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The Growth of Leakage Power
• Dramatic increase of leakage power in nano-

scale design. 
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[Kim et al., IEEE Computer 2003]



Leakage Power Reduction
• Multi-Vt circuit optimization
• Reverse body biasing
• Power gating with sleep transistors

¾ Surpress leakage power, but may lose flip-flop states
• …
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Literature Review for State Retention
• Selective state retention

¾ Darbari et al., “Selective state retention design using symbolic 
simulation”, DATE-2009

¾ Greenberg et al., “Selective state retention power gating based on 
gate-level analysis”, TCAS-I, 2014

¾ Greenberg et al., “Selective state retention power gating based on 
formal verification”, TCAS-I, 2015

¾ Chiang et al., “Scalable sequence-constrained retention register 
minimization in power gating design”, DAC-2015

• State retention methods
¾ Chen et al., “Efficient multiple-bit retention register assignment for 

power gated design: Concept and algorithms,”, ICCAD-2012
¾ Chen et al., “Multi-bit retention registers for power gated designs: 

Concept, design, and deployment,” TCAD, 2014
¾ Lin & Lin, "More effective power-gated circuit optimization with multi-bit 

retention registers," ICCAD-2014
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State Retention Approaches
• Memory-based approach
• Register/latch-based approaches

¾ Single-bit retention registers
¾ Uniform multi-bit retention registers/latches

n [Chen et al., ICCAD’12 & TCAD’14]
n [Lin et al., ICCAD’14]

¾ Non-uniform multi-bit retention registers/latches
n [Fan & Lin, ICCAD’17]
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Memory-based Approach
• Scan out flip-flop states into memory è sleeping
• Scan back flip-flops states from memory è active
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Register/Latch-based Approach
• Keep flip-flop states in retention latches

¾ Single-bit retention register (SBRR)
¾ Multi-bit retention register (MBRR)
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Retention Register



k-bit Retention Register
• Save/restore k-cycle flip-flop states during 

sleep/active mode switching
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Abstract—Retention registers/latches are commonly applied
to power-gated circuits for state retention during the sleep
mode. Recent studies have shown that applying uniform multi-
bit retention registers (MBRRs) can reduce the storage size,
and hence save more chip area and leakage power compared
with single-bit retention registers. In this paper, a new prob-
lem formulation of power-gated circuit optimization with non-
uniform MBRRs is studied for achieving even more storage
saving and higher storage utilization. An ILP-based approach
is proposed to effectively explore different combinations of non-
uniform MBRR replacement. Experiment results show that the
proposed approach can reduce 36% storage size, compared with
the state-of-the-art uniform MBRR replacement, while achieving
100% storage utilization.

Index Terms—power gating, state retention, retention latch,
retention register, multi-bit, leakage power

I. INTRODUCTION

Power gating has been pervasively applied to modern
system-on-chip design for leakage power reduction during
sleep mode [1]. In order to preserve flip-flop states of a
circuit before it is powered off, robust and cost-effective state
retention schemes [2] are essential such that the flip-flop states
can be correctly restored at a lower cost when the circuit
is powered on again. Although some previous work [3]–
[5] proposed to minimize the number of flip-flop states that
need to be retained, it is still desirable to investigate how to
effectively store the flip-flop states during sleep mode.

Recent studies [6]–[8] have shown that applying uniform
multi-bit retention registers (MBRRs) can result in smaller
total storage size for state retention, and thus smaller chip
area, compared with applying single-bit retention registers
(SBRRs). Figure 1 shows the circuit structure of a k-bit
retention register, consisting of a regular flip-flop and a k-bit
shift storage element, which was first proposed in [6]. The shift
storage element for state retention can be implemented with
either high-Vt latches [6] or emerging nonvolatile memory
technologies [9] for lower power consumption during sleep
mode. When a circuit containing a set of uniform k-bit
retention registers enters sleep mode, the storage element in
each k-bit retention register will receive and store a series of
k-bit data from its regular flip-flop. When the circuit wakes
up from sleep mode, the stored data will be first shifted out
to the flip-flop for k consecutive clock cycles, and then the
flip-flop will continue to receive the normal data input.

Regular flip-flop
Data in

M
U
X k-bit shift

storage element

Control 
logic

Clk

Restore Save/Restore

Data out

Fig. 1. A k-bit retention register consisting of a regular flip-flop and a k-bit
shift storage element, or k-bit latches.

Although applying uniform MBRRs to a power-gated circuit
has the advantage of smaller storage size compared with
applying SBRRs to the same circuit, we observe that the
storage utilization of applying uniform MBRRs is not optimal.
Figure 2 gives an example which compares both storage size
and storage utilization of the storage elements after applying
SBRRs, uniform MBRRs, and non-uniform MBRRs to the
same power-gated circuit. The circuit in Figure 2(a) requires
seven SBRRs for state retention, which results in the storage
size of seven bits and 100% storage utilization because all data
in the storage elements are needed. The circuit in Figure 2(b)
requires two 3-bit retention registers, which results in the
storage size of six bits and 83% storage utilization because
only two bits of the storage element in the MBRR, f6, are
in-use if there is no more flip-flop at the fanout of f7. The
circuit in Figure 2(c) requires one 3-bit retention register and
one 2-bit retention register, which results in the storage size
of only five bits and also 100% storage utilization.

All the previous work simply tackled the problem of power-
gated circuit optimization with a minimum number of uniform
MBRRs using either heuristic methods [6], [7] or integer-
linear-programming (ILP) formulation [8]. The problem of
power-gated circuit optimization with non-uniform MBRRs
for minimizing total storage size and achieving 100% storage
utilization has not been studied yet. Different from all the
previous work, this is the first work in the literature which
tackles such even more complex problem. The contributions
are summarized as follows:

• We present a new problem formulation for power-gated

Retention latch



Non-uniform MBRR
• Different save/restore signals for

different MBRRs with different bit numbers
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Fig. 2. Comparison of applying (a) single-bit retention registers, (b) uniform
multi-bit retention registers, and (c) non-uniform multi-bit retention registers
to the same power-gated circuit for state retention. The total storage size of
all storage elements in each case, is 7, 6, and 5 bits, respectively, while the
storage utilization of each case is 100%, 83%, and 100%, respectively.

circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.

II. PRELIMINARIES

A. Mechanism of Non-Uniform MBRRs

The mechanism including the design and control of uni-
form MBRRs had been introduced in [7]. The mechanism of
non-uniform MBRRs is similar to that of uniform MBRRs.
Figure 3 gives an example circuit and controller design for
non-uniform MBRRs. For a circuit having the maximum mode
transition latency of l clock cycles, the controller will produce
a set of l output signals, Save/Restore1, Save/Restore2,
. . ., Save/Restorel. A retention signal, Save/Restorei, will
control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
one 2-bit retention register. Each retention register has its own
data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
retention register, while those of the last two clock cycles are
stored in the 2-bit retention register. Table I shows the detailed
function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.
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Fig. 3. (a) An circuit with non-uniform MBRRs, including one 3-bit retention
register and one 2-bit retention register. (b) The controller design for a circuit
with non-uniform MBRRs.

TABLE I
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) BEFORE

ENTERING SLEEP MODE.

Clk f1 f2 f3 f4 f5 f6 f7
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storage utilization of each case is 100%, 83%, and 100%, respectively.

circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.
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control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
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data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
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function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.

f1
f2

f33-bit +

f4

f5

f7

2-bit

f6

d1d2d3

d4d5d6

titi+1ti+2

RET3

RET2

Counter

wakeup

latency, l

RET1

RET2

RETl

Combinational 
Logic

(a)

(b)

Save/Restore 3

Save/Restore 2

Save/Restore 1
Save/Restore 2

Save/Restore l

Fig. 3. (a) An circuit with non-uniform MBRRs, including one 3-bit retention
register and one 2-bit retention register. (b) The controller design for a circuit
with non-uniform MBRRs.

