
Feedbacks Control Loops  
as 1st Class Entities 

The SALTY Experiment
Philippe Collet Robert B. France

Colorado State University 
Computer Science Department 

USA

Université Nice Sophia 
Antipolis I3S - CNRS UMR 7271  

France
University of Lille - CRIStAL 

Inria Lille 
France

Filip Křikava, Romain 
Rouvoy, Lionel Seinturier



ABOUT MYSELF
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FEEDBACK CONTROL LOOP (FCL)

Monitoring Reconfiguration

Decision Making

sensors effectors

Target System

events actions

measures decisions

system outputs  
(response time, 
utilization, throughput)

system control inputs 
(queue size, scheduling 
policy, concurrency level)

achieve externally specified goals

Feedback is a primary mean to enable self-adaptation.



• Engineering self-adaptive software systems is challenging 
• Example: web server self-optimization

CHALLENGES

FCL control challenges

control engineers

FCL integration challenges

software engineers
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(a) SISO data, (b) SISO data, (c) MIMO data
KA varying MC varying

Figure 7: Experimental input-output data used for system ID.

MEMk+1 = 0.485 · MEMk + 3.63£ 10°4 · MCk (3)

As mentioned earlier, when performing two separate SISO identifications, it is as-
sumed that the two tuning parameters do not interact. However, from Figure 7(b), we
can see that the MC sine wave has a significant effect on CPU. Hence, our assumption is
invalid. This motivates the need for MIMO techniques in system identification.

3.2.2 MIMO Identification
Next, we consider the Apache MIMO models shown in Figure 3(b) and Figure 3(c).

Identifying a MIMOmodel requires simultaneously varying both KA and MC in order to
capture interactions between the parameters. As before, discrete sine waves are used.
However, their frequencies should be relatively prime so that good coverage of the input
space is obtained (as in Figure 6).
Figure 7(c) plots the results of the MIMO identification experiments. Using this data,

a first-order linear MIMO model is constructed, as shown in Equation 4. Note that A
and B are matrices instead of scalars. The matrix approach provides a way to model
the combined effect of tuning parameters on utilizations. Specifically, all elements of
the second matrix (B) are non-zero (although the effect of KA on MEM is much less than
its effect on CPU).
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3.3 Model Evaluation
Two model evaluations are done. The first is one-step prediction in which the value

of a metric at time k + 1 is predicted based on measured values at time k. The second
is multi-step prediction in which the value at k + 1 is predicted based on the prediction
at time k. Throughout, we focus on CPU since the low variability of MEM makes it
relatively easy to predict.
Figure 8 plots predicted versus measured values for one-step predictions of CPU. A

perfect model would have all observations (the diamonds) on the line of unit slope. Part
(a) plots the SISO results using the SISO data. The fit is quite good; R2 = 0.934. Part
(b) does the same for the MIMO model with the MIMO data. The fit here is also quite
good, R2 = 0.915, although not as good as the SISO model.
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Referring to the SISO models, note that the pole for the CPU model in Equation 2 is
0.595, and the pole for the MEM model in Equation 3 is 0.485.
The first property that can be determined from the pole is stability. If |a| > 1, then the

system is unstable; yk grows without bound (the aj terms will explode as k approaches
infinity). When |a| < 1, the system is stable and the aj terms will remain bounded
regardless of k. As noted above, the model can predict steady-state values of the output
y for constant inputs u by finding fixed-points of Equation 5.
Another dynamic property that can be determined by the pole is speed of response.

As |a| approaches zero, the speed of response to changes in the input becomes faster. If
a = 0, then yk+1 = b · uk. Hence, it takes one time step for the output, y, to converge
after changes in the input. As |a| approaches one, it takes more time steps for the output
to converge to a steady-state after changes in the input. This can be seen in Figure 9 in
which aCPU = 0.595 > 0.485 = aMEM , and MEM settles faster than CPU.
The final property that can be determined by the pole is whether the system will

respond in an oscillatory manner to changes in the input. If a < 0, then the behavior
of the system will be oscillatory due to the aj terms in Equation 5; when j is even, the
term is positive, and when j is odd, the term is negative.
In the vector case, the scalar parameters a and b in Equation 5 are replaced by matri-

ces, A and B. The solution to this vector time-series equation is similar to Equation 5.
In this case, the response of the system is governed by the eigenvalues of A, which are
the poles in the vector case. Note that in the vector case, the poles can be complex (with
both real and imaginary parts). The presence of an imaginary part can cause oscillations
even if the real part is positive. With multiple poles, the “slowest” or dominant poles
(i.e., those whose magnitude is closest to one) determine settling times. The poles of
the MIMO model of Equation 4 are 0.513 and 0.654, indicating that this model predicts
a slower response than that predicted by the SISO model.

4 Control Design
This section describes our methodology for designing feedback controllers and ap-

plies it to Apache for the architectures shown in Figure 3. Section 4.1 introduces the
methodology. Section 4.2 applies this methodology to designing SISO controllers, and
Section 4.3 to MIMO design with LQR. Section 4.4 discusses controller robustness to
changes in workloads.

