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Introduction

Introduction

The  Virtual  Manufacturing  research  group  at  Engineer  Science  of  University  West  in  Trollättan  has 
developed a general virtual manufacturing concept for industrial Control System. The aim of this concept is 
to create a virtual manufacturing model controlled by the same control program than the real machine. 

Today, optimisations in existing automated production lines are normally performed on-line, which involves 
to stop the production.  The success of  the optimization depends on experience and capacity of  the line 
operators and control engineers. Therefore there is a need for an off-line optimisation method to attain the 
desired production goals. 

The strategy's adopted is to focus the optimisation method on parameters variation, same parameters than 
line's operator handle. Therefore, the optimized setting can be directly implemented in the real production 
line due to there are no changes in the control code.

Virtual  Manufacturing research group has  focused its  project  on a  sheet  metal  press  line at  Volvo Cars 
Manufacturing in Göteborg, Sweden. With this five press station and its nine robots, this production line 
require complex control functions to work. It ensues ninety adjustable parameters. Thus there is a need for a 
parameters study before starting optimisation of the production line. In a first time only one press stations is 
optimised and thanks to other assumptions it results a selection of 14 parameters which have mains effects on 
production goals. They have chosen to optimize 10 parameters in a same time to limited the dimension of the 
search space to ten.  Past ten,  it  becomes almost impracticable for  optimization algorithms and so much 
greedy on computing (one evaluation takes twelve minutes to be done).

An  optimisation  framework  exist.  The  Nelder-Mead optimisation  method  has  already implemented  and 
goods results have been gotten. However, this method does not succeed in finding the global minimum value 
of a search space. We need an other method to improve the Nelder-Mead work :  DIRECT method has been 
found to be an interesting candidate.

This method, used in engineering applications and in chemistry application, has already proved its efficiency.

First, I am going to introduce the Virtual Manufacturing concept developed in the University West along with 
the off-line concept study.

Then, I will make a description of the DIRECT algorithm in a search space of one and two dimensions.

At last, I will introduce the DIRECT's implementation in two dimensions and the results get by the code testing 
with the Rosenbrock function.
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Introduction

1.1. Background
Customer and market demands for new products with high quality and low price put much pressure on 
increasing the efficiency and quality at all stages in the life-cycle of manufacturing systems. 
It also becomes more and more important to be able to analyse and test a manufacturing system before a 
large investment.

Therefore, the manufacturing machines that are developed nowadays are becoming more and more complex, 
especially  the  control  program controlling  the  machine’s  function.  At  the  same  time  as  the  machine’s 
complexity increases companies strive to reduce the development time for new manufacturing machines, this 
is necessary for being competitive in today’s market. 

One method to accomplish better machine function as well as shorter development times is to use simulation 
of functions as a tool for testing and verifying the complex control systems. 

1.2. Interest
The purpose of simulation is to replicate and visualize the logical functions of a machine by responding to 
signals from a control program (which takes place in PLC), analogue to how a real machine responds to 
signals from this control program. Doing simulation of manufacturing machines will enable the development 
of the machine and the control program in parallel; this can lead to reduced development times. 
In addition, simulation of functions is a tool for achieving robust design and it enables virtual verification. 
Having a virtual model of a machine also gives the chance of testing exceptional situations without any risk 
for damages or accidents and this enables to improve the performance of a real machine. 
There are four reasons that make 3D simulation to an attractive design method, and these are:

• It is cost effective since no real machine or factory system is needed.

• It is safe since there are no real components that can be damaged.

• Simulation is a fast design method since the time can go faster then real time and the machine can be 
set to desired machine states without time consumption.

• Novel concepts can be tested prior to manufacturing.

A general virtual manufacturing concept for industrial  control systems has already been described at the 
Department of Engineering Science of University West by Henrik Carlsson, Bo Svensson and Fredrik Danielsson 
[VM01] Below is an abstract of this concept.

2. Real Manufacturing System
First of all and in order to figure out the virtual manufacturing (VM) concept, a description of what is a real 
manufacturing (RM) system has to be made [VM01]:
 
A RM system can be described as  a combination of  material  processing,  material  handling and control 
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functions (Figure 1).

The control functions outlined in Figure 1 form a description of a series of industrial control systems that are 
functionality related  to  material  processing  and  handling.  Industrial  control  system (ICS)  is  a  common 
denomination for various types of programmable controllers, e.g. robot controllers, PLCs, PID controllers 
and servo controllers. Highly automated manufacturing systems usually result in complex control functions. 

To clarify, complex control functions are defined, by authors of  [VM01], as functions that simultaneously 
manage a majority of the following tasks:

• discrete event control (with more than 150 inputs/outputs),
• supervisory control,
• continuous control,
• motion control,
• path planning,

All this tasks result in more than 50 000 lines of control code. 

3. Issues related to Virtual Manufacturing Concept
The aim of the virtual manufacturing concept is to only model the material processing and the material 
handling (Figure 1) This involves that all control functions are implemented with the same ICS control code 
as in the RM system. The main benefit of this concept is that it is possible to program, verify and optimise 
this control functions and then directly transfer the results to ICSs in RM.
Therefore, the main issue that has to be resolved in order to perform the virtual manufacturing concept is to 
enable the integration of realistic ICS representation in this virtual model.

In the VM concept, simulation of the virtual manufacturing model is supported by the Computerised Aided 
Production  Engineering  (CAPE)  tool.  Even if  this  tool  has  a  large  ability to  simulate  several  types  of 
production scenarios, the representation of the control functions in it is described using a simplified model of 
the  main  functional  behaviour  of  the  real  ICS.  This  involves  that  it  is  not  possible  to  directly transfer 
programmed control code from a CAPE tool to the RM system.
Another problem identified includes a lack of time synchronisation and a real time data transfer mechanism. 
The time synchronisation problem is due to the fact that the CAPE part of the VM system runs in another 
time space (virtual time) compared to the introduced ICS representation, which runs in real time.