TABLE I
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) BEFORE
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SBRR v.s. MBRR
• Single-bit retention register (SBRR)

• Multi-bit retention register (MBRR)
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circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.
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The mechanism including the design and control of uni-
form MBRRs had been introduced in [7]. The mechanism of
non-uniform MBRRs is similar to that of uniform MBRRs.
Figure 3 gives an example circuit and controller design for
non-uniform MBRRs. For a circuit having the maximum mode
transition latency of l clock cycles, the controller will produce
a set of l output signals, Save/Restore1, Save/Restore2,
. . ., Save/Restorel. A retention signal, Save/Restorei, will
control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
one 2-bit retention register. Each retention register has its own
data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
retention register, while those of the last two clock cycles are
stored in the 2-bit retention register. Table I shows the detailed
function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.
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circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.
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A. Mechanism of Non-Uniform MBRRs

The mechanism including the design and control of uni-
form MBRRs had been introduced in [7]. The mechanism of
non-uniform MBRRs is similar to that of uniform MBRRs.
Figure 3 gives an example circuit and controller design for
non-uniform MBRRs. For a circuit having the maximum mode
transition latency of l clock cycles, the controller will produce
a set of l output signals, Save/Restore1, Save/Restore2,
. . ., Save/Restorel. A retention signal, Save/Restorei, will
control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
one 2-bit retention register. Each retention register has its own
data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
retention register, while those of the last two clock cycles are
stored in the 2-bit retention register. Table I shows the detailed
function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.
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Uniform v.s. Non-Uniform MBRR
• Uniform MBRR

• Non-uniform MBRR
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circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
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tively explores different configurations of non-uniform
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• Our experiment results show that the proposed ILP-based
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41% storage size on average compared with the state-
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100% storage utilization.
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dependency graph. Section III first introduce a greedy method
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Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
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TABLE I
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) BEFORE

ENTERING SLEEP MODE.

Clk f1 f2 f3 f4 f5 f6 f7
ti X X X X X X X

X X X X X
ti+1 d1 X X X d4 X X

d1 X X X X
ti+2 d2 d1 d1 X d5 X+d4 d4

d2 d1 X d5 X
ti+3 d3 d2 d2 d1 d6 d1+d5 d5

d3 d2 d1 d6 d5
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Fig. 2. Comparison of applying (a) single-bit retention registers, (b) uniform
multi-bit retention registers, and (c) non-uniform multi-bit retention registers
to the same power-gated circuit for state retention. The total storage size of
all storage elements in each case, is 7, 6, and 5 bits, respectively, while the
storage utilization of each case is 100%, 83%, and 100%, respectively.

circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.

II. PRELIMINARIES

A. Mechanism of Non-Uniform MBRRs

The mechanism including the design and control of uni-
form MBRRs had been introduced in [7]. The mechanism of
non-uniform MBRRs is similar to that of uniform MBRRs.
Figure 3 gives an example circuit and controller design for
non-uniform MBRRs. For a circuit having the maximum mode
transition latency of l clock cycles, the controller will produce
a set of l output signals, Save/Restore1, Save/Restore2,
. . ., Save/Restorel. A retention signal, Save/Restorei, will
control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
one 2-bit retention register. Each retention register has its own
data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
retention register, while those of the last two clock cycles are
stored in the 2-bit retention register. Table I shows the detailed
function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.
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TABLE I
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) BEFORE

ENTERING SLEEP MODE.

Clk f1 f2 f3 f4 f5 f6 f7
ti X X X X X X X

X X X X X
ti+1 d1 X X X d4 X X

d1 X X X X
ti+2 d2 d1 d1 X d5 X+d4 d4

d2 d1 X d5 X
ti+3 d3 d2 d2 d1 d6 d1+d5 d5

d3 d2 d1 d6 d5

Storage size for state retention: 6 bits
Storage utilization: 83%

Storage size for state retention: 5 bits
Storage utilization: 100%



Problem 1: Uniform MBRR
• Input:

¾ A power-gated circuit, C
¾ A fixed mode transition latency of k clock cycles 

• Objective:
¾ Replace a minimum set of flip-flops in C with k-bit 

retention registers such that all flip-flop states in C
can be retained while total storage size is minimized

• Solutions:
¾ Greedy method [Chen et al., ICCAD’12 & TCAD’14]
¾ Integer-linear-programming (ILP) method

[Lin & Lin, ICCAD’14]
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Terminologies
• Data dependency graph (DDG)

• Path length of k
¾ A directed path between two vertices

containing k directed edges
• Feedback path

¾ A path forming a directed cycle
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Iterative/Random MBRR Replacement
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Breaking Feedback Path
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The Proposed ILP-based Approach
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ILP Formulation
• Minimize # of flip-flops which need to be 

replaced with MBRRs for state retention
¾ Vertex selection problem in a DDG

• Objective:

n |V| denotes the number of vertices in a DDG.
n si denotes whether a vertex will be replaced with an MBRR.

• Constraints:
¾ Zero-indegree constraint
¾ Path-length constraint
¾ Cycle constraint
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as shown in Figs. 5(c)–(e). Fig. 5(e) shows the final solution
which may result from the previous work [7], [8], where three
vertices, v1, v3, and v4 are selected. However, there is still a
better solution with only two vertices, v1 and v4 being selected,
as shown in Fig. 5(f). Consequently, replacing a minimum set
of flip-flops with MBRRs for all feedback paths may loose
global optimality when solving Problem 1.

IV. ILP FORMULATION FOR POWER-GATED CIRCUIT
OPTIMIZATION WITH MBRRS

Instead of applying the greedy heuristics, we formulate the
problem of power-gated circuit optimization with MBRRs as
an ILP problem with simultaneous consideration of all the
feedback paths in a power-gated circuit for achieving better
global optimality. Section IV-A details the fundamentals of
our ILP formulation, including the objective function and
constraints, and Section IV-B presents a hybrid approach for
ILP constraint reduction.

A. Fundamentals of ILP Formulation

According to Problem 1 and the data dependency graph
model in Fig. 3, given a data dependency graph, G(V,E),
and a path length, k � 1, we want to select a minimum set
of vertices, VS 2 V , such that every directed path in G(V,E)
whose length is equal to k�1 must contain at least one vertex,
vi 2 VS . To solve the problem with the ILP formulation, we
first introduce a 0�1 variable, si, representing whether vi is
selected or not. The objective function of our ILP formulation
is to minimize the total number of selected vertices, as defined
in Equation (1), where |V | is the total number of vertices in
G(V,E).

Minimize :

|V |X

i=1

si, 8si 2 {0, 1}. (1)

In addition to the objective function, there are three kinds
of constraints in our ILP formulation, including (1) zero-
indegree constraints, (2) path-length constraints, and (3) cycle
constraints.

1) Zero-Indegree Constraints: A vertex in the data de-
pendency graph, which has no indegree, must be selected.
Therefore, the zero-indegree constraints can be represented as
follows:

si = 1, 8vi 2 V \ deg�(vi) = 0. (2)

2) Path-Length Constraints: Every directed path, pj , in the
data dependency graph whose length is equal to k � 1 must
contain at least one vertex, vi 2 VS . Therefore, the path-length
constraints can be expressed as follows:

X

vi2pj

si � 1, 8pj 2 G(V,E) \ length(pj) = k � 1. (3)

3) Cycle Constraints: Every directed cycle, cj , in the data
dependency graph whose length is less than or equal to k� 1
must contain at least one vertex, vi 2 VS . Therefore, the cycle
constraints can be represented as follows:

X

vi2cj

si � 1, 8cj 2 G(V,E) \ length(cj)  k � 1. (4)

Fig. 6(a) gives an example of a power-gated circuit containing
a feedback path. If we only replace f1 in Fig. 6(a) with a
k-bit retention register, which is not in the feedback path, as
shown in Fig. 6(b), the flip-flop states in the feedback path will
never be retained because of unknown input data. In addition
to replacing f1 with a k-bit retention register, if we additionally
replace f4 with another k-bit retention register which is in the
feedback path, as shown in Fig. 6(c), the flip-flop states can
be retained. Consequently, a feedback path in a power-gated
circuit whose length is less than or equal to k�1 must contains
at least one k-bit retention register.
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Fig. 6. (a) An example of a power-gated circuit containing a feedback path.
(b) The feedback path in (a) has no MBRR. (c) The feedback path in (a) has
an MBRR.

B. ILP Constraint Reduction

As the number of path-length constraints based on our
ILP formulation may exponentially grow with respect to the
increase of the mode transition latency, k, we further apply a
hybrid approach, which combines the greedy selection [8] and
the proposed ILP formulation, for ILP constraint reduction.
When the number of constraints is too large, we iteratively
select a vertex which is contained in the most constraints, and
remove the corresponding constraints to gain the most con-
straint reduction. Once the number of constraints is acceptable,
we then solve the remaining problem based on the proposed
ILP formulation with some preselected vertices. Such hybrid
approach can effectively reduce the overall computation time
without degrading solution quality too much.