4.1 Design Methodology
Our methodology for controller design uses a proportional integral (PI) controller.

Because of its robustness, PI control is widely used in mechanical engineering and
process control. PI control operates according to the following control law

uk = KP ek + KI

k°1X

j=1

ej , (6)

where uk is a tuning parameter, and ek = rk ° yk is the control error. For the Apache
system, rk is the desired policy (CPU§ and/or MEM§), and yk is the measured metric
(CPU and/or MEM). For SISO control, the policies (CPU§, MEM§) are considered indi-
vidually; for MIMO control they are considered together.
PI control has two parameters: KP , the proportional gain, and KI , the integral gain.

As a rule of thumb, the proportional term is used to increase the speed of response and

[Hellerstain et al., 2004]

• Design decision mechanism 
• data collection 
• model construction and evaluation 
• controller design

API

LOGS

CONFIG FILES

COMMANDS
AOP

PROFILER

• Prepare experimental environment 
• identify system outputs (sensors) 
• identify system control inputs (effectors)

// Type definitions ---------------------------------------
typedef struct { // Positional ISA PID
    float K,Ti,Td,N,b,c,CSmin,CSmax,Ts; // parameters
    float Io,Do; // state vars
    float CSo; // for locks
    float SPo,PVo; // input mem
    float SP,PV,TR,CS; // I/O vars
    char TS,Fp,Fm,HI,LO;
} ISAPIDpos_DATA;
typedef struct { // Incremental ISA PID
    float K,Ti,Td,N,b,c,CSmin,CSmax,Ts; // parameters
    float CSo,Do; // state vars
    float SPo,PVo; // input mem
    float SP,PV,TR,CS; // I/O vars
    char TS,Fp,Fm,HI,LO;
} ISAPIDinc_DATA;
typedef struct { // 1st order t.f. w/o zeroes
    float mu,T,Ts; // parameters
    float xo; // state vars
    float u,y; // I/O vars
} TF1P0Z_DATA;
// Dynamic systems (init and run) -------------------------
void isapidpos_coldinit(ISAPIDpos_DATA *pd,
float K, float Ti, float Td,
float N, float b, float c,
float CSmin, float CSmax, float Ts,
char TS, char Fp, char Fm)
{
    pd-&gt;K = K; pd-&gt;Ti = Ti; pd-&gt;Td = Td;
    pd-&gt;N = N; pd-&gt;b = b; pd-&gt;c = c;
    pd-&gt;CSmin = CSmin; pd-&gt;CSmax = CSmax; pd-&gt;Ts = Ts;
    pd-&gt;TS = TS; pd-&gt;Fp = Fp; pd-&gt;Fm = Fm;
    pd-&gt;Io = 0.0; pd-&gt;Do = 0.0; pd-&gt;SPo = 0.0;
    pd-&gt;PVo = 0.0; pd-&gt;CS = 0.0;
    pd-&gt;HI = 0; pd-&gt;LO = 0;
}
void isapidpos(ISAPIDpos_DATA *pd)
{
    float DSP,DPV,P,I,D;
    if (pd-&gt;TS==0) { // Automatic mode
        DSP = pd-&gt;SP-pd-&gt;SPo;
        DPV = pd-&gt;PV-pd-&gt;PVo;
        P = pd-&gt;K*(pd-&gt;b*pd-&gt;SP-pd-&gt;PV);
        I = pd-&gt;Io+pd-&gt;K*pd-&gt;Ts/pd-&gt;Ti*(pd-&gt;SP-pd-&gt;PV);
        D = (pd-&gt;Td*pd-&gt;Do+pd-&gt;K*pd-&gt;N*pd-&gt;Td
        *(pd-&gt;c*DSP-DPV))/(pd-&gt;Td+pd-&gt;N*pd-&gt;Ts);
        pd-&gt;CS = P+I+D;
        if ((pd-&gt;CS&gt;pd-&gt;CSo & pd-&gt;Fp)
        |(pd-&gt;CS&lt;pd-&gt;CSo & pd-&gt;Fm))
        pd-&gt;CS = pd-&gt;CSo;
    }
    else { // Tracking mode (can override locks)
        pd-&gt;CS = pd-&gt;TR;
    D = 0; }
    // Antiwindup
    if (pd-&gt;CS&gt;pd-&gt;CSmax) pd-&gt;CS = pd-&gt;CSmax;
    if (pd-&gt;CS&lt;pd-&gt;CSmin) pd-&gt;CS = pd-&gt;CSmin;
    pd-&gt;Io = pd-&gt;CS-P-D;
    // Saturation signalling
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• Implementation 
• integration into target system 
• consistent monitoring 
• coordinated reconfiguration



• Engineering self-adaptive software systems is challenging 
• Example: web server self-optimization
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Figure 7: Experimental input-output data used for system ID.

MEMk+1 = 0.485 · MEMk + 3.63£ 10°4 · MCk (3)

As mentioned earlier, when performing two separate SISO identifications, it is as-
sumed that the two tuning parameters do not interact. However, from Figure 7(b), we
can see that the MC sine wave has a significant effect on CPU. Hence, our assumption is
invalid. This motivates the need for MIMO techniques in system identification.

