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Abstract. With the increasing complexity of the real-time embedded
software, the power consumption is becoming a real challenge in the sys-
tem designs. In this paper, for modelling the component-based embedded
software, the interface automata is extended by adding time intervals on
the actions and assigning energy consumption rates on the states. The
extensional formalism is called energy interface automata. Then the sys-
tem designs are modelled by energy interface automaton networks which
consist of a set of energy interface automata synchronized by shared ac-
tions. Based on analyzing the integer state space of the energy interface
automaton networks and its compatible reachiability graph, we develop
two algorithms for the problem of the minimal energy consumption cal-
culation and the maximal energy consumption verification respectively.

Keywords: embedded software design, power-aware computing, component-
based design, real-time system, model checking, interface automata.

1 Introduction

In recent years, as the result of the increasing complexity of real-time embed-
ded systems which also have high performance demands, the embedded software
raises many challenges to current software techniques. Especially for the power
consumption issues, new methodologies and tools are required to deal with it at
all abstraction levels. Currently, many approaches have been proposed to reduce
total power consumption, such as: the dynamic voltage scaling (DVS), dynamic
power management (DPM), as well as many other studies on the energy-aware
schedule schemes, and so on. However, most approaches to energy analysis of the
embedded software require the system to be completely developed, depending
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on either measurement on a hardware prototype or detailed simulation of the
entire system. From the viewpoint of software engineering, typically the tradi-
tional process is too late in the design cycle to perform high-level or architectural
optimizations. And it is important to model, analyze and check the power con-
sumption characteristics at the abstraction level of the system design, without
consideration of too much details of the hardware or platform.

In this paper, considering the component-based embedded software designs
we extend the interface automata[1] by adding time intervals on the actions and
assigning energy consumption rates on the states to describe the energy-aware
behaviors of software components. The extensional formalism is called energy
interface automata (EIA). And the system designs are modelled by energy in-
terface automaton networks which consist of a set of energy interface automata
synchronized by shared actions. The rest of paper is organized as follows. Sec-
tion 2 gives the description of the problems we concern and the basic idea of
power consumption rates. In section 3, we introduce the interface automata
model and the energy interface automata networks, and give the formal defini-
tions for analysis and verification. In section 4 and 5, based on constructing and
investigating the compatible reachiability graph of the integer state space of the
system design models, we develop algorithms to solve the problems of minimal
energy consumption calculation and maximal energy consumption verification
respectively. The last section includes the related work and the conclusion.

2 Problem Statement

In this work, we mainly consider the following power consumption problems:

Minimal Energy Consumption Calculation : Given a special state of a
component-based embedded software system, how much energy should be
consumed at the least, while the system can operate without any mistake
from the initial state to that special one?

Maximal Energy Consumption Verification : Given the time constraint,
power limitation and the special state of the system, does the total amount of
the energy consumption satisfy the given power limitation when the system
reaches the special state within the time constraint?

Based on the observation that there are different kinds of power-aware char-
acteristics of hardware in embedded systems (for example, most power supply
devices have the busy, idle and sleep modes changing along with the system
states to reduce the power consumption), we can make a reasonable assumption
that there are different power consumption rates on different states of the em-
bedded software system, and furthermore, those rates could be any nonnegative
real number, not just be several simple modes.



3 Modelling the System Behaviors

3.1 Interface Automata(IA) Model

Interface automaton[1] is a light-weight formal language to describe the order of
the interactions between the software component and its environment. The basic
idea is that when the components are composed, their environment assumptions
should be also composed. Accordingly, if there are some helpful environments
satisfy both of their environment assumptions, these components are considered
compatible. The formal definitions are given below.