TABLE I. THE BENCHMARK CIRCUITS IN [8].

Circuit # vertices # edges # directed cycles latency
idtc 48 50 0 11
usb phy 98 98 2 7
dist 128 174 0 11
DMA 2192 3138 8 5
pci pridge 3559 6538 11 7
b19 6594 16612 19 8
des perf 8802 12387 0 11
ECC decoder 6589 49759 76 6



Zero-indegree Constraint
• A vertex in a DDG, which has no indegree, 

must be selected.
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as shown in Figs. 5(c)–(e). Fig. 5(e) shows the final solution
which may result from the previous work [7], [8], where three
vertices, v1, v3, and v4 are selected. However, there is still a
better solution with only two vertices, v1 and v4 being selected,
as shown in Fig. 5(f). Consequently, replacing a minimum set
of flip-flops with MBRRs for all feedback paths may loose
global optimality when solving Problem 1.

IV. ILP FORMULATION FOR POWER-GATED CIRCUIT
OPTIMIZATION WITH MBRRS

Instead of applying the greedy heuristics, we formulate the
problem of power-gated circuit optimization with MBRRs as
an ILP problem with simultaneous consideration of all the
feedback paths in a power-gated circuit for achieving better
global optimality. Section IV-A details the fundamentals of
our ILP formulation, including the objective function and
constraints, and Section IV-B presents a hybrid approach for
ILP constraint reduction.

A. Fundamentals of ILP Formulation

According to Problem 1 and the data dependency graph
model in Fig. 3, given a data dependency graph, G(V,E),
and a path length, k � 1, we want to select a minimum set
of vertices, VS 2 V , such that every directed path in G(V,E)
whose length is equal to k�1 must contain at least one vertex,
vi 2 VS . To solve the problem with the ILP formulation, we
first introduce a 0�1 variable, si, representing whether vi is
selected or not. The objective function of our ILP formulation
is to minimize the total number of selected vertices, as defined
in Equation (1), where |V | is the total number of vertices in
G(V,E).

Minimize :

|V |X

i=1

si, 8si 2 {0, 1}. (1)

In addition to the objective function, there are three kinds
of constraints in our ILP formulation, including (1) zero-
indegree constraints, (2) path-length constraints, and (3) cycle
constraints.

1) Zero-Indegree Constraints: A vertex in the data de-
pendency graph, which has no indegree, must be selected.
Therefore, the zero-indegree constraints can be represented as
follows:

si = 1, 8vi 2 V \ deg�(vi) = 0. (2)

2) Path-Length Constraints: Every directed path, pj , in the
data dependency graph whose length is equal to k � 1 must
contain at least one vertex, vi 2 VS . Therefore, the path-length
constraints can be expressed as follows:

X

vi2pj

si � 1, 8pj 2 G(V,E) \ length(pj) = k � 1. (3)

3) Cycle Constraints: Every directed cycle, cj , in the data
dependency graph whose length is less than or equal to k� 1
must contain at least one vertex, vi 2 VS . Therefore, the cycle
constraints can be represented as follows:

X

vi2cj

si � 1, 8cj 2 G(V,E) \ length(cj)  k � 1. (4)

Fig. 6(a) gives an example of a power-gated circuit containing
a feedback path. If we only replace f1 in Fig. 6(a) with a
k-bit retention register, which is not in the feedback path, as
shown in Fig. 6(b), the flip-flop states in the feedback path will
never be retained because of unknown input data. In addition
to replacing f1 with a k-bit retention register, if we additionally
replace f4 with another k-bit retention register which is in the
feedback path, as shown in Fig. 6(c), the flip-flop states can
be retained. Consequently, a feedback path in a power-gated
circuit whose length is less than or equal to k�1 must contains
at least one k-bit retention register.
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Fig. 6. (a) An example of a power-gated circuit containing a feedback path.
(b) The feedback path in (a) has no MBRR. (c) The feedback path in (a) has
an MBRR.

B. ILP Constraint Reduction

As the number of path-length constraints based on our
ILP formulation may exponentially grow with respect to the
increase of the mode transition latency, k, we further apply a
hybrid approach, which combines the greedy selection [8] and
the proposed ILP formulation, for ILP constraint reduction.
When the number of constraints is too large, we iteratively
select a vertex which is contained in the most constraints, and
remove the corresponding constraints to gain the most con-
straint reduction. Once the number of constraints is acceptable,
we then solve the remaining problem based on the proposed
ILP formulation with some preselected vertices. Such hybrid
approach can effectively reduce the overall computation time
without degrading solution quality too much.

TABLE I. THE BENCHMARK CIRCUITS IN [8].

Circuit # vertices # edges # directed cycles latency
idtc 48 50 0 11
usb phy 98 98 2 7
dist 128 174 0 11
DMA 2192 3138 8 5
pci pridge 3559 6538 11 7
b19 6594 16612 19 8
des perf 8802 12387 0 11
ECC decoder 6589 49759 76 6



Path-length Constraint
• Any directed path, pi, in a DDG whose length is 

equal to k-1 must contain at least one selected 
vertex.
¾ Example: 

n Each 2-link path contains at least one selected vertex.
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Cycle Constraint
• Every feedback path must contain at least one 
k-bit retention register.
¾ A feedback path without MBRRs

¾ A feedback path with an MBRR
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ILP Complexity Issue
• The path-length constraints will exponentially 

grow with respect to the number of flip-flops 
and mode transition latency.
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ILP Constraint Reduction
• Perform greedy selection before ILP

1) Iterative select a vertex which is contained in the 
most constraints

2) Remove the corresponding constraints to gain the 
most constraints reduction

3) Until the number of constraints is acceptable
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Problem 2: Non-Uniform MBRR
• Input:

¾ A power-gated circuit, C
¾ A maximum mode transition latency of l clock cycles

• Objective:
¾ Replace a minimum set of flip-flops in C with MBRRs 

ranging from 1 to l bits such that all flip-flop states 
in C can be retained while total storage size is 
minimized with 100% storage utilization

• Solutions
¾ Greedy method [Fan & Lin, ICCAD’17]
¾ ILP-based method [Fan & Lin, ICCAD’17]
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Greedy Method
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Fig. 5. Ineffectiveness of the greedy method for non-uniform MBRR replace-
ment. (a) An example data dependency graph of a power-gated circuit. (b) The
optimal uniform MBRR replacement with three 3-bit retention registers.
(c) The optimal non-uniform MBRR replacement resulting from the greedy
method. (d) The optimum solution to the non-uniform MBRR replacement
problem with the maximum mode transition latency of three clock cycles.

graph of a power-gated circuit given in Figure 5(a), we
can obtain the optimum solution to the problem of power-
gated circuit optimization with the mode transition latency of
three by replacing the flip-flops corresponding to v1, v2, and
v4 with a 3-bit retention register, respectively, as shown in
Figure 5(b). Based on the optimal uniform MBRR replacement
solution and the presented greedy method, the solution to
non-uniform MBRR replacement problem can be derived by
Algorithm 1, as seen in Figure 5(c). When comparing the
solution in Figure 5(c) with that in Figure 5(b), although
the storage size is reduced from 9 bits to 7 bits, and the
storage utilization is enhanced from 78% to 100%, we can still
find an even better non-uniform MBRR replacement solution,
as shown in Figure 5(d). Such solution has the storage size
of only 6 bits, which is also the optimum solution in this
example. Consequently, it is required to further investigate new
approaches for solving Problem 2.

IV. MORE EFFECTIVE ILP-BASED APPROACH FOR
NON-UNIFORM MBRR REPLACEMENT

In order to obtain even smaller storage size during non-
uniform MBRR replacement, we further proposed a more
effective ILP-based approach. Initially, we assume that all
flip-flops in a power-gated circuit are replaced with 1-bit
retention registers (Section IV-A). Our approach progressively
and iteratively optimizes the circuit by reverting a set of
retention registers to the original flip-flops and enlarging the

respective retention registers at the fan-in of the reverted flip-
flops to cover the states of those reverted flip-flops while
minimizing the total storage size of all non-uniform MBRRs
(Sections IV-B, IV-C, and IV-D). During each iteration, we
dynamically reserve a set of optimal solutions based on
an ILP formulation such that various combinations of non-
uniform MBRR replacement can be effectively explored (Sec-
tion IV-E). The overall optimization flow of our approach is
demonstrated in Figure 6.