3.2.2 MIMO Identification
Next, we consider the Apache MIMO models shown in Figure 3(b) and Figure 3(c).

Identifying a MIMOmodel requires simultaneously varying both KA and MC in order to
capture interactions between the parameters. As before, discrete sine waves are used.
However, their frequencies should be relatively prime so that good coverage of the input
space is obtained (as in Figure 6).
Figure 7(c) plots the results of the MIMO identification experiments. Using this data,

a first-order linear MIMO model is constructed, as shown in Equation 4. Note that A
and B are matrices instead of scalars. The matrix approach provides a way to model
the combined effect of tuning parameters on utilizations. Specifically, all elements of
the second matrix (B) are non-zero (although the effect of KA on MEM is much less than
its effect on CPU).
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3.3 Model Evaluation
Two model evaluations are done. The first is one-step prediction in which the value

of a metric at time k + 1 is predicted based on measured values at time k. The second
is multi-step prediction in which the value at k + 1 is predicted based on the prediction
at time k. Throughout, we focus on CPU since the low variability of MEM makes it
relatively easy to predict.
Figure 8 plots predicted versus measured values for one-step predictions of CPU. A

perfect model would have all observations (the diamonds) on the line of unit slope. Part
(a) plots the SISO results using the SISO data. The fit is quite good; R2 = 0.934. Part
(b) does the same for the MIMO model with the MIMO data. The fit here is also quite
good, R2 = 0.915, although not as good as the SISO model.
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Figure 7: Experimental input-output data used for system ID.

MEMk+1 = 0.485 · MEMk + 3.63£ 10°4 · MCk (3)

As mentioned earlier, when performing two separate SISO identifications, it is as-
sumed that the two tuning parameters do not interact. However, from Figure 7(b), we
can see that the MC sine wave has a significant effect on CPU. Hence, our assumption is
invalid. This motivates the need for MIMO techniques in system identification.
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sumed that the two tuning parameters do not interact. However, from Figure 7(b), we
can see that the MC sine wave has a significant effect on CPU. Hence, our assumption is
invalid. This motivates the need for MIMO techniques in system identification.
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(b) does the same for the MIMO model with the MIMO data. The fit here is also quite
good, R2 = 0.915, although not as good as the SISO model.

Referring to the SISO models, note that the pole for the CPU model in Equation 2 is
0.595, and the pole for the MEM model in Equation 3 is 0.485.
The first property that can be determined from the pole is stability. If |a| > 1, then the

system is unstable; yk grows without bound (the aj terms will explode as k approaches
infinity). When |a| < 1, the system is stable and the aj terms will remain bounded
regardless of k. As noted above, the model can predict steady-state values of the output
y for constant inputs u by finding fixed-points of Equation 5.
Another dynamic property that can be determined by the pole is speed of response.

As |a| approaches zero, the speed of response to changes in the input becomes faster. If
a = 0, then yk+1 = b · uk. Hence, it takes one time step for the output, y, to converge
after changes in the input. As |a| approaches one, it takes more time steps for the output
to converge to a steady-state after changes in the input. This can be seen in Figure 9 in
which aCPU = 0.595 > 0.485 = aMEM , and MEM settles faster than CPU.
The final property that can be determined by the pole is whether the system will

respond in an oscillatory manner to changes in the input. If a < 0, then the behavior
of the system will be oscillatory due to the aj terms in Equation 5; when j is even, the
term is positive, and when j is odd, the term is negative.
In the vector case, the scalar parameters a and b in Equation 5 are replaced by matri-

ces, A and B. The solution to this vector time-series equation is similar to Equation 5.
In this case, the response of the system is governed by the eigenvalues of A, which are
the poles in the vector case. Note that in the vector case, the poles can be complex (with
both real and imaginary parts). The presence of an imaginary part can cause oscillations
even if the real part is positive. With multiple poles, the “slowest” or dominant poles
(i.e., those whose magnitude is closest to one) determine settling times. The poles of
the MIMO model of Equation 4 are 0.513 and 0.654, indicating that this model predicts
a slower response than that predicted by the SISO model.

4 Control Design
This section describes our methodology for designing feedback controllers and ap-

plies it to Apache for the architectures shown in Figure 3. Section 4.1 introduces the
methodology. Section 4.2 applies this methodology to designing SISO controllers, and
Section 4.3 to MIMO design with LQR. Section 4.4 discusses controller robustness to
changes in workloads.

4.1 Design Methodology
Our methodology for controller design uses a proportional integral (PI) controller.

Because of its robustness, PI control is widely used in mechanical engineering and
process control. PI control operates according to the following control law

uk = KP ek + KI

k°1X

j=1

ej , (6)

where uk is a tuning parameter, and ek = rk ° yk is the control error. For the Apache
system, rk is the desired policy (CPU§ and/or MEM§), and yk is the measured metric
(CPU and/or MEM). For SISO control, the policies (CPU§, MEM§) are considered indi-
vidually; for MIMO control they are considered together.
PI control has two parameters: KP , the proportional gain, and KI , the integral gain.

