Figure 9: Constraint graph specification for the refresh cycle of the DRAM controller:

b↓ rfip ↑ c↓ ras ↓ rfreq ↓

rfreq ↑ a↓ ras ↑ rfip ↓ c↑ a↑ b↑ b↓ rfip ↑ c↓ ras ↓ rfreq ↓

rfreq ↑ a↓ ras ↑ rfip ↓ c↑ a↑ b↑

[20,30]

[55,65] [10,20] [25,35]

[20,30] [10,20] [25,35]

[50,∞ ]

All unmarked solid rules have timing constraint [0,2].

All dashed rules have timing constraint [0,0]. (a) (b)

(a) initial specification and (b) strongly connected specification.

Figure 10: T imed circuit implementation of the DRAM controller .

gC ¬ rfreq b rfip −

gC asw a we − dds + C

C C ras

cas dtack

selca

¬ b

¬ rfreq ¬ c ¬ asw ¬ asr ¬ dds

¬ a ¬ a ¬ asw ¬ asr asw asr dds ¬ asr ¬ b ¬ asw ¬ dds ¬ b asw asr dds rfreq asw asr dds dtack c φ↑

φ↑

φ↑

φ↑

φ↓ φ↓

φ↓

φ↓ st_0^′↑

st_0↑ TL↓

ST↓

st_1↑ TS↓

ST↓ HL_0↓

TS↑

st_1^′↑

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5] ST↑

ST↑ [0,5]

[0,5]

HL_1↑

HL_0↑

FL_1↓ [0,5] [0,5]

TL↑ φ↑

φ↑

φ↑

φ↑

φ↓ φ↓

φ↓

φ↓

TL↑

st_0^′↓

st_0↓ TL↓

ST↓ FL_0↑

st_1↓ TS↓

ST↓ FL_0↓

TS↑

st_1^′↓

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5] ST↑

ST↑

[0,5]

[0,5]

FL_1↑ HL_1↓ [0,5] [0,5]

Figure 7: Cyclic constraint graph specification for traffic light controller .

¬ st_0

st_1 HL^0 st_0

¬ st_1

FL_0

st_1 st_0 st 0^′ st 1^′

TL TS HL_1 FL_1

ST ¬ TS

¬ TL

¬ TL ¬ TS

¬ st_1 ¬ st_1 st_1 st_1

st_0 st_0

¬ st_0 ¬ st_0

Figure 8: T imed circuit implementation of the traffic light controller .

φ C_0^′

C_1^′

C_1

C_0

Figure 5: SIS implementations of a two-bit synchronous counter .

HG

HY

FG

FY

TL↑

TS↑

TS↑

TL↑ LOGIC

LATCH

TL TS φ

HL FL

2

4 7 2 2 state

(a) (b) Figure 6: Determininistic version of Mead and Conway’ s traffic light controller: (a) state diagram and (b) block diagram.

ST

weak weak

C

......

set k,1

set k,mk set k

reset k reset k,mk reset k,1 sk C

...

set k,1

sk reset k,1 sk,1

C set k,mk

reset k,mk sk,mk

(a) (b)

Figure 3: Choice of gate structure for signals which occur multiple times in a cycle: (a) merge structure and (b) complex gate structure

φ C_0^′

C_1^′

C_1

C_0

C C_0^′

¬ C_0 φ φ

φ φ

¬ C_0

C_0 C_0

C C_0 φ ¬ C_1 C_1^′ φ C_1C_0 φ

¬ φ

C_0

C_1

¬ C_0

C_1^′

φ

¬ φ C_0 C_0^′

C C_0^′ φ

φ

¬ C_0

C_0

(a)

(a)

(b)

(c)

(d) Figure 4: T imed circuit implementation of two-bit synchronous counter:

(a) complex-gate structure, (b) simplified C 0′, (c) transistor -level, and (d) using latches.

weak

weak

Synch. S.I.

Fund. Mode

Timed Circuits

Figure 1: Summary of relationships between system timing models.

Figure 2: The constraint graph specification for a two-bit synchronous counter:

φ↑ /1

φ↑ /2

φ↑ /3

φ↑ /4

φ↓ /4 φ↓ /1

φ↓ /2

φ↓ /3

C_0^′↑/1

C_0↑/1

C_0^′↓/1 C_1^′↑

C_0↓/1 C_1↑

C_0^′↓/2 C_1^′↓

C_0↓/2 C_1↓

C_0^′↑/2

C_0↑/2

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5] φ↑

φ↑

φ↑

φ↑

φ↓ φ↓

φ↓

φ↓

C_0^′↑

C_0↑

C_0^′↓ C_1^′↑

C_0↓ C_1↑

C_0^′↓ C_1^′↓

C_0↓ C_1↓

C_0^′↑

C_0↑

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[19,21]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5]

[0,5]

[0,5] [0,5]

[0,5] [0,5]

[0,5]

(a) initial specification and (b) final specification.

(a) (b)