Definition 1. An interface automaton (IA) is a tuple P = (VP , vInit
P , AI

P , AO
P ,

AH
P , ΓP ) where:

– VP is a finite set of states, each state v ∈ VP ;
– vInit

P ∈ VP is the initial state;
– AI

P , AO
P and AH

P are mutually disjoint sets of input, output and internal
actions, and AP = AI

P ∪AO
P ∪AH

P is the set of all actions;
– ΓP ⊆ VP ×AP × VP is a set of transitions. ut

3.2 Energy Interface Automata(EIA) and the EIA-Networks

Essentially the amount of energy consumption has a close relationship with the
running time of the system. So we need to extend the interface automata with
both of time and energy semantics to describe the system power-aware behaviors.
Fig.1 shows an example of an energy interface automata model of component
communication, which is an extensional energy version of the IA model proposed
in [1]. On each action there is a time interval indicates the demand of time
constraint, and on each state there is a nonnegative real number represents
how much energy is consumed in 1 time units, the power consumption rate. For
example, in state 1, the notation of time interval [2,4] indicates that the system
should stay here at least 2 time units, at most 4 time units, and the real number
1.2 in state 0 denotes that the energy consumption is 1.2 in 1 time unit when
system stay in there.

Definition 2. An energy interface automaton(EIA) is a tuple P = (VP , FP ,
AP , IP , ΓP ) where:

– VP is a finite set of states, each state v ∈ VP ; and there is an initial state
vinit

P at most;
– FP : VP 7→ R+ is a function which maps each state to a nonnegative real

number;
– AP is the set of all actions, each action a ∈ AP , and it include the AI

P , AO
P

and AH
P , the mutually disjoint set of input, output and internal actions

respectively;
– IP is a finite set of time intervals; each interval has the form of [x, y] where

x, y are nonnegative integer numbers (x ≤ y, y 6= ∞);
– ΓP ⊆ VP ×AP × IP × VP is a set of transitions.
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Fig. 1. The EIA model of component communication

ut

We use a timed energy state sequence with a form of σ = v0
a0,τ0−→ v1

a1,τ1−→
. . .

am−1,τm−1−→ vm
am,τm−→ vm+1 to represent a power consumption behavior starting

from the initial state. Accordingly there is a power rates sequence: e0ˆe1ˆ . . . ˆem

ˆem+1 such that each ei = FP (vi)(0 ≤ i ≤ m+1). The semantics of the behavior
σ is that the system starts at state v0, after τ0 time units it changes to v1 through
the transition ignited by the action a0 and staying there for τ1 time units, and
the power consumption in state v0 and v1 are e0 × τ0 and e1 × τ1 respectively,
and so on.

For modelling the component-based embedded software, we use the energy
interface automaton networks (EIA-Networks) to represent the power-aware be-
haviors of the compositional system. Since an input action of one interface au-
tomaton may coincide with an output action of the other, these two interface au-
tomata will synchronize on such shared actions, asynchronously interleaving on
other actions. Those synchronized actions between any two interface automata
(Pi, Pj) are denoted by shared(Pi, Pj) = APi ∩APj = (AO

Pi
∩AI

Pj
)∪ (AI

Pi
∩AO

Pj
).

More details about interface automata composition can be found in [1]. Fig.2
shows a simple version of TCAS(Traffic Collision Avoidance System) designs.

Definition 3. Let N = (K,Z, FN ) be an EIA-Networks where K = {P1, P2, . . . ,
Pn}, each Pi = (VPi , FPi , APi , IPi , ΓPi)(1 ≤ i ≤ n), and Z = {a ∈ shared(Pi, Pj) |
1 ≤ i, j ≤ n, i 6= j} is a set of all shared actions, n denotes the total number of
components in system. The states and actions are defined as below:

– an untimed energy state v of N is in VP1×VP2× . . .×VPn , that is, v = (v1, v2,
. . . , vn)(vi ∈ VPi , 1 ≤ i ≤ n). The initial untimed energy state of N is
vinit

N = (vinit
P1

, vinit
P2

, . . . , vinit
Pn

);
– an energy state u of N is a pair u = (v, c) where v = (v1, v2, . . . , vn) is an

untimed state of N and c : {vi|1 ≤ i ≤ n} 7→ R+ ∪ {0} is called the clock
function which maps each vi to a nonnegative real number that indicates for
the Pi how long the system has been staying at vi. The initial energy state
of N is uinit

N = (vinit
N , cinit) where vinit

N is the initial untimed energy state of
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Fig. 2. An EIA-Networks of the TCAS system

N and cinit(vinit
Pi

) = 0 for any i(1 ≤ i ≤ n). The set of energy states of N is
denoted by UN ;

– FN : UN 7→ {E0, E1, . . . , E|UN |} is a power consumption function which maps
each state u to a vector E = 〈e1, e2, . . . , en〉, where each ei = FPi(vi)(1 ≤
i ≤ n);

– the set of actions of N is AN = AI
N ∪ AO

N ∪ AH
N , where the set of in-

put actions is AI
N =

(⋃
1≤i≤n AI

Pi

)
/Z, the set of output actions is AO

N =(⋃
1≤i≤n AO

Pi

)
/Z, and the set of internal actions is AH

N =
(⋃

1≤i≤n AH
Pi

)
∪ Z.

