Main contributions of this work:

1. Regarding to the Altera Stratix FPGA architecture, which allows a LUT to use FF within the other BLE, we propose an efficient optimal retiming algorithm and an incremental FF assignment approach considering layout constraints in FPGAs. Performing retiming after placement, the experimental results (Table 1) show that our retiming algorithm reduces the clock period by 6.54% on average and up to 11.16% by retiming the circuits with Stratix architecture, while the algorithm reducing only 1.24% critical path delay on the traditional FPGA architecture.

2. Considering process variation, we present a heuristic on the optimal retiming algorithm by performing statistical timing analysis in the retiming iterations. We tested a rich set of circuits, including 10 MCNC benchmarks and 9 QUIP circuits. We perform retiming after placement and use VPR to route the retimed circuits. The experimental results show that ssta-retiming reduces the mean value of the distribution of the clock period up to 6.93% by comparing to the deterministic retiming. Setting the cut-off delay as mean+standard_variance of the ssta-retimed circuits, ssta-retiming reduces up to 25% yield loss compared to the deterministic retiming, which shows the importance of the statistical timing analysis in retiming optimization. On the other hand, comparing to the non-retimed circuits, a large portion of improvement of timing yield (8.4% and 16% on average for MCNC and QUIP test set) can be achieved by performing the deterministic retiming. 
Experimental setup and results:

65nm technology, variation settings:, global var: 3sigma=10% local var: 3sigma=6%, spactial var: (from Yan)

Results are shown in Table1 and Table2. The denotations in Table1 and Table2 are shown below.

Norminal: norminal value of clock period (s)

Mean: mean of distribution of clock period (s)

Var: standard variation of distribution of clock period 

Yield: cut-off delay is ssta.mean+ssta.var
Impv1=(nonretimed.norminal - determ.norminal) / nonretimed.norminal 

Impv2=(determ.yield – nonretimed.yield) / nonretimed.yield

Impv3=(determ.mean – ssta.mean) / determ.mean

Impv4=(determ.var – ssta.var) / determ.var

Impv5=(ssta.yield – determ.yield)/ determ.yield
Table1. Impact of retiming: Altera Stratix architecture vs. Traditional FPGA architecture
	
	non-retime
	Traditional
	(impv)
	Stratix
	(impv)

	bigkey
	1.01E-08
	9.57E-09
	5.69%
	9.37E-09
	7.69%

	dsip
	8.91E-09
	8.91E-09
	0.00%
	8.08E-09
	9.37%

	s298
	4.03E-08
	3.93E-08
	2.57%
	3.84E-08
	4.87%

	s38584
	1.81E-08
	1.81E-08
	0.00%
	1.61E-08
	11.16%

	s38417
	2.44E-08
	2.44E-08
	0.12%
	2.41E-08
	1.35%

	clma
	4.18E-08
	4.12E-08
	1.58%
	3.95E-08
	5.57%

	tseng
	2.28E-08
	2.28E-08
	0.00%
	2.09E-08
	8.58%

	elliptic
	2.81E-08
	2.81E-08
	0.00%
	2.78E-08
	1.05%

	frisc
	2.81E-08
	2.81E-08
	0.00%
	2.63E-08
	6.26%

	diffeq
	2.25E-08
	2.25E-08
	0.00%
	2.04E-08
	9.54%

	(ave)
	2.45E-08
	2.43E-08
	1.00%
	2.31E-08
	6.54%


Table2. non-retimed vs. deterministic retiming vs. ssta-retiming
	
	
	nonretimed
	
	
	
	determ
	
	
	
	
	
	ssta
	
	
	
	

	
	norminal
	mean
	var
	yield
	norminal
	(impv1)
	mean
	var
	yield
	(impv2)
	norminal
	mean
	(impv3)
	var
	(impv4)
	yield
	(impv5)

	bigkey
	1.01E-08
	1.13E-08
	1.33E-09
	0.774902
	9.37E-09
	7.69%
	1.13E-08
	1.43E-09
	0.772499
	-0.31%
	9.41E-09
	1.10E-08
	2.43%
	1.34E-09
	6.08%
	0.841345
	8.91%

	dsip
	8.91E-09
	1.00E-08
	1.98E-09
	0.788509
	8.08E-09
	9.37%
	9.63E-09
	2.00E-09
	0.839918
	6.52%
	8.67E-09
	9.62E-09
	0.12%
	2.00E-09
	0.00%
	0.841345
	0.17%

	s298
	4.03E-08
	4.27E-08
	6.41E-09
	0.765986
	3.84E-08
	4.87%
	4.09E-08
	6.54E-09
	0.840009
	9.66%
	3.84E-08
	4.09E-08
	0.01%
	6.51E-09
	0.49%
	0.841345
	0.16%

	s38584
	1.81E-08
	1.96E-08
	3.69E-09
	0.725012
	1.61E-08
	11.16%
	1.83E-08
	3.64E-09
	0.830955
	14.61%
	1.65E-08
	1.84E-08
	-0.44%
	3.40E-09
	6.45%
	0.841345
	1.25%

	s38417
	2.44E-08
	2.94E-08
	4.10E-09
	0.838635
	2.41E-08
	1.35%
	2.93E-08
	3.94E-09
	0.850908
	1.46%
	2.38E-08
	2.92E-08
	0.55%
	4.26E-09
	-8.14%
	0.841345
	-1.12%