Power-gated circuit / 
Max mode transition latency, l

Extract all vertices with adjacent 
edge pairs whose path length ≤ l

Construct and initialize 
data dependency graph

Drop extracted vertices 
for avoiding MBRR replacement

based on ILP formulation

Update data dependency graph

has extracted 
vertices?

Opt. power-gated circuit 
w/ non-uniform MBRRs

Yes

No

Fig. 6. Optimization flow of the proposed progressive ILP-based approach
for non-uniform MBRR replacement.

A. Data Dependency Graph Construction and Initialization

Given a power-gated circuit and its maximum mode tran-
sition latency, l, we first construct the corresponding data
dependency graph, G(V,E), as shown in Figure 4, with
initialized vertex and edge weights. The weight of a vertex,
vi 2 G, which is denoted by wvi , indicates that the respective
flip-flop of vi can be replaced by a retention register with the
size of wvi bits. Initially, wvi = 1, 8vi 2 G, which means
that all flip-flops in the power-gated circuit are assumed to
be replaced by a 1-bit retention register. We annotate an edge
weight, weij , on the corresponding edge, eij , which represents
the path length between the connected retention registers, vi
and vj . Initially, weij = 1, 8eij 2 G.

B. Vertex Extraction

Given a data dependency graph, G(V,E), with specified
vertex and edge weights, we intend to optimize the respective
power gated circuit with non-uniform MBRRs by iteratively
and progressively dropping a set of vertices in G(V,E). If a
vertex is dropped, the corresponding retention register will be
reverted to the original flip-flop while the weights its preceding
vertices will be enlarged. We extract all vertices which can be
dropped from G(V,E) according to the following property.

Property 1: A vertex, vj 2 G(V,E), can be dropped if the
summated edge weights of one of its input edges, eij , and
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graph of a power-gated circuit given in Figure 5(a), we
can obtain the optimum solution to the problem of power-
gated circuit optimization with the mode transition latency of
three by replacing the flip-flops corresponding to v1, v2, and
v4 with a 3-bit retention register, respectively, as shown in
Figure 5(b). Based on the optimal uniform MBRR replacement
solution and the presented greedy method, the solution to
non-uniform MBRR replacement problem can be derived by
Algorithm 1, as seen in Figure 5(c). When comparing the
solution in Figure 5(c) with that in Figure 5(b), although
the storage size is reduced from 9 bits to 7 bits, and the
storage utilization is enhanced from 78% to 100%, we can still
find an even better non-uniform MBRR replacement solution,
as shown in Figure 5(d). Such solution has the storage size
of only 6 bits, which is also the optimum solution in this
example. Consequently, it is required to further investigate new
approaches for solving Problem 2.

IV. MORE EFFECTIVE ILP-BASED APPROACH FOR
NON-UNIFORM MBRR REPLACEMENT

In order to obtain even smaller storage size during non-
uniform MBRR replacement, we further proposed a more
effective ILP-based approach. Initially, we assume that all
flip-flops in a power-gated circuit are replaced with 1-bit
retention registers (Section IV-A). Our approach progressively
and iteratively optimizes the circuit by reverting a set of
retention registers to the original flip-flops and enlarging the

respective retention registers at the fan-in of the reverted flip-
flops to cover the states of those reverted flip-flops while
minimizing the total storage size of all non-uniform MBRRs
(Sections IV-B, IV-C, and IV-D). During each iteration, we
dynamically reserve a set of optimal solutions based on
an ILP formulation such that various combinations of non-
uniform MBRR replacement can be effectively explored (Sec-
tion IV-E). The overall optimization flow of our approach is
demonstrated in Figure 6.

Power-gated circuit / 
Max mode transition latency, l

Extract all vertices with adjacent 
edge pairs whose path length ≤ l

Construct and initialize 
data dependency graph

Drop extracted vertices 
for avoiding MBRR replacement

based on ILP formulation

Update data dependency graph

has extracted 
vertices?

Opt. power-gated circuit 
w/ non-uniform MBRRs

Yes

No

Fig. 6. Optimization flow of the proposed progressive ILP-based approach
for non-uniform MBRR replacement.

A. Data Dependency Graph Construction and Initialization

Given a power-gated circuit and its maximum mode tran-
sition latency, l, we first construct the corresponding data
dependency graph, G(V,E), as shown in Figure 4, with
initialized vertex and edge weights. The weight of a vertex,
vi 2 G, which is denoted by wvi , indicates that the respective
flip-flop of vi can be replaced by a retention register with the
size of wvi bits. Initially, wvi = 1, 8vi 2 G, which means
that all flip-flops in the power-gated circuit are assumed to
be replaced by a 1-bit retention register. We annotate an edge
weight, weij , on the corresponding edge, eij , which represents
the path length between the connected retention registers, vi
and vj . Initially, weij = 1, 8eij 2 G.

B. Vertex Extraction

Given a data dependency graph, G(V,E), with specified
vertex and edge weights, we intend to optimize the respective
power gated circuit with non-uniform MBRRs by iteratively
and progressively dropping a set of vertices in G(V,E). If a
vertex is dropped, the corresponding retention register will be
reverted to the original flip-flop while the weights its preceding
vertices will be enlarged. We extract all vertices which can be
dropped from G(V,E) according to the following property.

Property 1: A vertex, vj 2 G(V,E), can be dropped if the
summated edge weights of one of its input edges, eij , and
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Fig. 2. Comparison of applying (a) single-bit retention registers, (b) uniform
multi-bit retention registers, and (c) non-uniform multi-bit retention registers
to the same power-gated circuit for state retention. The total storage size of
all storage elements in each case, is 7, 6, and 5 bits, respectively, while the
storage utilization of each case is 100%, 83%, and 100%, respectively.

circuit optimization with non-uniform MBRRs;
• Based on the problem formulation, we first develop

an efficient greedy method which directly converts an
optimal power-gated circuit with uniform MBRRs into
non-uniform MBRRs with reduced total storage size and
100% storage utilization;

• In order to achieve even smaller storage size, we further
introduce a progressive ILP-based approach which effec-
tively explores different configurations of non-uniform
MBRRs;

• Our experiment results show that the proposed ILP-based
non-uniform-MBRR replacement can effectively reduce
41% storage size on average compared with the state-
of-the-art uniform MBRR replacement while achieving
100% storage utilization.

The remainder of this paper is organized as follow. Sec-
tion II provides the preliminaries, including the machanism of
non-uniform MBRRs, the problem formulation, and the data
dependency graph. Section III first introduce a greedy method
which converts uniform MBRRs into non-uniform MBRRs.
Section IV further proposes an improved ILP-based approach
for even more storage saving. Section V gives the experimental
results and comparisons. Section VI finally concludes this
paper.

II. PRELIMINARIES

A. Mechanism of Non-Uniform MBRRs

The mechanism including the design and control of uni-
form MBRRs had been introduced in [7]. The mechanism of
non-uniform MBRRs is similar to that of uniform MBRRs.
Figure 3 gives an example circuit and controller design for
non-uniform MBRRs. For a circuit having the maximum mode
transition latency of l clock cycles, the controller will produce
a set of l output signals, Save/Restore1, Save/Restore2,
. . ., Save/Restorel. A retention signal, Save/Restorei, will
control all the i-bit retention registers in the circuit. In Fig-
ure 3(a), the circuit contains one 3-bit retention register, and
one 2-bit retention register. Each retention register has its own
data input and control signals. Before entering sleep mode, the
data inputs of the last three clock cycles are stored in the 3-bit
retention register, while those of the last two clock cycles are
stored in the 2-bit retention register. Table I shows the detailed
function table at the clock cycles, ti, to ti+3. Once the circuit
wakes up from sleep mode at the clock cycle, tj , the data
stored in MBRRs are then shifted out such that all flip-flop
states can be recovered. The detailed function table is given
in Table II.
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Fig. 3. (a) An circuit with non-uniform MBRRs, including one 3-bit retention
register and one 2-bit retention register. (b) The controller design for a circuit
with non-uniform MBRRs.

TABLE I
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) BEFORE

ENTERING SLEEP MODE.

Clk f1 f2 f3 f4 f5 f6 f7
ti X X X X X X X

X X X X X
ti+1 d1 X X X d4 X X

d1 X X X X
ti+2 d2 d1 d1 X d5 X+d4 d4

d2 d1 X d5 X
ti+3 d3 d2 d2 d1 d6 d1+d5 d5

d3 d2 d1 d6 d5

TABLE II
THE FUNCTION TABLE OF THE CIRCUIT IN FIGURE 3(A) FROM THE SLEEP MODE TO ACTIVE MODE.