– the set of time intervals of N is IN =
⋃

1≤i≤n IPi . ut
The transitions of N is defined as follows:

Definition 4. Let N = (K,Z, FN ) be an EIA-Networks where K = {P1, P2,
. . . , Pn}, each Pi = (VPi , FPi , APi , IPi , ΓPi)(1 ≤ i ≤ n), and u = (v, c) and
u′ = (v′, c′) be its states where v = (v1, v2, . . . , vn) and v′ = (v′1, v

′
2, . . . , v

′
n),

the corresponding power consumption vectors are E = 〈e1, e2, . . . , en〉, E′ =
〈e′1, e′2, . . . , e′n〉. Then the system can change from the state u to u′ by an tran-

sition within a delay d(denoted by u
a,d−→ u′), if one of the following conditions

holds:

– for an action a /∈ Z, there is a transition (vk, a, [xk, yk], v′k) ∈ ΓPk
(1 ≤ k ≤ n)

satisfying xk ≤ c(vk) + d ≤ yk and c′(v′k) = 0, e′k = FPk
(v′k). At the same

time vi = v′i, c′(vi) = c(vi) + d and e′i = ei for any i (i 6= k, 1 ≤ i ≤ n); or
– for an action a ∈ shared(Pi, Pj)(1 ≤ i, j ≤ n, i 6= j), there are transitions

(vi, a!, [xi, yi], v′i) ∈ ΓPi (a! denote a is an output action) and (vj , a?, [xj , yj ],
v′j) ∈ ΓPj (a? denote a is an input action) satisfying xi ≤ c(vi) + d ≤ yi,
xj ≤ c(vj) + d ≤ yj , c′(v′i) = 0, c′(v′j) = 0 and e′i = FPi(v

′
i), e′j = FPj (v

′
j).

At the same time, vk = v′k, c′(vk) = c(vk) + d and e′k = ek for any k(k 6=
i, j, 1 ≤ k ≤ n). ut



Then a behavior of N can be denoted as a timed energy state sequence: σ =

u0
a0,d0−→ u1

a1,d1−→ . . .
am−1,dm−1−→ un

am,dm−→ um+1 where u0 is the initial state of N .
And for each behavior there is a corresponding vector sequence E0ˆE1ˆ . . . ˆEm+1,
where each Ei = 〈ei1, ei2, . . . , ein〉 has the same size of n. We use the delay(σ)
to denote the total time delay of a behavior, that is, delay(σ) =

∑m
i=0 di, and

the cost(σ) to represent the total power consumption of the behavior, that is,
cost(σ) =

∑m
i=0(di ×

∑n
j=1 eij).

4 Constructing the Integer Reachiability Graph

Since the delay d could be any nonnegative real number, it is clear that the
state space of EIA-Networks N is infinite. We need to deal with the power

consumption problems in a finite way. Let σ = u0
a0,d0−→ u1

a1,d1−→ . . .
am−1,dm−1−→

um
am,dm−→ um+1 be a behavior of N. If di is an integer for any i (0 ≤ i ≤ m), then

the σ is called an integer behavior. It follows that any state ((v1, v2, . . . , vm), c)
occurring in an integer behavior satisfies c(vj) is an integer for any j (1 ≤ j ≤ m),
which is called an integer state.

Lemma 1. For each behavior σ of an EIA-Networks N , there are integer be-
haviors σ′ and σ′′ satisfying cost(σ′′) ≥ cost(σ) ≥ cost(σ′). ut

Theorem 1. Let N be an EIA-Networks, u be any state of N , C be a set
of behavior in which each element has the form of u0ˆ . . . ˆu, and R be a real
number, then for each σ ∈ C satisfying cost(σ) ≥ R if and only if there is an
integer behavior σ′ ∈ C satisfying cost(σ′) ≥ R. ut

In the case of cost(σ) ≤ R, there is a similar result. Therefore, for the problem in
this paper we only need to consider the integer state space of an EIA-Networks.