To summarise, the research group has identified the following issues [VM01]:  
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1. The lack of a time synchronisation mechanism that comprises the entire VM including ICS.
2. The problem of how to include all RM control functions in a VM system.
3. The problem of how to directly transfer programmed, verified and/or optimised control functions 

from the VM to the RM system.
4. The problem of a realistic ICS representation with a time synchronisation mechanism.
5. The  issue  of  how  to  handle  complex,  computational  demanding  VM  systems  with  extensive 

simulation models.

4. System description of Virtual Manufacturing Concept
In  this  part  is  presented  the  general  VM concept  realized  by the  virtual  manufacturing  research  group 
[VM01] in order to resolve all the issues described in the previous section.

The entire VM concept is based on the Synchronised Distributed Simulation Protocol (SDSP) architecture 
that is designed in order to solve the issues of the VM concept. In fact, with this architecture, a CAPE tool  
and an ICS should be connected to form the VM system. Moreover, the entire ICS (and more complex 
situations) can be handled in this concept, which implies that the same control code used in the VM can also 
be used in the RM.
 
The main parts of this VM concept are described below in more details.

4.1. SDSP Architecture

The SDSP architecture is mainly responsible for (Figure 2):

• a common synchronised time, 
• communication within the entire VM,
• common signals e.g., I/Os,
• the handling of a distributed simulation, i.e., executing on several CPUs or computers with respect to 

their own specific operating systems.

To summarise, the SDSP architecture is the tool in the VM concept that will assure the performance of the 
communication between the physical resource representation and the ICS representation (Figure 2).

The synchronisation mechanism in the  SDSP architecture  accomplishes  the  common synchronised time, 
virtual real time, which guarantees a deterministic behaviour of the simulation. Virtual real time is the VM 

7

Figure 2: SDSP Architecture



I Virtual Manufacturing System

representation of hard real time in a RM system. 

Concerning the communication between the main parts of the VM concept, the architecture, connected ICSs 
and tools mainly communicate via TCP/IP. Other methods of communication are also possible (for instance 
OPC, DDE and RS232.). 

4.2. ICS representation
The representation of the control functions in CAPE tools are usually both rather general and abstract and are 
described using simplified models of the main function behaviour of the real ICS. To be able to fully utilise 
the VM concept, all control functions should be moved from the CAPE tool to an ICS representation. The 
ICSs can be represented either by real, soft, emulated or simulated ICSs (). It might also be possible to 
connect industrial Human Machine Interface (HMI) to the ICS representation.  To be able to achieve time 
synchronisation  with  hard  real  time,  different  strategies  have been implemented for  these  different  ICS 
representations. The time synchronisation (required by the concept) can thus be achieved if it is possible to 
incorporate the SDSP architecture in the ICS internal scheduler. This has been successfully implemented and 
tested for several ICS simulators and emulators [VM02][VM03].

However, since most of the commercially available ICS systems are vendor specific and not open for new 
internal functions in the scheduler such as SDSP, the adoption of this method to existing ICSs becomes a 
problem. To overcome this, a general method for time synchronisation of IEC 61131-3 based ICS has been 
described in [VM04]. This approach adapts the control functions before download to the ICS representation, 
as a means of handling time synchronisation.  It is thereby possible to incorporate any IEC 61131-3 ICS 
representation in this VM concept, whilst still guaranteeing deterministic behaviour. A number of real, soft 
and  emulated  ICSs  have  successfully  been  connected  to  the  architecture  via  OPC using  this  approach 
[VM04]. 

4.3. Signal Representation
All signals, signal paths and hardware logics in the RM system shall have an equivalent representation in the 
VM. In a highly automated RM system the signal situations tend to be extensive and the VM representation 
will indeed reflect the complexity. The SDSP architecture handles and distributes all common signals in VM.

4.4. Physical Resource Representation
Models of physical resources in the VM are usually modelled in a CAPE tool which, in this concept, is also 
connected to the SDSP architecture (Figure 2). Examples of models might be robots, process related devices, 
conveyors, CNC machines, HMI etc. 

One of the main objectives with the VM concept is ICS handling with time synchronisation. Since Computer 
Aided Robotics (CAR) tools utilise a discretised time with equal time steps, these properties make CAR tools 
preferable to a CAPE tool  in our VM concept.  Other characteristic  CAR properties are 3D geometrical 
descriptions of RM, kinematics and collision detection. However, even if modern CAR tools offer numerous 
modelling  facilities,  they might  lack  specific  process  related  properties.  Thus for  this  reason the  SDSP 
architecture is designed to handle a greater range of general modelling tools attached to the VM concept, e.g, 
Matlab, LabVIEW, Excel or user defined models described in any suitable programming language.

4.5. Optimisation and other Tools
Many CAPE tools offer different types of optimisation. However, since these tools lack the representation of 
the real ICS control code, the results from such an optimisation are restricted to data/guidelines and can not 
be used directly in RM without manual post-processing and implementation.
However, in the VM concept it is possible to include an optimisation tool that will have full access to the real 
ICS and its control code. The optimisation feature of the proposed VM concept is generic and can be applied 
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to  many  different  types  of  automated  manufacturing  systems.  To  verify  the  concept,  one  optimisation 
approach based on ICS parameter optimisation,  has  been implemented and tested  [VM05].  The off-line 
optimisation will be developed in the Chapter 6.

Indeed, it is possible to include other tools such as data acquisitions, signal monitoring etc. in the proposed 
concept due to the general and open architecture.

5. Field of application
The VM concept, based on the SDSP architecture, has been validated through several test cases. The most 
comprehensive test case carried out is a VM scenario of a sheet-metal press line [VM05] The press line is 
located at  Volvo  Cars  Corporation and  includes  five  press  stations,  each consisting of  complex  control 
functions, material processing and handling. The control functions include 25 servo axes, 10 paths, more 
than 2000 I/O signals, approximately 90 parameters to tune the production goals, and an ICS control code 
exceeding 100 000 lines of IEC 61131-3 code. All of these control functions are implemented in 5 ICSs. 