As a rule of thumb, the proportional term is used to increase the speed of response and

[Hellerstein et al., 2004]
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• Prepare experimental environment 
• identify system outputs (sensors) 
• identify system control inputs (effectors)

// Type definitions ---------------------------------------
typedef struct { // Positional ISA PID
    float K,Ti,Td,N,b,c,CSmin,CSmax,Ts; // parameters
    float Io,Do; // state vars
    float CSo; // for locks
    float SPo,PVo; // input mem
    float SP,PV,TR,CS; // I/O vars
    char TS,Fp,Fm,HI,LO;
} ISAPIDpos_DATA;
typedef struct { // Incremental ISA PID
    float K,Ti,Td,N,b,c,CSmin,CSmax,Ts; // parameters
    float CSo,Do; // state vars
    float SPo,PVo; // input mem
    float SP,PV,TR,CS; // I/O vars
    char TS,Fp,Fm,HI,LO;
} ISAPIDinc_DATA;
typedef struct { // 1st order t.f. w/o zeroes
    float mu,T,Ts; // parameters
    float xo; // state vars
    float u,y; // I/O vars
} TF1P0Z_DATA;
// Dynamic systems (init and run) -------------------------
void isapidpos_coldinit(ISAPIDpos_DATA *pd,
float K, float Ti, float Td,
float N, float b, float c,
float CSmin, float CSmax, float Ts,
char TS, char Fp, char Fm)
{
    pd-&gt;K = K; pd-&gt;Ti = Ti; pd-&gt;Td = Td;
    pd-&gt;N = N; pd-&gt;b = b; pd-&gt;c = c;
    pd-&gt;CSmin = CSmin; pd-&gt;CSmax = CSmax; pd-&gt;Ts = Ts;
    pd-&gt;TS = TS; pd-&gt;Fp = Fp; pd-&gt;Fm = Fm;
    pd-&gt;Io = 0.0; pd-&gt;Do = 0.0; pd-&gt;SPo = 0.0;
    pd-&gt;PVo = 0.0; pd-&gt;CS = 0.0;
    pd-&gt;HI = 0; pd-&gt;LO = 0;
}
void isapidpos(ISAPIDpos_DATA *pd)
{
    float DSP,DPV,P,I,D;
    if (pd-&gt;TS==0) { // Automatic mode
        DSP = pd-&gt;SP-pd-&gt;SPo;
        DPV = pd-&gt;PV-pd-&gt;PVo;
        P = pd-&gt;K*(pd-&gt;b*pd-&gt;SP-pd-&gt;PV);
        I = pd-&gt;Io+pd-&gt;K*pd-&gt;Ts/pd-&gt;Ti*(pd-&gt;SP-pd-&gt;PV);
        D = (pd-&gt;Td*pd-&gt;Do+pd-&gt;K*pd-&gt;N*pd-&gt;Td
        *(pd-&gt;c*DSP-DPV))/(pd-&gt;Td+pd-&gt;N*pd-&gt;Ts);
        pd-&gt;CS = P+I+D;
        if ((pd-&gt;CS&gt;pd-&gt;CSo & pd-&gt;Fp)
        |(pd-&gt;CS&lt;pd-&gt;CSo & pd-&gt;Fm))
        pd-&gt;CS = pd-&gt;CSo;
    }
    else { // Tracking mode (can override locks)
        pd-&gt;CS = pd-&gt;TR;
    D = 0; }
    // Antiwindup
    if (pd-&gt;CS&gt;pd-&gt;CSmax) pd-&gt;CS = pd-&gt;CSmax;
    if (pd-&gt;CS&lt;pd-&gt;CSmin) pd-&gt;CS = pd-&gt;CSmin;
    pd-&gt;Io = pd-&gt;CS-P-D;
    // Saturation signalling
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        pd-&gt;CS = P+I+D;
        if ((pd-&gt;CS&gt;pd-&gt;CSo & pd-&gt;Fp)
        |(pd-&gt;CS&lt;pd-&gt;CSo & pd-&gt;Fm))
        pd-&gt;CS = pd-&gt;CSo;
    }
    else { // Tracking mode (can override locks)
        pd-&gt;CS = pd-&gt;TR;
    D = 0; }
    // Antiwindup
    if (pd-&gt;CS&gt;pd-&gt;CSmax) pd-&gt;CS = pd-&gt;CSmax;
    if (pd-&gt;CS&lt;pd-&gt;CSmin) pd-&gt;CS = pd-&gt;CSmin;
    pd-&gt;Io = pd-&gt;CS-P-D;
    // Saturation signalling

• Implementation 
• integration into target system 
• consisten monitoring 
• coordinated reconfiguration



• Forming the connection between an adaptation mechanism and a 
target system

INTEGRATION CHALLENGES

• Extensive handcrafting of a non-trivial implementation code 
• Low-level abstraction - limited verification, reuse, maintainability 
• Giving rise to accidental complexities 

• Web service content adaptation [Abedlzaher et al. ’99, ’02, ’06] 
• Control theoretical approach 
• Matlab / C implementation directly in Apace code base 

• Self-healing in workflow execution on grids [Silva et al. ’13] 
• Tuned analytical model 
• Java implementation directly in a workflow enacting engine 

• Scaling Hadoop Clusters [Berekmeri et al.’14] 
• Control theoretical approach 
• Matlab / Bash 
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Derived requirements for integrating self-adaptation into software systems.

