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Introduction 
 

Portable system energy consumption reduction is of 
primary importance in mobile embedded systems and SoC 
design [1]. Dynamic voltage scaling (DVS) for CMOS 
chips at this time is the most effective energy reduction 
technology [2–11]. Usually there are no or few problems 
for DVS using it for soft real-time system design or task 
scheduling, where deadlines can be missed if the Quality 
of Service is kept [9, 10]. In hard real-time systems it is 
necessary to provide that the task never miss the deadline 
and the energy saving is maximized. The problems arise in 
on-line systems when at the ordinary task starting moment 
the task execution time is impossible to know and the best 
energy reduction regime can not be selected. In majority 
investigations and publications periodic task executions are 
analysed there with off-line determined execution times 
and determined priorities. Then the popular hard real-time 
task scheduling methods are earliest–deadlines first (EDF) 
or rate-monotonic scheduling (RMS) for DVS based 
energy consumption reduction is used [5, 6, 7, 8]. Few 
investigations are made in the field of event drive single 
stochastic hard real-time task energy consumption 
reduction. In [12] there is a method of dividing the task 
into multiple smaller sub-tasks with checkpoints for 
dynamic power management or voltage scaling. By using 
this method the energy consumption is reduced, but there 
are not guarantee that for the last sub-tasks execution step 
the deadline will not be reached. Method for the hard task 
energy consumption on-line minimisation which is named 
“mini-max” is proposed from author in article [11]. By 
using it the deadline is guaranteed for the task execution at 
the minimal power till the critical time tcr, after which the 
execution is finished at maximal clock frequency.  
 
Dynamic voltage scaling DVS 
 

Power consumption of CMOS has two main 
components: Р

sw
 – dynamic power consumption by 

charging and discharging the capacitive load and P
st 

– 
static power consumed, which is determined by leakage 
current Ileak and for CMOS technology below 0.1 µm can 

not be taken into account. Dynamic or switching power 
can be estimated by: P

sw ~ C
ef V

2
 f

sw = C
ef V

2
 / τc, where: V 

– supply voltage, C
ef
 – capacitive load, f

sw
 – switching 

frequency and τc – cycle time. 
The time and energy consumption optimisation by 

using dynamic voltage-time scaling DVS is based on 
power ∆Pi consumption minimization for task step i, 
duration the slack time si. In cases when the real task 
execution time ti is smaller then the worst case execution 
time WCETi:  

 
 si = WCETi  – ti.   (1) 
 
For hard real-time system: WCETi  ≤  D   (D deadline) 

 
 
 
 
 
 
 
 
 

       
For voltage or (and) frequency scaling different 

program controlled CMOS chips are designed and can be 
used: Intel XScale Technology (XA250, 80200) [14], 
Transmeta Co. Crusoe (TM5400÷TM5800) [15], XILINX 
Co. Virtex-Pro [16], Altera Co. NoisII [17].  

 
Mini-max method for hard real-time task energy 
consumption on-line minimization  
 
 The hard real-time single event driven stochastic task 
energy consumption on-line minimization method is 
developed by consideration that CMOS processor has a 
wide supply voltage and clock frequency borders for 
voltage and frequency scaling. For the stochastic task it is 
necessary to assess the clock cycle τc number Nmax at the 
WCET and at the best case execution time (BCET) τc 
number Nmin. It can be made by simulation or executing 

Fig. 1. Time connections for the task step i 

WCETi 

ti. si. 

D



 20

the task at some nominal frequency f0, clock cycle τco and 
nominal voltage V0. By using the power cycle time 
characteristic Pc (τc) the cycle time can be adjusted in 
region τcmin ÷τcmax and the cycle power consumption in 
region Pcmax ÷ Pcmin (Fig. 2.), where Pco – cycle time power 
consumption at nominal frequency f0 and nominal voltage 
V0. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Execution time characteristics at nominal voltage V
c
 

and frequency f
co

: 
 tmax = τco N max = WCET, (2) 

 tmin = τco N min = BCET, (3) 

 smax = D -  τco N min. (4) 
 

By using mini-max method in the worst case, 
when:ti.= WCETi  = D and si  = 0 , the task execution is 
started at minimal power Pcmin and continued till instant tcr, 
after which in time interval TD = D - tcr   the execution is 
finished at maximal frequency and  min clock time τcmin  
(Fig. 3 ). 

 
 

      
   
      
         
  
 
 

 

 

In Fig. 3 by NI the number of instructions executed at 
maximal long clock cycles is denoted. This number and 
time intervals tcr and TD can be calculated from equation 
(5):   

 

 τcmax. NI +τcmin ( Nmax  - NI  ) = D, (5) 

 NI = ( D - τcmin Nmax )/( τcmax. - τcmin ), (6) 

 tcr =τcmax NI, (7)  

 TD =  D - τcmax. NI. (8) 
 

From here the energy consumption at WCET: 
 

 E max = τcmax Pcmin NI + Pcmax TD. (9)  
 

The task energy consumption E
ci at the dynamic (on-

line) scheduling when τcmax Ni < D - TD : 
 E

ci =τcmax Pcmin
Ni , (10)  

 E
ci
 = τcmax Pcmin N

I + τcmin Pcmax
 ( Ni - N

I
 ),  (11) 

or  
 E

ci
 = τcmin Pcmax

 N
I
 + (τcmax Pcmin - 

 - τcminPcmax
) N

max (τcmax - τcmin)/(τco-τcmin). (12) 
To estimate the benefits of the mini-max method it is 

necessary to compare this energy consumption with the 
energy consumption at task static (off-line) scheduling, i.e. 
that at every instant of task start it execution time ti is 
known (for example calculate at task compilation). For 
different hard deadline situations the execution at different 
ti can be estimated by using simple expressions represented 
in Fig. 4.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Uniform random distributed task execution time flow 
is proposed forthe mini-max method investigation. For 
simplicity uniform distributed by constant step ∆N clock 
cycle discrete number Ni and corresponding constant step 
∆s slot time si co values are used. 