A VM system of the sheet-metal press line was build using the VM concept. Geometrical and kinematic 
properties of physical resources i.e., press and programmable material handling devices, were modelled in a 
CAR tool.  Additional  properties  i.e.,  signal  representations,  where  modelled in  25 user-defined models. 
Emulated ICS where  used  in  the  VM with  the  same control  code  as  in  RM,  implying  that  all  control 
functions where executed in the same way as in RM. To achieve a relatively rapid execution time, due to the 
complex test case, the VM was configured as a distributed and parallel-executed system.

The test case was carried out with a satisfactory result:
• CAPE model motions were compared with the real motions. The position error for a single material 

handling device was less than 1 mm for a working area of 5 meter. The error is due to the simplified
CAPE kinematic model.  However, this position accuracy is more than sufficient for this type of 
application.

• The VM and RM control functions responded in exactly the same way.
• Production rate matches between VM and RM were achieved. 

The test case has shown that, using the VM concept proposed, it is possible:
1. to maintain time synchronisation in the entire VM and guaranteeing a deterministic behaviour,
2. to include all RM control functions by utilising realistic ICS representations,
3. to directly transfer control code programmed, verified and/or optimised from RM to the VM system,
4. to use emulated ICS representation with time synchronisation mechanism,
5. to handle complex VM as distributed and parallel executed.

For these reasons, the VM concept developed by the virtual manufacturing research group can be regarded as 
suitable  for  handling  complex  control  functions  in  highly  automated  production  lines  for  industrial 
applications.

6. Off-line Optimisation
An off-line optimisation concept for complex automated production lines has already been described at the 
Department  of  Engineering  Science  of  University  West  by   Bo  Svensson , Fredrik  Danielsson  and  Bengt 
Lennartson [VM05]. Below is an abstract of this concept.

6.1. Background
Today, optimisations and daily maintenance in existing automated production lines are normally performed 
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on-line and are dependent on experience and capacity of the line operators and control engineers. In order to 
attain a high lifetime throughput, it is important not only to have a high throughput rate during production, 
but  also  to  minimize  production  stops,  both  in  number  and  duration.  There  is  a  need  for  an  off-line 
optimisation method to attain the desired production goals.

Existing methods for off-line optimisation usually require a model of the control system code/function or 
some kind of state space search. In industrial applications with complex control functions, however, it is not 
possible to create a useful model representation of the control system code/function or to perform a full state 
space search.

Different  kinds  of  optimisation approaches  can be adopted,  but  here  the  parameter  variation strategy is 
focused, i.e. using the control system code as is without introducing any change. A benefit of this focus is 
that the work can be directly implemented in an industrial setting, due to there are no changes in the control 
code. Modify the control code is really hazardous due to the risk of introducing new errors.

The Virtual Manufacturing research group has focused their work on the parameter variation strategy. It is 
the same type of optimisation as the line operators utilise when they make on-line optimisation on. A benefit 
of this focus is that the work can be directly implemented in an industrial setting, due to there are no changes 
in the control code, and comparative tests can be carried out at the real production line.

Due to the complex control functions in the production line and the vast number of parameters,there is a need 
for a parameter study before starting optimisation of the production line.

6.2. Parameter study
A parameter  study method  is  proposed  which  combines  a  two level  full  factorial  experiment  with  the 
production line simulation and which includes emulated control systems.
Two  level  full  factorial  design  [FD01] investigate  the  effects  of  two  or  more  factors,  i.e.  controlled 
independent input parameters, on the output response of a process. It enable to identify both factors that have 
the greatest effect on the process response thus enabling factors to be adjusted as a means of optimising the 
process.
In a full factorial design every possible combination of factors and permutations is tested. If there are n  
factors and each factor has m levels, it will generate mn trials. This means that the number of trials needed 
to complete a full factorial experiment can become very large.

Two level factorial designs are frequently used in order to reduce the number of trials. In essence, these are 
experiments involving n factors, each of which has two levels ('low' and 'high') i.e. m=2 . The design 
requires that all factors are linear or at least approximately linear between the 'low' and 'high' levels. In a two 
levels full factorial design the number of trials is equal to 2n . Even if this restricted factorial design is used, 
the number of trials can become very large, which indicates the importance of minimising the number of 
parameters.
The proposed parameter study method is described in a series of stages in the work flow in the figure below.
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The  constraints  in  the  parameter  study method are  values  or  states  that  should  not  be  violated,  e.g.,  a 
constraint might be that a velocity shall be less than or equal to maximum allowed velocity, or that there is a 
geometrical constraint due to collision avoidance.
Reducing the number of parameters to test, n , one should observe that the search space ratio is 2n , i.e., 
the number of simulations, and that the total simulation times is 2n∗t onesim .
Defining the experimental region, i.e. finding a high and a low value for each parameter without violating the 
constraints, usually requires process and parameters knowledge and some « intelligent guesswork », since no 
automatic  method exists  for  this.  Examination  of  the  occurrence  of  constraint  violation  is  achieved  by 
evaluating the responses from the production line simulation, including emulated control systems.

6.3. Sheet-metal press line's study

  a . Sheet-Metal press

The Volvo's press line (chap5p9) is a good example of a  highly automated production line with complex 
control functions. There the optimisation process is far from trivial. The problem is highly time dependent 
and involves not only the control system code, but also collisions and constraints from the real production 
line. To reduce the problem, the control code has been parametrized and contain about 90 adjustable main 
parameters synchronised with 10 robots paths for the feeder/extractors and intermediate stations.

  b . Optimisation Criteria

Even if production rate is the target for the industry,  the optimisation criteria is not evident in a highly 
automated  production  line.  An  optimised  production  rate  involve  costly  production  disturbances  and 
production  stops.  In  a  press  line,  the  most  obvious  optimisation  criteria  are  high  production  rate  and 
parameters that can guarantee a collision free stroke. A high production rate might imply higher robot speeds, 
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accelerations and jerks in magnitude. High speeds, accelerations and jerks may cause the sheet-metals to 
slide out of position in the robot gripper or even fall out, thereby causing lengthy down times in the press 
line. High accelerations, even if less than permitted, cause wear to production equipment and thus decrease 
its lifetime, which in turn leads inevitably to halts in production. Keeping the robot mean acceleration down 
will smooth the motions and reduce the number of unwanted stops. The forces on the robot will be less if the 
gripper is empty than if it holds a component in the gripper, than when it is empty.