Clk wakeup Save/Restore3 f1 f2 f3 f4 Save/Restore2 f5 f6 f7
tj H H X X X X L X X X

d3 d2 d1 d6 d5
tj+1 L H d1 X X X H X X X

X d3 d2 d6 d5
tj+2 L H d2 d1 d1 X H d5 X X

X X d1 X d6
tj+3 L L d3 d2 d2 d1 L d6 d1+d5 d5

X X X X X

B. Problem Formulations

The problem of power-gated circuit optimization with uni-
form MBRRs presented in [6]–[8], is given below:

Problem 1: Uniform MBRR Replacement: Given a power-
gated circuit, C, and a fixed mode transition latency of k clock
cycles, we want to replace a minimum set of flip-flops in C
with k-bit retention registers such that all flip-flop states in C
can be retained while the total storage size is minimized.

Instead of apply uniform MBRRs to a power-gated circuit,
in this paper, we define the following new problem of power-
gated circuit optimization with non-uniform MBRRs:

Problem 2: Non-uniform MBRR Replacement: Given a
power-gated circuit, C, and a maximum mode transition latency
of l clock cycles, we want to replace a set of flip-flops in C with

MBRRs ranging from 1 to l bits such that all flip-flop states
in C can be retained while the total storage size is minimized
with 100% storage utilization.

C. Data Dependency Graph

When solving the aforementioned problem, the previous
work first converts the given circuit into a data dependency
graph, G(V,E), as shown in Figure 4, where each vertex,
vi 2 G(V,E), denotes a flip-flop, fi, in C. A directed edge,
eij 2 G(V,E), from vi to vj exists if and only if there is
a combinational logic path from fi to fj . The edge weight
denoting the path length between vi and vj is equal to one.

v1
v2

v3

v4

v5

v6 v7

Fig. 4. The data dependency graph representing the circuit in Figure 2(a).

III. GREEDY METHOD FOR NON-UNIFORM MBRR
REPLACEMENT

To solve Problem 2, we introduce a greedy method, which
removes all unused bits in each uniform MBRR obtained from
the optimal solution to Problem 1. Inputting a data dependency
graph, G(V,E), we first perform the state-of-the-art uniform
MBRR replacement approach [8] to obtain an optimal solution
containing a set of vertices, V R ⇢ V , corresponding to all
uniform MBRRs in a power-gated circuit, C. Based on the
optimal solutions to Problem 1, we then apply Algorithm 1 by

removing the unused bits in an uniform MBRR (i.e. reducing
the size of each MBRR represented by vRi 2 V R). Once
the sizes of all MBRR are minimized, an optimal solution
to power-gated circuits with non-uniform MBRR replacement
can be achieved.

Algorithm 1 Greedy Non-uniform MBRR Replacement
Require: G(V,E) // the data dependency graph correspond-

ing to a power-gated circuit, C
Ensure: size[vRi ], 8vRi 2 V R ⇢ V

// size[vRi ] is the storage size of an MBRR represented
by the vertex vRi .
// V R is a set of vertices corresponding to different
MBRRs in C.

1: V R  Uniform MBRR Replacement (G);
2: for all vi 2 V R do
3: size[vi] 1; // Reset the storage size.
4: end for
5: for all (vi 2 V ) \ (vi /2 V R) do
6: Q ;; // Initialize a queue.
7: for all vj 2 V do
8: d[vj ] 0; // Reset the path length from vi to vj .
9: end for

10: Q {vi};
11: while Q 6= ; do
12: vj  head[Q];
13: for all vk 2 predecessor[vj ] do
14: if (vk 2 V R) \ (d[vj ] + 1 > size[vk]) then
15: size[vk] d[vj ] + 1;
16: else if (vk /2 V R) then
17: d[vk] d[vj ] + 1;
18: Enqueue(Q, vk);
19: end if
20: end for
21: Dequeue(Q, vk);
22: end while
23: end for

Applying such greedy method to Problem 2 is very efficient,
which has a polynomial-time complexity after obtaining a
solution to Problem 1. It can also achieve 100% storage
utilization by completely removing all unused bit in uniform
MBRRs. However, we observed the ineffectiveness due to
some suboptimal solutions resulting from the greedy method,
as demonstrated in Figure 5. Based on the data dependency

1
1 1 1 1

1 1 1
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one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.

vi vj vk
eij ejk... ...

Fig. 7. An example of vertex extraction in a data dependency graph.

By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.

min

|V e|X

i=1

si + ↵

|V e|X

i=1

xi, 8xi 2 {0, 1}. (1)

In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:

xi = 1, 8 (vi 2 V e) \
�
deg�(vi) = 0

�
.

xj = 1, 8vj 2 V R.
(2)

2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.

vi vj
eij

(a)

vi vj
eij

(b)

vi vj
eij

(c)

Fig. 8. Three alternatives for selection/dropping between two vertices, vi and
vj , connected by an edge, eij . (a) Drop vi and select vj . (b) Select vi and
drop vj . (c) Select both vi and vj .

For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
1 1 wvi wvj

Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.

vi vj vk
eij ejk... ...

Fig. 7. An example of vertex extraction in a data dependency graph.

By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:
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xj = 1, 8vj 2 V R.
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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Fig. 8. Three alternatives for selection/dropping between two vertices, vi and
vj , connected by an edge, eij . (a) Drop vi and select vj . (b) Select vi and
drop vj . (c) Select both vi and vj .

For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.

min
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xi, 8xi 2 {0, 1}. (1)

In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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vj , connected by an edge, eij . (a) Drop vi and select vj . (b) Select vi and
drop vj . (c) Select both vi and vj .

For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.
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si � xiwvi + (1� xj)wvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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respectively, which are summarized in Table III.
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.
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Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
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0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.

vi vj vk
eij ejk... ...

Fig. 7. An example of vertex extraction in a data dependency graph.

By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .
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0 1 0 wvj
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
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dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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respectively, which are summarized in Table III.
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be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
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flip-flop will be replaced with an MBRR. Otherwise, if vi is
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unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:

xi = 1, 8 (vi 2 V e) \
�
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xj = 1, 8vj 2 V R.
(2)

2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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Fig. 8. Three alternatives for selection/dropping between two vertices, vi and
vj , connected by an edge, eij . (a) Drop vi and select vj . (b) Select vi and
drop vj . (c) Select both vi and vj .

For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
1 1 wvi wvj

Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.

vi vj vk
eij ejk... ...

Fig. 7. An example of vertex extraction in a data dependency graph.

By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
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respectively, which are summarized in Table III.
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1 0 wvi + wvj 0
1 1 wvi wvj

Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .
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0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based

one of its output edges, ejk, is less than or equal to l (i.e.
weij + wejk  l), as shown in Figure 7.
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Fig. 7. An example of vertex extraction in a data dependency graph.

By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.

min

|V e|X
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si + ↵

|V e|X

i=1

xi, 8xi 2 {0, 1}. (1)

In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:

xi = 1, 8 (vi 2 V e) \
�
deg�(vi) = 0

�
.

xj = 1, 8vj 2 V R.
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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Fig. 8. Three alternatives for selection/dropping between two vertices, vi and
vj , connected by an edge, eij . (a) Drop vi and select vj . (b) Select vi and
drop vj . (c) Select both vi and vj .

For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.
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0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.
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Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both

can be expressed as follows:

xi = 1, 8 (vi 2 V e) \
�
deg�(vi) = 0

�
.

xj = 1, 8vj 2 V R.
(2)
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Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
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respectively, which are summarized in Table III.
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Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.
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D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based
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By extracting all adjacent edge pairs, (eij , ejk), of vj , whose
summated path length, weij + wejk , is less than or equal to
l, we can obtain an extracted vertex set, V e, containing the
vertices which satisfy Property 1, and an extracted edge set,
Ee, consisting of all edge pairs corresponding to the extracted
vertices. All the other vertices which are not in V e must
correspond to retention registers, and they are selected and
collected into V R.

If Ee = V e = ;, it means that all vertices cannot be
dropped, and we cannot further revert a set of retention
registers to the original flip-flops and enlarging the respective
retention registers at their fan-in to cover the states of those
reverted flip-flops. Consequently, the present G(V,E) corre-
sponds to an optimal power-gated circuit with non-uniform
MBRRs.