Generality

• Domain-agnostic 

• Technology-agnostic
• Explicit FCLs, their process and interactions 
• Verification support

Visibility

• Reusable FCL parts across adaptation scenarios

Reusability

• Remote distribution of FCL

Distribution

• Composition 
• Reflection

Complex control

• Prototyping 
• Automating

Tooling

REQUIREMENTS

[Babaoglu et al.’05, Salehie et al.’09, Cheng et al.’09, Brun et al.’09, Muller et al’09]
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1. Raise the level of abstraction 
2. Fine-grained decomposition of FCL elements 
3. Explicit interactions 
4. Provide reflection capabilities 
5. Embed remoting

Feedback Control Loop 
• Sequence of interconnected processes 
• Input × State → Output 
• Reactive 
• Concurrent 
• Dynamic

Monitoring Reconfiguration

Decision Making

sensors effectorsevents actions

measures decisions

The Actor Model 
• Message passing actor networks 
• Message × State → Message(s) 
• Reactive 
• Concurrent 
• Dynamic 
• Scalable 
• Remoting through location 

transparency

actor

actor

actor

FEEDBACK CONTROL DEFINITION LANGUAGE

Domain-Specific Modeling 
• Abstraction 
• Automation 
• Analysis



FEEDBACK CONTROL DEFINITION LANGUAGE - IN A NUTSHELL
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Apache adaptation example - adjusts the maximum number of connections 
to be processed simultaneously (MC) based on the difference between 
reference (MEM*) and measured memory usage (MEM) [Hellerstain et al.’04].
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FEEDBACK CONTROL DEFINITION LANGUAGE - IN A NUTSHELL

• Actor-like component 
• Sensors 
• Effectors 
• Processors 
• Controllers 

• Input/output ports & properties 
• Active / passive 
• Implementation 

• Imperative code (e.g. Java) 
• CEP Rules (e.g. Drools) 
• STM (e.g. bzr/heptagon) 
• Matlab 
• BASH 
• …
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FEEDBACK CONTROL DEFINITION LANGUAGE - IN A NUTSHELL

• Actor-like component 
• Sensors 
• Effectors 
• Processors 
• Controllers 

• Input/output ports & properties 
• Active / passive 
• Implementation 

• Imperative code (e.g. Java) 
• CEP Rules (e.g. Drools) 
• STM (e.g. bzr/heptagon) 
• Matlab 
• BASH 
• …

Adaptive Element

(effector)

(controller)(processor)

(sensor)

memUsage
: ProcessMem

controller
: IController

mcConf
: SetApacheConf

out  outputin  input

out  output

scheduler
: PeriodTrigger

out  output
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/etc/apache2/httpd.conf
/etc/init.d/apachectlps -o pmem= $(cat /var/run/httpd.pid)

u(t) = u(k � 1) +Kie(k)

 protected void activate(final long selfport, final Pull<T> input,
      final Push<T> output) {
    String _plus = ("Activate at " + Long.valueOf(selfport));
    this.log.info(_plus);
    Optional<T> _get = input.get();
    final Optional<T> data = _get;
    boolean _matched = false;
    if (!_matched) {
      boolean _isPresent = data.isPresent();
      if (_isPresent) {
        _matched = true;
        T _get_1 = data.get();
        output.put(_get_1);
      }
    }
  }



FEEDBACK CONTROL DEFINITION LANGUAGE - IN A NUTSHELL

• Actor-like component 
• Sensors 
• Effectors 
• Processors 
• Controllers 

• Input/output ports & properties 
• Active / passive 
• Implementation 

• Imperative code (e.g. Java) 
• CEP Rules (e.g. Drools) 
• STM (e.g. bzr/heptagon) 
• Matlab 
• BASH 
• …

Adaptive Element

(effector)

(controller)(processor)

(sensor)

memUsage
: ProcessMem

controller
: IController

mcConf
: SetApacheConf

out  outputin  input

out  output

scheduler
: PeriodTrigger

out  output

in  input

in  input

MEM

MEM

MC
-refMem

-kI
- initialPeriod

- httpdConfPath- pid

(target system)

/etc/apache2/httpd.conf
/etc/init.d/apachectlps -o pmem= $(cat /var/run/httpd.pid)

• Interaction contracts

↵ = h self ;+ (input); * (output?) i

u(t) = u(k � 1) +Kie(k)

 protected void activate(final long selfport, final Pull<T> input,
      final Push<T> output) {
    String _plus = ("Activate at " + Long.valueOf(selfport));
    this.log.info(_plus);
    Optional<T> _get = input.get();
    final Optional<T> data = _get;
    boolean _matched = false;
    if (!_matched) {
      boolean _isPresent = data.isPresent();
      if (_isPresent) {
        _matched = true;
        T _get_1 = data.get();
        output.put(_get_1);
      }
    }
  }



FEEDBACK CONTROL DEFINITION LANGUAGE - IN A NUTSHELL

• Actor-like component 
• Sensors 
• Effectors 
• Processors 
• Controllers 

• Input/output ports & properties 
• Active / passive 
• Implementation 

• Imperative code (e.g. Java) 
• CEP Rules (e.g. Drools) 
• STM (e.g. bzr/heptagon) 
• Matlab 
• BASH 
• …

Adaptive Element
u(t) = u(k � 1) +Kie(k)

/etc/apache2/httpd.conf
/etc/init.d/apachectlps -o pmem= $(cat /var/run/httpd.pid)

• Interaction contracts

(effector)

(controller)
(processor)

(provided sensor) (provided effector)