The single task energy consumption Em-m includes 
two components E1 and E2 for the task execution times ti.= 
tcr ≤ τc max NI : 

 

 E1 =Σi
k Pc min τc max , (13) 

  

else 
 

E2 = (n-k)Pc minτc max + Pc max τc minΣk+1
n (Nmax - NI– 

 - (n-k-1) ∆N)  (14) 
 

Mini-max method was proposed in [13] and 
quantitative estimation of an Example was made. 
Experimental obtained P(τc) characteristic was used and 
work point τco = 1 µs ( f 

co = 1 MHz ), P
co = 6 nJ; τcmax = 

3µs, P
cmin = 0.5 nJ; τcmin = 0.4 µs,  P

c max = 14 nJ, N max
 = 

1000,  N
min 

= 100 and deadline D =1000 µs are selected. 
When WCET = D and BCET timin = 100 µs, then by using 
(6), (7) and (8): NI = 230, tcr = 690 µs and TD = 310 µs. The 
energy consumption is calculated for ∆N = 100 and for all 
corresponding slot times sico = {0,100, 200, ..., 800, 

    Pc 

Fig. 3. The presentation of task execution critical time  tcr   
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900 µs}and the results of estimation as Ei din mini-max  are 
represented in Fig. 5. For comparison there are represented 
curved lines calculated using the same workload: for task 
execution at nominal clock frequency f

co
 (Ei co at τco) and 

for task execution at off-line voltage scaling (E i st off-line 
DVS).  
 
 
  
    
 
 
 
 
 
 
 
 
 
 
 

The energy consumption for single  
 
 

The joint energy consumptions for task cycle 
including 10 tasks with different slot times sico = {0, 100, 
200, ...800, 900 µs} was calculated using (13) and (14): 
Em-m = E1 + E2 = 22000 nJ. For identical tasks and 
workloads the energy consumptions for the task execution 
at nominal clock frequency E co = 26000 nJ and task 
execution at off-line voltage scaling, E st = 33000 nJ. The 
gain from the mini-max method using for energy 
consumptions in % can be estimated by using two 
characteristics 

  δ st = ( Est - Em-m  )100 ⁄Est   

and  δ co = ( Eco- Em-m  )100 ⁄  Eco . 
For the above example: δ st = 15% and δ co = 33%. 

 
The mini-max method benefit boundaries estimation 
 

At first the influence of τcmax on Em-m was 
investigated. The value of τcmax was adjusted from 1.5 µs to 
5 µs and the energy economy results in % were compared 
with energy consumptions Est and Eco. The results of 
estimation are presented in Table 1 and Fig. 6. 
 
Table 1. Results of estimation 

No. τcmax, 
 µs 

δ st , 
% 

δ co, 
% 

1 1.5 3.5 13 
2 2.0 8.8 22.5 
3 2.5 12.5 29 
4 2.8 16.5 34 
5 3.0 15.5 33 
6 3.5 12.5 31 
7 4.0 6.0 25 
8 4.5 -1.5 20 
9 5.0 -19.0 6.0 
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Fig. 6. Energy consumptions: δst (τcmax ) % 
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The value of τcmax  = 3 µs which was used in Example 

is close to the optimal value τcmax  = 2.8 µs 
At second the influence of τcmin on Em-m was 

investigated. The value of τcmin was adjusted from 0.2 to 
0.65 µs and the energy economy results in % compared 
with energy consumptions Est and Eco. The results of 
estimation are presented in Table 2. and Fig. 7. 
 
Table 2. Results of estimation 

No. τcmin, 
 µs 

δ st, 
% 

δ co., 
% 

1 0.2 31 75 
2 0.3 24.5 40 
3 0.4 15.5 33 
4 0.45 13 31 
5 0.5 10 28 
6 0.6 -0.1 21 
7 0.7 -4.0 20 
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 It follows from Fig. 7, that by using mini-max method 
the energy economy can be a raised at task execution at 
small τcmin or by increasing the maximal clock frequency 
fcmax. 

s i 

Fig. 5. The graphical presentation of the task energy consumption 
at different scheduling 

3000 

6000 

5000
4000 

2000 

1000 

0  100 300 500 700 900

E i Eico  at τco 
Eist  off-line DVS 
Eidin  min-max 



 22

Conclusion 
 

To solve the on-line energy saving problem in the 
hard deadline task real-time systems mini-max method was 
proposed. By using this method at uniform random 
distributed task execution time workload, the energy 
saving exceed more then 15% compared to off-line DVS 
scheduling. The gain from mini-max using it for energy 
saving is estimated by using functions of τcmax and τcmin. 
The maximum energy saving can be obtained by selecting 
the optimal value of minimal frequency.  
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