C. Vertex Dropping based on ILP Formulation

Based on Ee and V e, we formulate an ILP problem to
optimize the circuit by dropping a set of vertices in V e for
avoiding MBRR replacement and reducing total storage size
of all MBRRs. The objective of our ILP formulation is to
minimize the weighted summation of total storage size and
total number of MBRRs after dropping a set of vertices in
V e, which is given below.
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In Equation (1), si represents the expected weight of vi, which
corresponds to the expected storage size of the respective
MBRR, after dropping a set of vertices in V e. xi is a 0–
1 variable, which determines whether vi will be selected or
dropped. If vi is selected (i.e. xi = 1), the corresponding
flip-flop will be replaced with an MBRR. Otherwise, if vi is
dropped (i.e. xi = 0), the corresponding flip-flop will keep
unchanged. |V e| is the total number of vertices in V e. The
constant, ↵, is a control parameter of our ILP formulation,
which is between ±1, such that the number of MBRRs will
not dominate the objective function. The setting of ↵ will be
further discussed in Section IV-E.

In addition to the objective function, our ILP formulation
further contains two different types of constraints, including
(1) fixed selection constraints, and (2) alternative selection
constraints.

1) Fixed Selection Constraints: A vertex, vi 2 V e, which
has no indegree in G(V,E), must be selected. A vertex, vj 2
V R, must also be selected, as mentioned in Section IV-B. Both
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2) Alternative Selection Constraints: For each edge, eij 2
Ee, at least one of its connected vertices, vi and vj , must be
selected, as illustrated in Figure 8. We cannot simultaneously
drop both vertices because the total path length from a
predecessor of vi to a successor of vj may be larger than
the maximum mode transition latency, l. Consequently, some
of the flip-flop states along the path cannot be retained if both
vi and vj are dropped.
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For each alternative in Figure 8, the expected si and sj after
the selection/dropping of vi and vj can be easily calculated,
respectively, which are summarized in Table III.

TABLE III
EXPECTED si AND sj FOR THE THREE ALTERNATIVE SELECTIONS OF vi

AND vj .

xi xj si sj
0 0 (forbidden case)
0 1 0 wvj

1 0 wvi + wvj 0
1 1 wvi wvj

Based on Table III, the alternative selection constraints can
be further derived, as seen in Equation (3).

xi + xj � 1, 8eij 2 Ee.

si � xiwvi + (1� xj)wvj , 8eij 2 Ee.

sj � xjwvj , 8eij 2 Ee.

(3)

D. Incremental Update for Data Dependency Graph

After solving the aforementioned ILP problem, a set of
vertices in G(V,E) can be dropped. We shall incrementally
update G(V,E) for the dropped vertices. First of all, each
dropped vertex, vi 2 G(V,E), and all its connected edges
are removed from G(V,E). Secondly, a new directed edge is
connected from each predecessor of vi, denoted by vj , to each
successor of vi, denoted by vk. The edge weight, wejk , is equal
to the summation of weji+weik . Once all the dropped vertices
are removed, and all new directed edges are connected, the
weight of each predecessor of vi, denoted by wvj , should
be updated according to the maximum edge weight of the
fanout directed edges of vj . Figure 9 shows an example of
incremental update for a partial data dependency graph.

Once G(V,E) is updated, we progressively and iteratively
extract adjacent edge pairs and perform vertex dropping based



DDG Update after Solving ILP
• After solving the ILP problem, a set of vertices 

in DDG will be dropped.

• Update DDG with new vertex and edge weights
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Fig. 9. A partial data dependency graph (a) before and (b) after dropping
the vertex, v2, where the new edge weights, we13 = we12 + we23 and
we14 = we12+we24 , and the new vertex weight, wv1 = max{we13 , we14}.

on the ILP formulation until an optimal solution to Problem 2
is obtained.

E. ILP Solution Control and Exploration

During each iteration of vertex dropping based on the
proposed ILP formulation, as shown in Figure 6, we generate
multiple solutions by setting the parameter, ↵, in Equation (1)
with different values between ±1. Empirically, we let ↵ =
± 1

|V |+1 in our experiment. If ↵ = + 1
|V |+1 (↵ = � 1

|V |+1 ), we
may obtain an optimal solution with a minimal total storage
size, but with more (less) MBRRs. If the solutions resulting
from different values of ↵ are the same, we only keep one
solution for the next iteration.

Figure 10 gives an example of two different results based
on the ILP formulation with different values of ↵ leading to
different configurations of MBRRs. It should be noted that
different configurations of MBRRs in the present iteration
will result in different levels of solution quality in the next
iteration. By dynamically exploring various optimal solutions
with different MBRR configuration during each iteration, we
are able to generate an global optimal solution to Problem 2.
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Fig. 10. An example of ILP solution control and exploration by setting
different values of ↵ in Equation (1). (a) An initial data dependency graph
with all vertex weights equal to one. (b) The resulting data dependency
graph resulting from our ILP formulation with ↵ < 0. (c) The resulting
data dependency resulting our the same ILP formulation with ↵ > 0.

V. EXPERIMENTAL RESULTS

We implemented the proposed approaches for power-gated
circuit optimization with non-uniform MBRRs in the C++
programming language, and performed on a 3.4 GHz Intel
Core machine under the Linux operating system with 16 GB
memory. The Gurobi Optimizer [10] was employed as our
ILP solver. We obtained the benchmark circuits from [7].

The detailed information of each circuit is given in Table IV,
including the number of flip-flops (“# vertices”), the number
of dependencies among flip-flops (“# edges”), the number of
feedback paths (“# cycles”), and the mode transition latency
(“latency”). It should be noted that the mode transition latency
of each circuit in Table IV is the best case with a minimum
number of MBRRs resulting from the approach presented in
[7].

TABLE IV
THE BENCHMARK CIRCUITS IN [7].

Circuit # vertices # edges # cycles latency
idtc 48 50 0 11
usb phy 98 98 2 7
dist 128 174 0 11
DMA 2192 3138 8 5
pci pridge 3559 6538 11 7
b19 6594 16612 19 8
des perf 8802 12387 0 11
ECC decoder 6589 49759 76 6

We conducted two sets of experiments to show the effective-
ness and scalability of the proposed approaches: (1) Compar-
ison of our approaches for non-uniform MBRR replacement
with [8] for uniform MBRR replacement, and (2) Comparisons
of bit saving and runtime based on different mode transition
latencies.

A. Comparison of Uniform MBRR Replacement and Non-

uniform MBRR Replacement

Since this is the first work in the literature which consid-
ers non-uniform MBRR replacement, we shall compare the
effectiveness of applying non-uniform MBRRs with that of
applying uniform MBRRs. Table V lists the total storage size
of MBRRs (“# bit store”)1, storage utilization of MBRRs (“#
bit used / utilization), and runtime (“Time”) resulting from
the uniform MBRR replacement [8], and our greedy method
and ILP-based approach for non-uniform MBRR replacement.
Table VI further details the numbers of retention registers
with different storage sizes resulting from our proposed greedy
method and ILP-based approach.

Compared with the uniform MBRR replacement [8], the
presented greedy method and ILP-based approach for non-
uniform MBRR replacement can reduce 34% and 41% storage
size on average, respectively. For the best case of non-uniform
MBRR replacement, our ILP-based non-uniform MBRR re-
placement can achieve up to 66% storage size reduction. It
should be noted that the storage utilization resulting from the
uniform MBRR replacement [8] is only about 66% on average,
while the storage utilization resulting from our non-uniform
MBRR replacement approaches is 100%. Consequently, ap-
plying non-uniform MBRRs can achieve much smaller total
storage size with 100% storage utilization.

1For fairer comparison, the counting method in this paper is different from
that in [8]. In this paper, all MBRRs in a circuit are counted, but in [8], the
first MBRR of each path in a circuit is not counted.



Experimental Setup
• Programming language: C/C++
• Platform: 3.4GHz Intel CPU, 16GB memory
• ILP solver: Gurobi Optimizer
• Benchmark Circuits: [Chen et al., TCAD’14]
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SBRR v.s. MBRR [Chen et al. TCAD’14]

• Power consumption

• Chip area
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TABLE VI

Comparison of Active Mode Power and Sleep Mode Power Between Original Designs with no Retention Registers,

SBRR-Based Designs, and MBRR-Based Designs

TABLE VII

Area Comparison Between Original Designs With No Retention Registers, SBRR-Based Designs, and MBRR-Based Designs.

(All Units Are in µm2 )

results are shown in Table V. From the table we can find that
the DP-based method can reduce the runtime by up to 78%
compared with the MM-based method.