(sensor)

memUsage
: ProcessMem

controller
: IController

mcConf
: SetApacheConf

out  outputin  input

out  output

scheduler
: PeriodTrigger

out  output

in  input

in  input

MEM

MEM

MC
-refMem

-kI

in  input

setPeriodperiod

out  output

- initialPeriod

- httpdConfPath- pid

(target system)

↵ =h self ;+ (input); * (output?) i k
h * (setPeriod); ;; * (period) i



2
ILLUSTRATION OF WEB SERVER QoS ADAPTATION 
IMPLEMENTATION



Idea: service time = fixed overhead + data-size dependent overhead

Abdelzaher et al., 1999, 2002

QoS management control of web servers by content delivery adaptation

...

serve from
tree #2

serve from
tree #1

Rejection 
Level

Minimum Content Full Content

Goal: maintain server load around some pre-set value

/1/photo.jpg

/2/photo.jpg

/photo.jpg
full quality

degraded quality

normal load

overload

Prerequisite: preprocessed content (different quality and size)

LOCAL CONTENT DELIVERY ADAPTATION

Distribution Complex control

Generality Visibility Reusability

Using FCDL



Compute the number of requests (r) and size of responses (w)1

accessLog
: FileTailer

out  lines

file=/var/log/apache2/access.log

access_log

active sensor FileTailer {
  push out port lines: String

  property file: String
}

processor Accumulator {
  push in port input: long
  pull out port sum: long
}

processor AccessLogParser {
  push in port lines: String
  push out port size: int
  push out port requests: int
}

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

in  input

out  sum out  sum

in  lines

out  sizeout  requests

accessLogParser
: AccessLogParser

LOCAL CONTENT DELIVERY ADAPTATION



Compute the number of requests (r) and size of responses (w)1

accessLog
: FileTailer

out  lines

file=/var/log/apache2/access.log

access_log

active sensor FileTailer {
  push out port lines: String

  property file: String
}

processor Accumulator {
  push in port input: long
  pull out port sum: long
}

processor AccessLogParser {
  push in port lines: String
  push out port size: int
  push out port requests: int
}

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

in  input

out  sum out  sum

in  lines

out  sizeout  requests

accessLogParser
: AccessLogParser

LOCAL CONTENT DELIVERY ADAPTATION



access_log

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

scheduler
: PeriodTrigger

loadMonitor
: LoadMonitor

in  input

out  sum out  sum

in  requests in  size

out  utilization

in  input

out  output

initialPeriod=10s

accessLog
: FileTailer

in  lines

out  lines

file=/var/log/apache2/access_log

out  sizeout  requests

accessLogParser
: AccessLogParser

Compute the requests rate (R), bandwidth (W) and utilization (U)2
LOCAL CONTENT DELIVERY ADAPTATION



access_log

active processor PeriodTrigger<T> {
  pull in port input: T
  push out port output: T

  property initialPeriod = 10.seconds
}

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

scheduler
: PeriodTrigger

loadMonitor
: LoadMonitor

in  input

out  sum out  sum

in  requests in  size

out  utilization

in  input

out  output

initialPeriod=10s

accessLog
: FileTailer

in  lines

out  lines

file=/var/log/apache2/access_log

out  sizeout  requests

accessLogParser
: AccessLogParser

Compute the requests rate (R), bandwidth (W) and utilization (U)2
LOCAL CONTENT DELIVERY ADAPTATION



content_treeaccess_log

Compute severity of adaptation (G)3

controller IController { 
  in push port input: double  
  out push port output: double  

  property KI: double
  property reference: double
  property loBnd: double 
  property upBnd: double
}

LOCAL CONTENT DELIVERY ADAPTATION

utilController
: IController

in  input

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

scheduler
: PeriodTrigger

loadMonitor
: LoadMonitor

in  input

out  sum out  sum

in  requests in  size

out  utilization

in  input

out  output

in  input

out  output
initialPeriod=10s

adaptor
: ContentAdaptor

in  contentTree

accessLog
: FileTailer

in  lines

out  lines

file=/var/log/apache2/access_log

out  sizeout  requests

accessLogParser
: AccessLogParser

KI=?
reference=?



composite ApacheQOS {

  feature accessLog = new FileTailer {
    file = “/var/log/apache2/access_log”
  }

  feature accessLogParser = new AccessLogParser
  feature requestCounter = new Accumulator
  feature responseSizeCounter = new Accumulator
  feature loadMonitor = new LoadMonitor
  feature scheduler = new PeriodTrigger<Double>
  feature utilController = new IController {
    reference = 0.8 
  }
  feature adaptor = new ContentAdaptor

  connect accessLog.lines to 
    accessLogParser.lines
  connect accessLogParser.size to 
    responseSizeCounter.input
  connect accessLogParser.requests to 
    requestsCounter.input
  connect requestCounter.output to 
    loadMonitor.requests
  connect responseSizeCounter.output to 
    loadMonitor.size
  connect loadMonitor.utilization to 
    scheduler.input
  connect scheduler.output to 
    utilController.utilization
  connect utilController.contentTree to
    adaptor.contentTree
 
}

LOCAL CONTENT DELIVERY ADAPTATION - COMPLETE MODEL

ApacheQOS
utilController
: IController

in  input

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

scheduler
: PeriodTrigger

loadMonitor
: LoadMonitor

in  input

out  sum out  sum

in  requests in  size

out  utilization

in  input

out  output

in  input

out  output

sy
st

em
 

la
ye

r
co

nt
ro

l 
la

ye
r

initialPeriod=10s

adaptor
: ContentAdaptor

in  contentTree

accessLog
: FileTailer

in  lines

out  lines

file=/var/log/apache2/access_log

out  sizeout  requests

accessLogParser
: AccessLogParser

KI=?
reference=?



