAMAMel FPGA oig Za}
Table 2. Mapping results of the DLX processor.

. LUT MUXF
Design 1 > 3 7 z 6 7 3 FD Area Delay
I lo 34 267 161 301 12
mts 32 57 47 219 34 161 355 11.6
D lo 1211 1773 5179 1252 8163 23
mts 3 1138 2361 1881 2718 768 384 160 1252 5383 23.6
Ex lo 103 116 436 82 655 23
mts 1 93 190 379 1 82 663 24
lo 78 32 110 110 1
MEM mts 78 32 110 110 1
lo 1394 1972 5844 1605 9210 23
DLX mts 33 1373 2525 2517 2758 768 384 160 1605 6448 24
mts (mux tree synthesis) / lo (luts only) 0.70 1.04
sto] Wik A= G ek 2 Fdsta gle 2 ezl 32-HE RISC ZEA]A o]
o] dAlol A mtse loo HEH A A7+ 31.8% ©= ¥ 29 Wi A¥E Holu Yrl F 13 2L P4
I WA 125% Aol arh Ak AA ARE @ o= Yepiglon A Azke] ZAsA (4%) 571
2 ABCY resyn2 A HEV} Zolx| EFPW #F Ak 30%9] WA o] AL} o] X A|7F Wl A}
e A4 Ert Al 4 FAA alu EEC 7 T AY2 FY5 = HEEYA F3 FAHANA FI1E
AR FhH0] Q7 42 LUTES Aoy o = LUT] o3k Ao g
Aoty Btk DLXE IF, ID, EX, MEM 4
Al A 7 Qa HAAEHE Y EHEFS
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