VI. Conclusion

In this paper, we proposed the concept and the design of
MBRR, as well as an efficient assignment algorithm to reduce
the size of retention storage and thus the leakage power in
sleep mode. Experimental results show that our framework on
average can reduce the leakage power in sleep mode by 84%
along with additional mode transition latency of 6 to 11 clock
cycles, compared with the singlebit retention register based
design.

Since this is a preliminary study of MBRR, a few problems
are left for advanced investigation. In the future, we will
study the tradeoff between chip area and leakage power of
MBRRs, the nonuniform MBRR deployment problem, and
to derive some theoretical results to efficiently find out the
mode transition latency that results in minimum retention
storage size for a given circuit topology. Moreover, we would
place-and-route the designs and analyze the impacts on clock
frequency, dynamic power, and leakage power accurately.
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Uniform MBRR
• Chen et al.’s approach [Chen et al., ICCAD’12 & TCAD’14]

¾ 20~46% more MBRRs compared with our approaches
• The proposed ILP approach [Lin & Lin, ICCAD’14]

¾ fewest MBRRs; longest runtime
• The proposed hybrid approach (Pre-selection + ILP)

¾ shortest runtime; slightly more MBRRs

34

TABLE II. COMPARISONS OF THE NUMBERS OF MBRRS (“# MBRRS”), TOTAL STORAGE SIZE (“# BIT STORED”), AND RUNTIME FOR CHEN et al.’S
APPROACH [8], THE PROPOSED HYBRID APPROACH, AND THE PROPOSED PURE ILP APPROACH.

Circuit
Chen et al.’s approach [8] the proposed hybrid approach the proposed pure ILP approach

# MBRRs # bit runtime # MBRRs # bit stored runtime # MBRRs # bit stored runtime
stored (sec) /(reduction) (sec) /(reduction) (sec)

idtc 1 11 < 0.1 1 11 / (00.0%) < 0.1 1 11 / (00.0%) < 0.1
usb phy 6 42 < 0.1 4 28 / (33.3%) < 0.1 4 28 / (33.3%) < 0.1

dist 5 55 < 0.1 4 44 / (20.0%) < 0.1 4 44 / (20.0%) < 0.1
DMA 23 115 0.7 18 90 / (21.7%) 1.0 18 90 / (21.7%) 1.0

pci bridge 34 238 4.0 23 161 / (32.4%) 1.1 23 161 / (32.4%) 1.1
b19 56 448 24.8 30 240 / (46.4%) 23.7 30 240 / (46.4%) 59.7

des perf 732 8052 1190.4 549 6039 / (25.0%) 984.1 544 5984 / (25.7%) 22173.0
ECC decoder 576 3456 197.8 445 2670 / (22.7%) 134.8 N/A N/A / (N/A) N/A

TABLE I. THE BENCHMARK CIRCUITS IN [8].

Circuit # vertices # edges # directed cycles latency
idtc 48 50 0 11
usb phy 98 98 2 7
dist 128 174 0 11
DMA 2192 3138 8 5
pci pridge 3559 6538 11 7
b19 6594 16612 19 8
des perf 8802 12387 0 11
ECC decoder 6589 49759 76 6

TABLE III. CONPARISONS OF THE NUMBERS OF PRESELECTED
MBRRS AND THE RESULTING CONSTRAINTS FOR THE PROPOSED HYBRID

APPROACH AND PURE ILP APPROACH.

Circuit
the proposed hybrid approach the proposed pure ILP approach
# preselected # constraints # preselected # constraints

MBRRs MBRRs
idtc 0 1 0 1

usb phy 0 120 0 120
dist 0 2872 0 2872

DMA 0 54326 0 54326
pci pridge 0 51389 0 51389

b19 4 651590 0 2038236
des perf 10 4024941 0 9791325

ECC decoder 19 1931345 0 N/A

the most constraints, and remove the corresponding constraints
to gain the most constraint reduction. Once the number of
constraints is acceptable, we then solve the remaining problem
based on the proposed ILP formulation with some preselected
vertices. Such hybrid approach can effectively reduce the
overall computation time without degrading solution quality
too much.

V. EXPERIMENTAL RESULTS

We implemented the proposed approach for power-gated
circuit optimization with MBRRs based on ILP formulation
in the C++ programming language, and performed on a 3.2
GHz Intel Core machine under the Linux operating system
with 32GB memory. The Gurobi Optimizer 5.6 [11] was
employed as our ILP solver. To compare our approach with the
state of the art [8], we adopted the same benchmark circuits,
and executed both programs on the same machine. Table I
shows the detailed information of the eight bechmark circuits,
including the number of flip-flops (“# vertices”), the number
of dependencies among flip-flops (“# edges”), the number of
feedback paths (“# directed cycles”), and the mode transition
latency (“latency”). Table II compares the numbers of MBRRs
(“# MBRRs”), total storage size (“# bit stored”), and runtime
for Chen et al.’s approach [8], the proposed hybrid approach,
and the proposed pure ILP approach. The proposed hybrid
approach can reduce up to 46% storage size for flip-flop state

retention with even shorter runtime compared with the state of
the art. When comparing with the proposed pure ILP approach,
the hybrid approach only suffers little storage size, but results
in much shorter runtime, which can be explained by Table III.

VI. CONCLUSIONS

In this paper, we have demonstrated the disadvantages of
the greedy heuristic in the state of the art for power-gated
circuit optimization with MBRRs. We have further proposed
a novel ILP formulation with simultaneous consideration of
all feedback paths for much better global optimality. Our
experimental results have shown that the proposed approach
can significantly reduce the storage size for state retention
compared with the state of the art.
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Uniform v.s. Non-Uniform MBRR
• Compared with “Uniform MBRR” [Lin & Lin, ICCAD’14],

“Non-uniform MBRR” results in 
¾ 34% storage size reduction based on greedy method;
¾ 41% storage size reduction based on ILP-based method;
¾ 34% storage utilization improvement.
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TABLE V
COMPARISONS OF TOTAL STORAGE SIZE OF MBRRS (“# BIT STORE”), STORAGE UTILIZATION OF MBRRS (“# BIT USED / UTILIZATION), AND RUNTIME
(“TIME”) FOR UNIFORM MBRR REPLACEMENT [8], OUR GREEDY NON-UNIFORM MBRR REPLACEMENT, AND OUR ILP-BASED NON-UNIFORM MBRR
REPLACEMENT. WHEN REPORTING THE TOTAL STORAGE SIZE OF MBRRS, WE FOLLOWED THE SAME CALCULATION METHOD [7], WHICH EXCLUDES

THE STORAGE SIZE OF THE MBRRS DIRECTLY DRIVEN BY PRIMARY INPUTS.

Circuit

Uniform MBRR replacement Non-uniform MBRR replacement Non-uniform MBRR replacement
[8] (The greedy method in Section III) (The ILP-based method in Section IV)

# bit # bit used Time # bit stored # bit used Time # bit stored # bit used Time
stored / utilization (s) / (reduction) / utilization (s) / (reduction) / utilization (s)

dtc 13 78 / 54.55% < 0.1 78 / (45.45%) 78 / 100% < 0.1 48 / (66.43%) 48 / 100% 0.9
usb phy 18 77 / 61.11% < 0.1 77 / (38.89%) 77 / 100% < 0.1 67 / (46.83%) 67 / 100% 0.7
dist 20 158 / 71.82% < 0.1 158 / (28.18%) 158 / 100% 0.1 111 / (49.55%) 111 / 100% 1.3
DMA 77 206 / 53.51% 1.2 206 / (46.49%) 206 / 100% 1.3 201 / (47.79%) 201 / 100% 11.7
pci pridge 104 357 / 49.04% 1.4 357 / (50.96%) 357 / 100% 1.4 351 / (51.78%) 351 / 100% 23.5
b19 46 303 / 82.34% 23.2 303 / (17.66%) 303 / 100% 23.4 286 / (22.28%) 286 / 100% 88.7
des perf 787 7858 / 90.77% 575.0 7858 / ( 9.23%) 7858 / 100% 579.6 7702 / (11.03%) 7702 / 100% 1000.1
ECC decoder 486 1911 / 65.53% 155.3 1911 / (34.47%) 1911 / 100% 155.6 1857 / (36.31%) 1857 / 100% 448.9
Average – / 66.08% – / (33.92%) – / 100% – / (41.05%) – / 100%

TABLE VI
COMPARISONS OF THE NUMBERS OF RETENTION REGISTERS WITH DIFFERENT STORAGE SIZES RESULTING FROM OUR GREEDY METHOD AND

ILP-BASED APPROACH.