	clma
	4.18E-08
	4.49E-08
	6.04E-09
	0.782705
	3.95E-08
	5.57%
	4.34E-08
	5.78E-09
	0.860642
	9.96%
	4.07E-08
	4.38E-08
	-1.05%
	5.80E-09
	-0.46%
	0.841345
	-2.24%

	tseng
	2.28E-08
	2.41E-08
	4.31E-09
	0.700485
	2.09E-08
	8.58%
	2.24E-08
	4.03E-09
	0.835192
	19.23%
	2.08E-08
	2.23E-08
	0.39%
	4.01E-09
	0.35%
	0.841345
	0.74%

	elliptic
	2.81E-08
	3.10E-08
	4.89E-09
	0.785645
	2.78E-08
	1.05%
	3.08E-08
	4.89E-09
	0.799469
	1.76%
	2.87E-08
	3.00E-08
	2.49%
	4.87E-09
	0.38%
	0.841345
	5.24%

	frisc
	2.81E-08
	3.10E-08
	4.89E-09
	0.770629
	2.63E-08
	6.26%
	3.00E-08
	4.90E-09
	0.82966
	7.66%
	2.74E-08
	2.98E-08
	0.57%
	4.84E-09
	1.23%
	0.841345
	1.41%

	diffeq
	2.25E-08
	2.57E-08
	5.86E-09
	0.73867
	2.04E-08
	9.54%
	2.45E-08
	4.96E-09
	0.837747
	13.41%
	2.03E-08
	2.46E-08
	-0.09%
	4.86E-09
	1.91%
	0.841345
	0.43%

	(ave)
	2.45E-08
	2.70E-08
	4.35E-09
	0.767118
	2.31E-08
	6.54%
	2.61E-08
	4.21E-09
	8.30E-01
	8.40%
	2.35E-08
	2.60E-08
	0.50%
	4.19E-09
	0.83%
	8.41E-01
	1.49%

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	barrel64
	1.50E-08
	1.70E-08
	2.84E-09
	0.667816
	1.40E-08
	7.06%
	1.64E-08
	2.68E-09
	0.751235
	12.49%
	1.38E-08
	1.58E-08
	3.55%
	2.40E-09
	10.42%
	0.841345
	11.99%

	mux64_16bit
	9.74E-09
	1.10E-08
	1.70E-09
	0.680168
	8.38E-09
	13.91%
	1.04E-08
	1.67E-09
	0.807751
	18.76%
	8.35E-09
	1.02E-08
	1.55%
	1.61E-09
	3.39%
	0.841345
	4.16%

	mux8_128bit
	6.40E-09
	8.46E-09
	1.41E-09
	0.69606
	5.76E-09
	9.92%
	8.17E-09
	1.40E-09
	0.765475
	9.97%
	6.00E-09
	7.95E-09
	2.72%
	1.24E-09
	11.73%
	0.841345
	9.91%

	mux32_16bit
	7.77E-09
	9.89E-09
	1.79E-09
	0.44167
	6.62E-09
	14.84%
	8.92E-09
	1.61E-09
	0.670719
	51.86%
	6.75E-09
	8.30E-09
	6.93%
	1.33E-09
	17.40%
	0.841345
	25.44%

	mux8_64bit
	6.18E-09
	8.16E-09
	1.45E-09
	0.623111
	5.64E-09
	8.73%
	7.58E-09
	1.29E-09
	0.789265
	26.67%
	5.73E-09
	7.42E-09
	2.20%
	1.20E-09
	6.67%
	0.841345
	6.60%

	oc_cordic_r2p
	2.60E-08
	3.61E-08
	5.71E-09
	0.731492
	2.50E-08
	3.94%
	3.52E-08
	5.41E-09
	0.791371
	8.19%
	2.55E-08
	3.44E-08
	2.27%
	5.19E-09
	4.08%
	0.841345
	6.31%

	oc_wb_dma
	2.06E-08
	2.15E-08
	3.32E-09
	0.753274
	1.90E-08
	8.12%
	2.07E-08
	3.13E-09
	0.832279
	10.49%
	1.88E-08
	2.07E-08
	0.40%
	3.10E-09
	1.05%
	0.841345
	1.09%

	oc_cordic_p2r
	2.22E-08
	2.93E-08
	4.62E-09
	0.716118
	2.10E-08
	5.48%
	2.90E-08
	4.64E-09
	0.73739
	2.97%
	2.19E-08
	2.77E-08
	4.31%
	4.20E-09
	9.52%
	0.841345
	14.10%

	oc_correlator
	1.15E-07
	1.19E-07
	2.36E-08
	0.795382
	1.12E-07
	2.15%
	1.17E-07
	2.32E-08
	0.830673
	4.44%
	1.11E-07
	1.16E-07
	0.74%
	2.31E-08
	0.61%
	0.841345
	1.28%

	(ave)
	2.54E-08
	2.90E-08
	5.17E-09
	6.78E-01
	2.42E-08
	8.24%
	2.81E-08
	5.01E-09
	7.75E-01
	16.20%
	2.42E-08
	2.76E-08
	2.74%
	4.82E-09
	7.21%
	8.41E-01
	8.99%