Objective function :
f obj  p =a.f pr pb.f maw  pc.f mae  p

where a,b and c are the weight values,
p=[ p1 p2 ... pn] is the parameter vector and n is the total number of investigated parameters
f pr  p is the production rate
f maw  p  is the robot mean acceleration with a component in the gripper
f mae  p is the robot mean acceleration with an empty gripper

Constraints :
parameter constraints : p jmin p j p jmax  where j=1,2 ,3... n
Collision constraints : gcoll  p=0
Speed constraints : g speed  p g speed max p
Acceleration constraints : gacc  pg acc max  p
Jerk constraints : g jerk  pg jerk max  p 

Responses from production line simulation, including emulated control systems, constitute the desired 
function results. The responses are the same as in real production.

Picture 1: Production line

The picture below make short the virtual manufacturing process.

Parameter reduction

To reduce the total simulation time, 2n∗t onesim to practical, useful times, i.e., days or weeks, it is necessary 
to both reduce the number of investigated parameters, n , and the time of one simulation, t onesim .
Currently t onesim is approximately 12 minutes, due to the actual status of simulation models and computers.
Even so , the numbers of parameters are still vast, so the total simulation time will not be of practicable use 
since a reduction is necessary. The reduction was carried out in four steps:

1 only one section (press station +feeder+extractor) out of 5 is optimised
2 the same parameter values are used in the section before and after
3 we make the assumption than both the section before and after have unlimited capacity
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4 some parameters are assumed to be fixed
The step number 2 is required due to the close collaboration between the sections. Therefore one section is 
repeated three times, with the same parameters in all three sections are changes simultaneously.

  c . Result From Case Study

The parameter study is realized with the reduced number of parameters (10) and the simplified performance 
model from the factorial experiment.
An  optimisation  using  the  Nelder-Mead  simplex  method  [SIM01][LUER01]was  then  performed  on  the 
simplified performance model. The weight values in the objective function, see previous paragrapher, were 
selected as a=1 , b=0,6 and c=0,2 .
The simulation was then run using the indicates parameter values in the production line simulation including 
emulated  control  systems.  The  results,  compared  with  the  results  using  the  parameter  values  in  the 
production line today, were : 

● 2,5%increased production rate
● 2,2% decreased mean acceleration with a component in the gripper
● 4,4% decreased mean acceleration with empty gripper

The adjusting of the parameter values resulted in better figures for all components in the objective function, 
I.e. Both an increased production rate and smoother motions overall without violating any constraints. 

7. Conclusion 
The successful  result  demonstrates the usefulness of  the proposed off-line optimisation method.  But  the 
Nelder-Mead method is limited. Indeed its behaviour on global search doesn't enable to find the true global 
minimum of the objective function in defined experimental region. That why it would be very interesting to 
use an other method which has suitable features (Zero oder method, convergence to the global minimum area 
in few evaluations...). DIRECT method is the elected. An description of its algorithm now start in the next part 
of this rapport.
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II Zero order optimisations
Zero order optimization algorithms make satisfy with evaluations of the objective function, they don't care 
about derivatives. In this class of algorithm we can notice evolutionary algorithm, random search algorithm 
and local algorithm. 
In local algorithms the most use is direct search method (do not confuse with DIRECT method). We can define 
them thanks to two main draw : first  they only use evaluations of the objective function and they don't 
approximate the gradient. Direct search methods appeared in 60's with Box algorithm (1957), pattern search 
method (Hooke & Jeeves 1961), Spendley (1962) Hext & Himsworth (1962), Powell (1964) and Nelder 
Mead (1965) [LUER01].
Since theirs publications, zero methods are successfully use in chemistry, process engineering and medicine. 
Most of the time objective function is not differentiable, not always continuous or simply not known or 
heavy to calculate. In that case, zero order method are particularly fitted.
In direct search method class we can find : designed pattern search methods (e.g. GPS), Multi-directional 
search method (e.g.  Powell),  simplex method (e.g.  Nelder-Mead)  and DIRECT method.  All  the  present 
description of DIRECT algorithm are mainly outcome from [DIR01]and[DIR02][DIR03].

1. Introduction of Lipschitz optimization : the Shubert's algorithm

2.1. Lipschitz optimisation problems
A function is called Lipschitzian (or Lipschitz function) if it is a continuous function with specials properties 
of  evolution.  It  is  limited in how fast  it  can change.  If  you construct  a line between two points of  the 
function, the slope of this line will never exceed the Lipschitz constant of the function.

As we can see in the Figure 4, a Lipschitz continuous function must stay in the area between the two K slope 
lines and this in all the points. More formerly, we can define the Lipschitz continuity in R1 by this definition 
[WiK01]:

Definition 1:
 Let  E⊆ℝ1  with  f : E ℝ1 .  The  function  f  is  called Lipschitzian in  a  set  E  with 
Lipschitz constant K if : 

∀ x , x´∈E : ∣ f x− f x´∣K∣x− x´∣  (1)

The assumption of Lipschitz optimization is based on this property. If you know the K-constant of a function 
you can predict the potentially minimum value than the function can reach. In others terms, the K-constant 
represent, the maximum rate of change of the function. Following this definition, K-constants are draw in the 
Figure 4 by two lines with slopes +K and -K.
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When we call  about  Lipschitz  optimization problem we call  about  problem generated by the  minimum 
searching of Lipchitz function. More formerly we can define that [OPT01]:

Definition 2 :
 Let H⊂ℝn be a compact set, and let f be a real valued Lipschitz function on a compact set

E⊃H .  When H :={x∈ℝn : g ix 0  j=1,... , m} ,  where  the  functions g i are 
Lipschitzian on E, the problem min f x  s.t. x∈H is called Lipschitz problem.