LOCAL CONTENT DELIVERY ADAPTATION - COMPOSITION

ApacheQOS

control
: QOSControl

in  contentTree

apache
: ApacheWebServer

in  requests

in  size

out  requests

out  size

out  contentTree

co
nt

ro
l 

la
ye

r
sy

st
em

 
la

ye
r

QOSControl utilController
: IController

utilization
: UtilizationMonitor

out  contentTree

scheduler
: PeriodTrigger

out  utilization
in  input out  output

in  input

out  outputin  requests in  size

in  requests in  size

adaptor
: ContentAdaptor

ou
t  

siz
e

in  contentTree

out  size

ou
t  

re
qu

es
ts

out  requests in  contentTree

ApacheWebServer

accessLog
: FileTailer

accessLogParser
: AccessLogParser

in  lines

out  lines

file=/var/log/apache2/access_log



ILLUSTRATION - SYSTEM IDENTIFICATION

• Support for FCL design - black-box modelling 
• Open control loops for data collection

SystemIdentification

out  output

log
: FileWriter

in  value

out  utilization

in  requests

in  size scheduler
: PeriodTrigger

in  input out  output

sample: Tuple2

in  input2

in  input1

gQueue: Queue

out  output
out  requests

out  size

in  contentTree

contentTree: SineWaveserver: ApacheWebServer

(U,G) (U,G)

utilization
: UtilizationMonitor

in  input



ILLUSTRATION - ADAPTIVE CONTROL

• Using the reflection support for adaptive control

QOSControl
Apache 

Web 
Server

AdaptiveControl

AdaptiveApacheQOS

in  contentTree

apache
: ApacheWebServer

in  requests

in  size

out  requests

out  size

out  contentTreeco
nt

ro
l 

la
ye

r
sy

st
em

 
la

ye
r

m
et

a-
 c

on
tro

l 
la

ye
r in  contentTree

in  utilization
out  KI

provided in  KI

out  utilization

adaptiveControl: AdaptiveControl

control: QOSControl

KI



The ACTRESS Modeling Environment
3



Modeling

VerificationCode Generation

• Reference implementation of FCDL based on Eclipse Modeling Framework 
• Eclipse IDE-based prototype to facilitate the use of FCDL - ACTRESS

IMPLEMENTATION

accessLogParser accessLog adaptor

apache control

requestCounter

responseSizeCounter

loadMonitor

utilization

scheduler utilController

ApacheQOS

ACTRESS Runtime

actor

actor with 
event listener

composite
actor

containment

message
passing

ApacheQOS utilController
: IController

in  input

requestCounter
: Accumulator

responseSizeCounter
: Accumulator

scheduler
: PeriodTrigger

loadMonitor
: LoadMonitor

in  input

out  sum out  sum

in  requests in  size

out  utilization

in  input

out  output

in  input

out  output

out  requests

out  size

initialPeriod=10s

in  contentTree

server
: ApacheWebServer

KI=?
reference=?

• Textual DSL for authoring FCDL 
models 

• Modularity, Java interoperability, 
Xbase 

• Eclipse IDE support

• Generates Actors from FCDL Adaptive 
Elements 
• ACTRESS runtime based on Akka 
• Maintain traceability



ACTRESS - VERIFICATION SUPPORT

• Model well-formedness through meta-model constraints 
• Data-types, port connections, required properties, …

• Architecture properties through interaction contracts verification 
• Consistency, determinacy, completeness

• User-defined structural constraints, e.g., xFCDL OCL annotations

@OCL(invDifferentSource="self.ports
->select(p | p.name = 'size' || p.name = 'requests') // select ports 
->collect(p | p.connections) // select their connects
->collect(p | p.parent) // select owning instances
->asSet()->size() == 2 // there must be two different ones
")
processor LoadMonitor {

• User temporal constraints 
• Connectivity, reachability 
• FCDL to PROMELA transformation verified by SPIN model checker

Җ* PҢҟ =ҝҮҬҟҭҭ IҩҞҟҦңҨҡ AҨҰңҬҩҨҧҟҨҮ

1*/*. Atpanj]h Rane|_]pekj

Pda qoa kb ik`aho ]j` I@A pa_djemqao ^nejco pda lkooe^ehepu kb atpanj]h ik`ah rane)
|_]pekj* Ep eo ^]oa` kj ik`ah pn]jobkni]pekjo( sdana^u ]j ejlqp ik`ah $e*a* B?@H% eo
pn]jobknia` ejpk okia kpdano( qoq]hhu bkni]h ik`aho* Pda pn]jobknia` ik`aho ]na pdaj
_da_ga` ^u okia atpanj]h ik`ah _da_gejc pkkho ej kn`an pk ranebu pd]p okia `aoena` lnkl)
anpeao dkh`* ?kj_napahu( sa qoa pdeo pa_djemqa pk ranebu ]ooqilpekjo ]^kqp _kjja_perepu
]j` na]_d]^ehepu lnklanpeao qoejc Lnkiah] ]j` pda OLEJ ik`ah _da_gan WDkhvi]jj( .,,/Y*