Based on theorem 1, we can construct a reachiability graph G = {S, L} for
an EIA-Networks N as follows, where S is a set of nodes and L is a set of edges:

1. for the initial state uInit
N of N , uInit

N is in the set S, which is called initial
node denoted by s0;

2. for the other state u, if there is a transition u
a,d−→ u′, then u′ is in the set

S, and there is an corresponding edge with a form of s
l−→ s′, where l is the

label on the edge, l = (a, d).

Notice that one automaton may produce an output event that is an input event
of another automaton, but it is not accepted by the latter one. It means that
there are some contradictions between the environment assumptions of these two
automata which have shared actions. When this happens, those corresponding
states of N are called illegal states. An maximum fixpoint algorithm has been
presented to compute the compatible composition of interface automata by re-
moving the set of illegal(N) recursively[1]. As a result we can denote by com(N)
the compatible EIA-Networks which only includes the compatible states of N.



Then we can also get a compatible reachiability graph com(G) which only con-
sists of those nodes corresponding to the set of compatible states. If com(G) is
nonempty, it indicates that there is a helpful environment to make the N running
normally. Based on the construction of reachiability graph, we can further con-
clude that each compatible integer behavior of EIA-Networks is corresponding
to a path in the com(G), and vice versa.

5 Analysis and Verification of System Power
Consumption

Let ρ be a path of the compatible reachiability graph com(G) with a form of

ρ = s0
l0−→ s1

l1−→ . . .
lm−1−→ sm in which li = (ai, di)(0 ≤ i < m). Based on the

discussion in the above section, several concepts are introduced as follows:

– consumption rate vector: For each node si of com(G), there is a corre-
sponding vector Ei = 〈ei1, ei2, . . . , ein〉 , and each eij(1 ≤ j ≤ n) indicates
the power consumption rate of component j in the compositional state ui

which is corresponding to the node si;
– consumption matrix: For each path ρ in com(G), we can construct a

matrix such that Eρ = (E0, E1, . . . , Em−1)
T
m×n(m denotes the length of the

path);
– time delay vector: For each path ρ in com(G), there is a time delay vector

with a form of Dρ = 〈d0, d1, . . . , dm−1〉, and the total time delay of the path
is Tρ =

∑m−1
i=0 di;

– consumption of the path: For each path ρ in com(G), the power con-
sumption is ερ =

∑n
i=1 (Dρ × Eρ)0i, where Dρ × Eρ can be denoted as

(d0, d1, . . . , dm)×




e01 e02 . . . e0n

e11 e12 . . . e1n

...
...

. . .
...

e(m−1)1 e(m−1)2 . . . e(m−1)n




.

In fact, the size of Dρ×Eρ is 1×n with a form of Cρ = (c1, c2, . . . , cn), and each
ci is exactly corresponding to the ith component’s power consumption along
with the path ρ.

5.1 The minimal consumption calculation problem

Notice that usually the given system states we concern are the untimed states,
but in the EIA-Networks each special system state has been divided into several
integer timed energy states which have the same untimed state with different
time stamps. That is, for a special system state uj , accordingly there are a set
of different timed nodes in com(G). We use δ(uj) to denote it.



Now given a set of finite node δ(uj) in com(G), let ρ(sj) be the set of path
in which each element is a reachable path starting from the initial node s0 to a
timed node sj . Then the problem can be described again as follows:

Given a set of finite node δ(uj) in com(G), which one in the set of path
ρ(δ(uj)) satisfies ε = min{ερ′ |ρ′ ∈ ρ(δ(uj))}?

We call that path the minimal consumption path.