In a resume it is used to solve systems of non-linear equations and inequalities or approximation problems. 
In our application g i are black box answers (production rate, robot mean acceleration with a component and 
without a component) and f(x) is the objective function which takes its attribute x in the search space and 
take its value in the answer set of the black box function.

In order to illustrate that, we take the more simple algorithm which solves Lipschitz optimization problems: 
the Shubert's algorithm in 1D.

2.2. Shubert's algorithm in one dimension 
The aim is to find the global minimum of a Lipschitz function f(x) defined in a closed interval [a,b] with b>a. 
If we apply (1) in the two bounds of the interval [a,b] we have:

x´=a : f x  f a−k x−a
x´=b : f x  f bk x−b

(1)

These inequalities correspond to lines with slopes k and -k in the Figure 5. The function must lie above the V 
shape drawn for these lines. Consequently, the lowest value that f(x) can attain is in the bottom of V.
Thanks to these inequalities, we can define a new function  called f x  such as:

f x ={ f a −k x−a if xO a ,b
f bk x−b if xO a ,b (2)

where the lowest potentially minimum value is
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Figure 5: f(x)=sin((x-0.5)4π)+6x+2
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M a ,b=[ f a f b] /2 – k b−a/2 (3)

and its coordinates are:
O a ,b=[ f a − f b]/2kab / 2 (4)

This minimum tally with the minimum value than f(x) could reach in the better condition. In other terms, it is 
the minimum value that f(x) attains if it decreases following a K slope. It is the core of the Shubert's 
Algorithm (call SA) [DIR01]. 

After this first iteration, the interval [a,b] is cut in two : [a,O(a,b)] and [O(a,b),b]. A new point is sampled at 
the abscissa O(a,b) to have the new value for both interval's bound: f(O(a,b)). Each one of these closed 
intervals also undergoes the computing of the best potentially minimum (called M). Eventually M(a,O(a,b)) , 
M(O(a,b),b), O(a,O(a,b)) and O(O(a,b),b) are obtained.
Values of M lead us to select the most promising area for further iteration and so forth. The interval with the 
low M value is selected for the next iteration. Along iterations, the potentially minimum value becomes 
closer and closer with the function f(x). At that moment, f x  becomes a good approximation of f(x). 
Shubert's algorithm runs until the new M value is within pre specified tolerance of the current best solution. 

Example 1  f(x)=sin((x-0.5)4π)+6x+2 Example 2  Iteration

1

2

3

16



II Zero order optimisations

The board above shows three iterations of Shubert's algorithm  in two different cases. In first example, 
Shubert's algorithm works and finds a good approximation of the minimum value. However, in the second 
example, it has just found an approximation of a local minimum but not the global minimum which is in the 
interval [x1,b]. This remark compels us to say that we need to compare all M values to select the most 
promising interval.

According to M's equation (3), we can say that Shubert's algorithm compares potentially minimum values 
and chooses the interval with the lowest value for further iteration. 
Equation (3) is a compound of a sum of two terms. The term – k b−a/2 is lower if b−a is bigger. It 
is the interval's length. It leads us to select the interval with large amount of unexplored territory thus to 
make global search. The other term [ f a f b] /2 is lower if the function values at bounds are low so it 
enables to select a low size's interval which contains low value. It leads us to make local search. 
Accordingly, the K-constant enables to make emphasis on global search versus local search. The larger is K, 
the higher is the relative emphasis put on global search and so on.

This is a problem of Shubert's algorithm strategy. Indeed, most of the time we don't know the Lipschitz 
constant of the function and its local progress. But if you have it you can often notice that it has generally a 
quite hight value which favour global search at the expense of local search. Consequently, it involves a slow 
convergence. To resolve this problem, we can decrease the value of Lipschitz constant as one goes along we 
make local search but we have not any criterion to estimate in which proportions and from which iteration.

The second problem is that Shubert's algorithm is greedy in evaluation. In high dimension, intervals become 
Hyper-rectangles. Also called orthotope, it is a n-dimensional analogue of a rectangle in two dimensions. 
When all lines are equals, hyper-rectangle is logically called hyper-cube. 

This kind of geometrical entity has specific properties [WIK02]: it is closed, compact and convex. A n-cube 
has 2n corners  which  are  called  vertices.  If  we  follow the  Shubert's  process  dividing  we  evaluate  the 
function in  each vertices of  each H-Rectangle,  thus make 2n evaluations  for  each.  It's  really greedy in 
computing  and  very  impracticable  in  our  application  which  need  an  average  of  ten  minutes  for  one 
evaluation.
Furthermore, the selection of  next points involves to solving several systems of n linear equations with n+1 
unknowns, and the number of such systems goes up rapid. The extension of Shubert's algorithm in high 
dimensions has been developed for Pinter, Galperin and Maldineo. This three adopt different strategies to 
counter Shubert's algorithm inconveniences but none is actually efficient in a search space with high 
dimension (more than 4/5 dimensions).

In conclusion Shubert's algorithm has three major problems : it needs to specify Lipschitz constant, it makes 
an overemphasis on global search which involves a bad speed of convergence and it involves computational 
complexity in higher dimensions. They take theirs origin in the Shubert's strategy. To remove them, D.R. 
Jones, C.D. Perttune and B.E. Stuckman modified the problem approach,  particularly the dividing process. 
They created a new algorithm which is called DIRECT.[DIR01]

17

Figure 6: hypercube in 0,1,2,3 and 4 dimensions
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2. Direct Algorithm in one dimension 
 It  is called  DIRECT for  DIviding  RECTangles.  The  DIRECT algorithm is a new Lipschitz approach that 
eliminates the need to specify a Lipschitz constant. One immediate result is the loss of the high emphasis on 
global  search  and  the  slow convergence  of  Lipschitz  optimisation  method.  To  solve  the  computational 
problem they modify the way to divide the search space.
In this part we can see how to alleviate problems generate for Shubert approach of Lipschitz optimization

2.1. DIRECT in 1D
The Shubert's problem of computing is linked with its sampling process. It evaluates function in bounds so it 
needs 2n computing for each sampling. It is particularly heavy in hight dimensions. 
The idea of DIRECT's inventors is to make the Shubert's algorithm practical in higher dimension, and the key 
for that it's to change the way to divided the space. We need to find the potentially minimum value that the 
function could reach in closed area.  The question is  how do you do to have this  information with less 
computing as possible?
To  alleviate  computing  we  shift  evaluation  to  the  interval's  center.  In  that  case  we  don't  care  about 
dimension. Indeed the center of an hyper-rectangle is always a point never mind the dimension. Therefore 
you  always  evaluated  the  function  in  a  unique  point.  But  if  we  take  this  way we  have  to  modify the 
calculation of interval's potentially minimum and the behaviour of dividing process.