Bkn at]ilha( sa _]j _da_g ]p `aoecj peia sde_d ahaiajpo sehh ^a ]_per]pa` ^u `]p]
aieooekj kb ] ceraj ahaiajp* Oej_a ]hh pda pkkho pd]p ]na ^qehp kj pda pkl kb pdeo ik`ah
iqop oqllknp pda o]ia oai]jpe_o( sa _]j ajoqna pd]p pdaoa lnklanpeao dkh` ]_nkoo ]hh pda
cajan]pa` ]npeb]_po* Ej pda nqjjejc o_aj]nek( bkn at]ilha( kja iecdp s]jp pk ajoqna pd]p
pda XWLO&RQWUROOHU sehh ^a ]_per]pa` sdaj pdana eo ] jas ]__aoo hkc na_kn`* Qoejc pda
HPH bkniqh]a WDqpd ]j` Nu]j( .,,0Y pdeo ejr]ne]jp _]j ^a atlnaoo ]o6

! ( DFFHVV/RJ3DUVHUactivate → (♦ XWLO&RQWUROOHUactivate))

Pda lna`e_]pa r]ne]^hao DFFHVV/RJ3DUVHUactivate ]j` XWLO&RQWUROOHUactivate nah]pa pk
pda DFFHVV/RJ3DUVHU ]j` XWLO&RQWUROOHU ahaiajpo ]j` ]na pnqa sdaj pda naola_pera ]_)
per]pa iapdk`o $DFWLYDWH% ]na ata_qpa`* Pdeo atlnaooekj ia]jo pd]p6 \\]hs]uo (!) sdaj
pda DFFHVV/RJ3DUVHU DFWLYDWH ejpan]_pekj _kjpn]_p eo ata_qpa`( pdaj pda XWLO&RQWUROOHU
DFWLYDWH ejpan]_pekj _kjpn]_p sehh arajpq]hhu (♦) ^a ata_qpa` ]o sahh*## Pdaoa lnklanpeao
_]j ^a a]oehu rane|a` ^u pda OLEJ ik`ah _da_gan* OLEJ p]gao ] ik`ah kb pda ouopai `a)
o_ne^a` ej ] Lnkiah] ik`ahejc h]jcq]ca* Ep sehh pnu pk |j` ] _kqjpan at]ilha ej sde_d pda
jac]pa` HPH bkniqh]a dkh`o lnkrejc pda _knnaolkj`ejc op]_g pn]_a* Pda Lnkiah] ik`ah
_]j ^a cajan]pa` bnki kqn ]n_depa_pqna ik`ah oeilhu ^u i]llejc pda ahaiajp ejpan]_pekj
_kjpn]_po ]j` iaoo]ca }ks ejpk pda _knnaolkj`ejc Lnkiah] _kj_alpo* Bkn at]ilha( pda
DFFHVV/RJ3DUVHU sde_d eo ]j ejop]j_a kb $FFHVV/RJ3DUVHU sdkoa ejpan]_pekj _kjpn]_p eo
⟨ ⇑ (OLQHV); ∅; ⇑ (UHTXHVWV, VL]H) ⟩ eo pn]joh]pa` ejpk Lnkiah] _k`a odksj ej Heopejc 1*.*

- �� DFW DFWLYDWH�OLQHV� � VL]H� UHTXHVWV�
. �GHILQH DFFHVV/RJ3DUVHUBDFWLYDWH �DFFHVV/RJ3DUVHU#DFWBDFWLYDWH�
/
0 �� SRUWV
1 FKDQ DFFHVV/RJ3DUVHUBSRUWBOLQHV  >�@ RI ^ PW\SH `�
2 FKDQ DFFHVV/RJ3DUVHUBSRUWBVL]H  >�@ RI ^ PW\SH `�
3 FKDQ DFFHVV/RJ3DUVHUBSRUWBUHTXHVWV  >�@ RI ^ PW\SH `�
4
5 DFWLYH SURFW\SH DFFHVV/RJ3DUVHU�� ^

-, �� ZKLFK LQWHUDFWLRQ KDV EHHQ H[HFXWHG
-- E\WH DFW  ��
-.
-/ �� LQILQLWH SURFHVV
-0 2M/�
-1
-2 �� r�BiBM; IRU DFWLYDWLRQ
-3 r�BiBM;�
-4 LI
-5 �� DFW DFWLYDWH�OLQHV� � VL]H� UHTXHVWV�
., �� DFFHVV/RJ3DUVHUBSRUWBOLQHV " 386+ �! DFW  ��
.- IL�

--4
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SUMMARY

• Combining self-adaptive software systems with principles of MDE to provide 
systematic and tooled approach for integrating adaptation mechanisms into 
software systems

• Address ACTRESS limitations - MPS-based implementation 
• Improvements in FCDL (e.g. data units, IO assertions, modeling assumptions) 
• A library of reusable Adaptive Elements 
• Executable models using Ptolemy 2 
• Integration with Matlab/Simulink/Modelica 
• Explore models@run.time for a systematic implementation of touchpoints



Thank you

Romain Rouvoy 
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