Theorem 2. For each node of the compatible reachibility graph com(G), its
minimal consumption path is a simple path. ut
A simple path in com(G) is a path without any loops. Based on the above
theorem, we can develop an algorithm to find out which one is the minimal
consumption path. The algorithm is depicted in Fig.3. The variable min omega is
used to store the value of minimum energy consumption, and the min omega path
is a set variable used to store the minimal consumption paths. The path in
com(G) that we have so far searched is stored in the variable current path. For
the given state uj , the algorithm traverse the reachiability graph com(G) by
a depth first search manner to check all the simple paths between the initial
state s0 and one certain state in δ(uj), through calculating and comparing the
energy consumption of each path. At the same time, the detail information about
the minimal consumption path will be recorded in the set of mini omega path.
Since there is only a finite number of simple paths in com(G) and the algorithm
is based on depth first search framework, the complexity of the algorithm is
proportional to number and length of simple paths in com(G).

min omega:=∞ ;ε:=0; min omega path:=∅; current path:=≺s0Â;
repeat node:= the last node of current path;

if node has no new successive node then delete the last node of current path;
else begin node:= a new successive node of node;

if node∈δ(uj)
then begin

if the power consumption of the path current path
satisfies ε < min omega

then begin
min omega:=ε;
min omega path:=≺ Â;
min omega path:=current path∪ ≺sjÂ;

end
end

else append node to current path;
end

until current path=≺ Â

Fig. 3. Algorithm for the minimum power consumption calculation

Once we get the minimal consumption path, it’s easily to obtain some other
power properties of system. Suppose that there is a minimal power consumption

path ρmin with a form of ρmin = s0
l0−→ s1

l1−→ . . .
lm−1−→ sm, then



– minimal power consumption rate of system: Hmin = ερmin
/Tρmin

which can
be provided as a reference for the design of system power supply.

– peak consumption point of path: For the path ρmin if there is a su satisfies
Λu = max{dv ·

∑n
i=1 evi|0 ≤ v < m} then we call it the peak consumption

point of that path.
– minimal power consumption rate of components: From each ci of Cρmin =

Dρmin
× Eρmin

, the power consumption of each components can be easily
obtained. The ith component’s minimum power rate is ci/Tρmin

.

5.2 The maximum verification problem

In order to solve the maximal energy verification problem, it is necessary to check
all paths from the initial node to the given node, comparing the energy consump-
tion of each path to the given power limitation. However, due to the loops in
com(G), the number of path could be infinite and the length of path could also
be infinite. As a result, some expected special states may be unreachable in a
finite time and the power consumption is infinite. So we need to consider the
semantics of the loops and give some constraints to them: For each given state,
there is a deadline TD which shows that within the limitation the system should
have changed from initial state to that given state, implementing the expected
functionality. Then for a given node of com(G) we only consider the finite set of
reachable path satisfying the corresponding TD.

Based on the assumption and the theorem 1, we can develop a verification
algorithm which is depicted in Fig.4. The algorithm traverses the com(G) in a
depth first manner starting from the initial node. We use ED to denote the pre-
defined amount of energy consumption limitation. The error path to store the
illegal paths, which satisfy the deadline but violating the energy consumption
limitation. The boolean variable satisfied indicates whether all system behav-
iors satisfying deadlines without violating the given power consumption. For
each new node discovered, the algorithm first check if it is such that the total
time delay of the path corresponding to current path less than the TD. If not,
then the algorithm backtracks. If yes, then the algorithm further check whether
the new node is the given node sj . If yes again, then the algorithm continue to
compare the energy consumption of the current path with the ED. If the re-
sult of the comparison is false, then we put the path into error path and assign
the satisfied with false. If the new node is not sj , then the algorithm adds it
into the current path to begin a new search. Theorem 1 and the above assump-
tion give the guarantee that the algorithm can terminate, and the complexity is
proportional to nodes in com(G).

6 Conclusion

The related work include[2–6]. A prototype is being developed to implement
the algorithms proposed in this paper, and will be integrated into the tool set
of MCESD (Model checker for Component-based Embedded Software Designs)



satisfied := true; error path:=∅; current path:=≺s0Â ;
repeat node:= the last node of current path;

if node has no new successive node then delete the last node of current path;
else begin node:= a new successive node of node;

if the total time delay of current pathˆnode satisfies Tρ ≤ TD

then begin
if node = sj

then begin
if the power consumption of current path satisfies ε > ED

then put current pathˆnode into the set of error path;
satisfied := false;

end
else append the node to current path;

end
end

until current path=≺ Â
return satisfied.

Fig. 4. Algorithm for the maximum power consumption verification

which is based on our preceding works [7, 8]. For future work, we will consider
the other kinds of resource properties in component-based embedded software
designs, and do more case studies in practical use.
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