For a good understanding we keep the previously example and handle it with DIRECT manner.
Let c0 xc0

, f xc0
 a new point, xc0

=ab/2 the middle of the interval [a,b], if we apply (1) with
x ´= xc0

we have:
1⇔∣ f x − f xc0

∣k∣x− xc0
∣ 4

Thus, f must satisfy these inequalities: 

4⇔{ f x  f xc0
k x− xc0

 for x∈[a , xc0
]

f x  f xc0
−k x− xc0

 for x∈[ xc0
, b]

In a first view, in 1D, the new strategy does not have many consequences, we also need one evaluation per 
interval. In the Figure 7, inequalities are drawn by the slopes +k and -k. The values in interval's bounds are 
equals  because  the  evaluation  have  been  made  in  the  middle.  If  you  follow down slope  you  find  the 

18

Figure 7: First step of DIRECT algorithm
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potentially best minimum value in interval's bounds. Thus the potentially best minimum is :

O a ,b= f xc0
−k b−a /2 (5)

With this new sampling way, it's not possible to follow the same diving process than in Shubert's algorithm. 
We have to define a new process which enable to maintain the center sampling property along iterations and 
not become a local search. To alleviate these conditions, they suggest to divide the selected area in third 
along each dimension. Then the center point becomes the center point of a three times smaller H-Rectangle. 
An other advantage is  that  H-Rectangle's lengths keep discreets  values which depend on the number of 
divisions undergone unlike Shubert's algorithm. We don't have to calculate the coordinate of center point 
with several systems of n linear equations in n+1 unknowns but we just have to make a translation from the 
coordinate of the mother point.

In one dimension, we sample two news points in the way to cut the interval in three equals parts. To generate 
news points you make a translation of ±=ab/3 along the unit vector of the search space. 

Selecting process of the optimal area
In the example above we keep the same value of Lipschitz constant for the requirement of explanation. But 
DIRECT works in slightly different  way.  We don't  need to know the value of Lipschitz constant  because 
DIRECT 's algorithm doesn't use it. It translate the Lipschitz constant as a rate of change of the function which 
can take all values between 0 to ∞ .Thereafter we note this value k .The continuous evolution of k
enable to does not penalize the local search as the Shubert's algorithm done. 

Definition 3 : Potentially optimal interval in 1D [DIR01]
Suppose that we have partitioned the interval [ l , u] into intervals [ai , bi ] with midpoints
c i ,  for i= , ... , m. .  Let ε0 be a positive constant,  and the f min be the current best  

function value. Interval j is said to be potentially optimal if there exists some rate-of-change 
constant k0 such that: 

∥ f c j− k [ b j−a j/2] f c i− k [bi−a i/2] , for all i=1, ... , m ,
f c j− k [b j−a j/2] f min−∣ f min∣.

To illustrate and explain this definition we can make the figure below which represent all intervals after 
many iterations.  Each  point  define  an  interval  with  evaluation  in  ordinate  and bi−a i/2 in  abscissa.

19

Figure 8: Second step of DIRECT algorithm
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bi−a i/2 keeps discreet values call d n .We can define this term for the distance to interval's bounds 
from the center. Therefore, in 1D, it is also the half of the interval's length. For instance  in Figure 8 we have 
only one length such as 2d1=b0−a0/3=b1−a1/3=b2−a2/3

In the definition 2, the first inequality means that we search the interval with lower potentially minimum, 
called f .  Accordingly we compare the f value of the point j with all other f values of others points.
k∈[0,∞[ and k is the maximum rate of change of the function. Between two points this value is equal 

to the slope of the line which linked theirs.
We can define the f value as the sum of the function evaluation in this point and the improvement that the 
function might reach in interval bound. Thus the potentially minimum of the point c j is define by :

f c j= f xc j
− k [ b j−a j/2] (6)

 
Concretely, the first step is to selecte all points with the lower evaluation in each interval's length. In the 
Figure 9, it is tallied with points A,B,C,D,E and F. Secondly we start with the point with the biggest length 
( the point A) and we calculated the slope with others points. When you have find the point which give the 
best value of k ji (the point C), we selected this point for dividing process and deleted all points which are 
between A and C. Finally we restart the process with the point C until to arrive to the end point which has the 
minimum evaluation (the point F). In that way we reduce k as one goes along reducing interval's length. It 
is enable to do global and local search in the same time. Indeed during an iteration, we can also selected big 
interval which have a large unexplored space and smaller which converge to a minimum. 
To summarize, the strategy of  DIRECT is to selected and sample all potentially optimal intervals during an 
iteration. Finally all selected points draw the bottom of the convex hull of the set of points. This remark is 
really helpful for the implementation of the selecting process.

The  second inequality prevent  algorithm to  make  local  search  and  wast  function  evaluations  for  small 
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Figure 9: Diagram of selecting optimal process
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improvements of the value. The algorithm doesn't select an interval when is optimal minimum is equal to the 
current  minimum evaluation within epsilon criterion.  Experimentations  [DIR01][DIR02]  has  shown that
10−210−7 provides good results. ε is usually equal to 10−4 .

To illustrate this explanation, we take an instance with an unknown function until the forth iteration. On the 
right we can see the behaviour of the sampling process and on the left the evolution of optimal intervals in 
the selecting process.