Circuit # of retention registers (Our greedy method / Our ILP-based approach)
1-bit 2-bit 3-bit 4-bit 5-bit 6-bit 7-bit 8-bit 9-bit 10-bit 11-bit

idtc 0 / 6 4 / 13 0 / 4 3 / 1 0 / 0 0 / 0 0 / 0 0 / 0 3 / 0 2 / 0 1 / 0
usb phy 0 / 8 1 / 8 6 / 6 4 / 2 3 / 2 2 / 0 2 / 1 – / – – / – – / – – / –
dist 0 / 17 0 / 47 1 / 0 0 / 0 3 / 0 1 / 0 4 / 0 2 / 0 3 / 0 3 / 0 3 / 0
DMA 0 / 7 49 / 55 11 / 8 10 / 15 7 / 0 – / – – / – – / – – / – – / – – / –
pci bridge 0 / 93 45 / 40 27 / 15 2 / 4 10 / 11 12 / 8 8 / 2 – / – – / – – / – – / –
b19 0 / 1 1 / 2 2 / 2 0 / 1 8 / 10 8 / 6 9 / 7 18 / 17 – / – – / – – / –
des perf 6 / 186 8 / 168 12 / 135 5 / 84 16 / 82 24 / 32 20 / 45 26 / 475 44 / 58 74 / 65 552 / 50
ECC decoder 31 / 54 106 / 153 48 / 17 47 / 100 188 / 130 66 / 66 – / – – / – – / – – / – – / –

The runtime resulting from the presented greedy non-
uniform MBRR replacement is only slightly longer than that
resulting from the uniform MBRR replacement [8] because
the time complexity of Algorithm 1, excluding the first line,
is polynomial. When comparing the runtime of the presented
greedy method and that of the proposed ILP-based approach
for non-uniform MBRR replacement, the ILP-based approach
is significantly longer but still acceptable. It is because the
proposed ILP-based approach for non-uniform MBRR replace-
ment explores various optimal solutions during each iteration.

B. Comparisons of Storage Size and Runtime with Different

Mode Transition Latencies

Our former experimental results, as shown in Tables V, have
demonstrated that the proposed ILP-based approach for non-
uniform MBRR replacement always results in the smallest
storage size based on the same mode transition latency of
each circuit suggested by [7], as seen in Table IV. We further
conducted the second experiment to compare the storage size
and runtime/scalability for the uniform MBRR replacement
[8] and our ILP-based non-uniform MBRR replacement with
different mode transition latencies. Tables VII and VIII com-
pare the storage size and runtime for both approaches with
the mode transition latencies ranging from one clock cycle to
eleven clock cycles.

According to Table VII, with a mode transition latency
different from that in Table IV for each circuit, the storage size

with non-uniform MBRRs is always better than that with uni-
form MBRRs. With the increasing mode transition latency, the
storage size with non-uniform MBRR keeps decreasing, while
that with uniform MBRRs may not. It is because the storage
utilization with uniform MBRR is not optimal. According to
Table VIII, the runtime and scalability of the proposed ILP-
based non-uniform MBRR replacement is comparable and
acceptable.

VI. CONCLUSIONS

In this paper, we have presented a new problem formu-
lation for power-gated circuit optimization with non-uniform
MBRRs. Based on the problem formulation, we developed an
efficient greedy method which directly converts an optimal
power-gated circuit with uniform MBRRs into non-uniform
MBRRs with reduced total storage size and 100% storage uti-
lization. In order to achieve even smaller storage size, we have
further introduced a progressive ILP-based approach which
effectively explores different configurations of non-uniform
MBRRs. Our experiment results have shown that the proposed
the proposed ILP-based non-uniform-MBRR replacement can
effectively reduce 41% storage size on average compared
with the state-of-the-art uniform MBRR replacement while
achieving 100% storage utilization.



Experiment on Different Latencies
• The best mode transition latency of each circuit with the 

smallest storage size of retention latches
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TABLE VII
COMPARISONS OF THE TOTAL STORAGE SIZES RESULTING FROM [8] FOR UNIFORM MBRR REPLACEMENT AND OUR ILP-BASED APPROACH FOR

NON-UNIFORM MBRR REPLACEMENT WITH DIFFERENT MODE TRANSITION LATENCIES. WHEN REPORTING THE TOTAL STORAGE SIZE OF MBRRS, WE
FOLLOWED THE SAME CALCULATION METHOD [7], WHICH EXCLUDES THE STORAGE SIZE OF THE MBRRS DIRECTLY DRIVEN BY PRIMARY INPUTS.

Circuit Storage size (bits) resulting from [8] with different mode transition latencies
2 cycles 3 cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 9 cycles 10 cycles 11 cycles

idtc 56 66 80 85 102 112 120 126 130 143
usb phy 96 90 96 100 114 126 144 162 160 176
dist 128 141 160 160 186 168 184 189 210 220
DMA 408 354 328 385 432 490 560 621 690 748
pci bridge 886 594 584 605 654 728 816 882 970 1056
b19 1772 1386 756 540 450 399 368 378 360 396
des perf 8910 8799 8808 8795 8616 8729 8776 8622 9080 8657
ECC decoder 4688 4410 3284 3125 2910 2968 2984 3213 4190 6072

Circuit Storage size (bits) resulting from our non-uniform MBRR replacement approach with different mode transition latencies
2 cycles 3 cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 9 cycles 10 cycles 11 cycles

idtc 48 48 48 48 48 48 48 48 48 48
usb phy 76 67 67 67 67 67 66 66 66 66
dist 128 111 111 111 111 111 111 111 111 111
DMA 304 248 201 201 201 201 201 201 201 201
pci bridge 675 445 400 365 352 351 337 337 337 337
b19 1419 894 606 482 360 328 286 286 286 286
des perf 8247 8086 7877 7817 7785 7759 7724 7714 7709 7702
ECC decoder 3348 2759 2090 2090 1857 1857 1857 1857 1857 1857

TABLE VIII
COMPARISONS OF RUNTIME FOR UNIFORM MBRR REPLACEMENT [8] AND OUR ILP-BASED NON-UNIFORM MBRR REPLACEMENT WITH DIFFERENT

MODE TRANSITION LATENCIES.

Circuit Runtime (seconds) of [8] for MBRR replacement with different mode transition latencies
2 cycles 3 cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 9 cycles 10 cycles 11 cycles

idtc 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
usb phy 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
dist 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
DMA 0.2 0.2 0.5 1.2 3.0 5.6 8.9 11.5 34.0 46.4
pci bridge 0.1 0.2 0.3 0.4 0.9 1.4 2.3 3.7 5.3 7.0
b19 0.3 0.9 1.5 3.1 4.7 7.4 23.2 31.8 85.1 166.1
des perf 0.4 4.3 2.7 68.8 10.3 33.3 100.8 276.4 505.0 575.0
ECC decoder 1.1 4.7 2.2 73.8 155.3 596.4 825.3 301.2 84.5 55.7

Circuit Runtime (seconds) of our non-uniform MBRR replacement approach with different mode transition latencies
2 cycles 3 cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 9 cycles 10 cycles 11 cycles

idtc 0.0 0.2 0.3 0.2 0.3 0.4 0.7 0.7 0.9 0.9
usb phy 0.0 0.3 0.4 0.4 0.5 0.7 1.1 1.3 1.3 1.4
dist 0.0 0.2 0.4 0.4 0.9 0.8 1.1 1.3 1.2 1.3
DMA 2.0 5.8 8.1 11.7 16.1 19.6 25.3 28.2 32.1 38.1
pci bridge 2.6 5.7 11.7 15.3 19.3 23.5 27.3 32.9 34.5 40.0
b19 8.1 15.2 27.3 37.9 47.2 68.0 88.7 88.3 110.5 133.9
des perf 38.3 175.7 225.6 305.4 377.2 461.1 584.6 718.2 892.4 1000.1
ECC decoder 14.0 48.3 139.5 264.8 448.9 674.2 751.9 1375.6 2040.2 2403.6
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Conclusions
• Advantages of MBRR for state recovery

¾ Short wake-up time
¾ Small area overhead
¾ Low power consumption

• Uniform v.s. Non-uniform MBRR
¾ Uniform MBRRs

n Simpler control circuit
n Larger storage size
n Lower storage utilization

¾ Non-uniform MBRRs 
n 100% storage utilization 
n Greedy method: fast, 34% storage size reduction
n ILP-based method: slower, 41% storage size reduction
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