During the initialisation we sample a point in the center of the beginning interval. Interval length is called
l 0 . 

Caption
: sample point
: deleted point
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Figure 11: Second iteration

Figure 10: First iteration, initialization
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: selected point

The first evaluation is reported on the selecting process scheme. We have just one point therefore we select 
it, we cut the interval in third and we create two new points thanks to a translations of ±l0/3 .

The new dimension of mother point has been updated and the two news points have been drawn. At this time 
we also have one interval's length thus we select the interval with the low evaluation which is the same than 
in the previous iteration. We divide in third, sample in the same way and evaluate at news points.

22

Figure 12: Third iteration
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In this iteration we have two interval's lengths. We select intervals which are potentially optimal and we 
sample two news points in each selected interval.  A big interval has been selected ( d =2,6 ) and this 
choice provides a very good result. Indeed a new minimum has been found ( f x =1,5 ). It shows that the 
strategy of DIRECT to make in the same time global and local search has a really interesting behaviour.

23

Figure 13: Forth iteration
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This figure shows the set of data point in the beginning of the fifth iteration. In this iteration we have two 
potentially optimal interval. No point has been selected in the column d =0,29 because the low evaluation 
in this column is bigger than the low evaluation in the column d =0,88 .
According to [DIR01] a formal statement of the one-dimensional DIRECT algorithm appears below.

Univariate   DIRECT   Algorithm.

Step1. Set m=1, [a1, b1]=[ l , u ] , c1=a1b1/2 , and evaluate f c1 . Set
f min= f c1 . Let t=0 (iteration counter).

Step 2. Identify the set S of potentially optimal intervals.

Step3. Select any interval j∈S .

Step 4. Let δ=b j – a j/3 , and set and cm2=c jδ . Evaluate f cm1 and
f cm2 and update f min .

Step 5. In the partition, add the left and right subintervals
[am1 , bm1]=[a j , a jδ ] , center point cm1 ,
[am2 , bm2]=[a j2δ , b j ] , center point cm2 .

Then modify interval j to be the center subinterval by setting
[a j , b j ]=[a jδ , a j2δ ] . Finally, set m=m2 .

Step6. Set S=S−{ j} . If S≠∅ , go to Step 3.

Step 7. Set t=t1 . If t=T , stop; the iteration limit has been reached. Otherwise, go to 
Step 2.

24

Figure 14: Fifth iteration, selecting process
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3. Direct Algorithm in two dimensions

Introduction

Solely the DIRECT algorithm in two dimensions is explained in this first part. The extend in high dimensions 
will be make in the second part.
For two dimensional  DIRECT algorithm we make the assumption that the search space is a unit square. We 
need to normalize the search space to have to deal with areas which have discreet side length's values. In that 
case, theirs values are power of 1/3. In that way we don't undergone areas degenerations and it becomes easy 
to calculate coordinates of news points thanks to a translation along a unit vector.
The main difference in 2-D compared to the 1-D case roots in the dividing process. Indeed we have to deal 
with assorted area's shapes : rectangle and square. However, the selecting process is not subject to a lot of 
changes, we just need to define again the area's measure to enable to compare them in a same way.

2.2. Selecting process in 2D

We have to define again the rule for calculated d n . In one dimension ( §2.1 p20), it takes the distance to the 
bound from the middle of the interval. However, this term is the maximum distance than the function has, in 
the area, for improving the evaluation value made in the center point. It also traduces the size of unexplored 
space of a area. So, in several dimensions, it  is the distance from the center point of the area from the 
vertices.

Therefore, for a square : 2.dn=l 2 with l the side's length, and for a rectangle : 2.dn= l 0
2l 1

2 with
l 0 the side's length along the unit vector e0 and l 1 the side's length along the unit vector e1 .

Beside d n , the selecting process is not subject to changes.

As we have seen p19, the evaluation is made in the center of each area in order to maintain the property of 
one evaluation per area. Indeed one evaluation is enough to characterize the potentiality of improvement of a 
area.

2.3. Dividing process in 2D
An easy way to divide a square would be to split it in third rectangles along a dimension choose arbitrarily. 
But it's not suitable to handle best and worst evaluation in the way. DIRECT's inventors have chosen an other 
issue.

25

Figure 15: Square and rectangle sampling process of  
DIRECT 
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Firstly,  the sampling process. They chose to sample two points along each dimension. We start  with the 
center point c and news points c i=c±ei are sampled. e i is the ith unit vector (i.e. a vector with a one in 
the ith position and zeros elsewhere) and  is one third of the length of the biggest side. For a square is 
simply the side length but for rectangle we have to chose between the two sides lengths. As see in the Figure
15, in 2D, four news points are sampled in square case, and two in rectangle case. 

In the dividing process we have to manage a tricky problem which occurred. For a square, we have sampled 
four news points. Therefore it will be divided in five (one point per area) : two rectangles and three squares. 

In the Figure 16, we see that we have the choice between two strategies. We can chose to begging to split the 
square vertically and after horizontally (strategy 1) or to start with horizontally dividing and after vertically 
dividing (strategy 2). As a result the space is not partitioned in the same manner. The strategy that they have 
adopted is to make the best function values in the biggest area i.e. the first strategy. Indeed, the first strategy 
increase  the  attractiveness  of  the  area  which  contain  the  best  value,  in  others  terms  it  increases  the 
attractiveness of searching near points with good function's values. During the selecting process this area has 
more luck to be selected than if it is a square. Indeed, rectangle's size is bigger than cube's size. As we see in 
the Figure 9 (§2.1p20), if a value is contained by area with a bigger measure, it is in a column more to the 
right consequently the luck to be selected is increased.

To make a long story short, areas with a low value and big measure is more promising than a small area with 
the same value.

Thus this strategy increase emphasis put on local search therefore it speeds up convergence. 

For rectangle we don't have this problem. Indeed to split a rectangle we sample two news points along the 
biggest length. Accordingly, rectangle is divided in three equal square.

2.4. Example of DIRECT process in 2D
To see concretely how does it work, we take an example in two dimensions. All function's values are taken 
arbitrarily and assumption is made for selected areas. The aim of this example is not to follow properly an 
example of a real function but to understand the DIRECT behaviour.
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Figure 16: Dividing square's strategy of DIRECT 
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Figure 17 shows the search evolution along three iterations. In the first column, we can see search space in 
the beginning of the iteration, the second column shows the result of selecting process, shadow areas are 
selected areas i.e.  potentially optimal  areas. The third column shows the search space after  the dividing 
process thus in the end of the iteration.

After the initialisation step, five evaluations have been made thus the normalize search space is divided in 
five areas.

First iteration : one area is selected because it contains the minimum value and it is the biggest area.

Second iteration : two areas are selected since only two types of area exist. One is a square with the measure 
d n=2.0,332/2  and the second is a rectangle with the measure d n=120,332/2 . Therefore we 

have tow columns in the selecting diagram (Figure 9 §2.1p20). The minimum of each column are compeled 
to be on the convex hull of the set of point. In the divided square, best value is put on the rectangle according 
to dividing rules.

Third iteration : all biggest areas, occur in the beginning of the first iteration, have been divided in the same 
time  that  searching toward the  minimum function evaluation is  made.  Two areas  are  selected,  they are 
squares. Rectangles with values 198 and 210 don't have enough good values in relation to theirs size to be 
selected.
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Figure 17: three first iterations of DIRECT



II Zero order optimisations

Figure 18 shows results of the selecting process during the forth iteration. Four different types of areas are 
selected. The number of selected areas increases along iterations, we can easily assume that DIRECT is able to 
find quickly the basin of convergence of the objective function but after one sample around the best value 
you have to make many other samples in all selected areas to complete the iteration. This characteristic could 
exhibit a slow convergence of DIRECT and worst behaviour in local search.

28

Figure 18: Forth iteration of DIRECT
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In the  Figure 19, the box scheme summarize the  DIRECT algorithm. We can find all  the components see 
before, selecting process, dividing process, initialisation... Note that the dividing process is break up in two : 
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Figure 19: Overall scheme of DIRECT algorithm
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“Cube Dividing Process” and “Rectangle Dividing Process”. 

We have two loops, the first enable to proceed iteration until the “StopFlag?” box goes true and the second 
enable to dividing all potentially optimals areas. Indeed during one iteration in this loop, a single selected 
area is divided and transfered to the set of data point (called S) with all news areas. When the set J, which 
contains selected areas, is empty all selected area are divided. At that moment we are ready to go to the next 
DIRECT iteration.  “StopFlag?”  is  a  boolean  box which  return  true  if  end  criterion  is  reached  i.e.  if  the 
maximum of iterations enter by the user is reached.

This scheme is the first step for the implementation. We can already see the function we need to built. Box 
become functions and rhombus become tests functions.
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III Implementation in C++

Introduction
The conceptualization of  DIRECT's algorithm implementation is to provide a new type of method used to 
optimize objective function give by the modelling of the Volvo's production line. For the beginning I focus 
my work on an implementation of DIRECT method in 2D. It is the most suitable issue for the first step. Indeed 
in one dimension it's overmuch easy and we don't need a dividing strategy. We just need to make translation 
into interval to sample news points. In 2D, as we see chapter 2, we have two geometrics objects to handle 
which highlight complexities in implementation. It's also an good way to check and understand the DIRECT's 
behaviour.

2. The requirement
PressOpt has been written to optimize the objective function originality from CAPE tool (see first chapter). 
It get two optimization methods : screening method and the simplex method of Nelder-Mead. Nelder-Mead 
has provided goods results, but a tricky inconvenient appear. If the started point is changed the minimum 
reach by Nelder Mead also change. This method is competitive for a local search but brings forth problems 
in global searching.

For a first contact with the software we can begin to see the panel control 
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1 The fourteen parameters 

2 Low bounds of parameters

3 High bounds of parameters

4 Activated check box

5 Control buttons

6 Combo box to choose the method  

7 Number max of iteration 

8 Epsilon value

9 Coefficients of the objective function

The  Picture 2 shows the control panel of  PressOpt. Activated check box is used to know if you want to 
optimise the corresponding parameter. You can chose a maximum of fourteen parameters in a same time. 
Many elements are useful just for Nelder-Mead method. For example step box and basics values are only use 
for Nelder-Mead method and screening method.  DIRECT method only need low and high bounds, activated 
check box, coefficients of the objective function, maximum of iteration and epsilon value.
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Picture 2: PressOpt control panel
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The implementation of the software follows the object  oriented rules of  implementation.  Codes of  each 
methods are encapsulated in a specific object. Relationship between method's objects and the main code of 
PressOpt are reduced to the evaluation function and class box panel.

Figure  20,  shows  major  components  that  we  are  interesting  in.  “SimulateOneStroke()”  handles  the 
evaluation's part of software. It is in charge of database searching and writing, relationship with the SDSP's 
server to send parameters to CAPE tools which contain the black box function. The Figure 20 is basic. In 
reality we have a more complex architecture. But in a first time this picturing is enough to build a code with 
a good frame which we would take on again in the final PressOpt version.

3. Solution's modelling
Implementation is made with Visual C++ express version but to put the code in PressOpt software we have 
to translate it in  C++ Builder V6. This choice has been made because  Visual offers an easily interface, a 
powerful debugger and in a first time we just need to construct a console application to easily test the code. 

First of all,the aim is to test our scheme modelling and knowledge about DIRECT method. The implemented 
version must be close as possible to the final version. Therefore the relationship with PressOpt components 
have to be simulated. In other terms, we have to construct a little emulator of PressOpt. I chose to take care 
of one function : “SimulateOneStroke()”. Others elements, which will use in final version, are combobox or 
check box instances or flags. We make the assumption that they can be easily put in the final version of 
DIRECT implementation.

DIRECT manages information's areas i.e. evaluations, coordinates of centers, length's areas along each vectors. 
DIRECT's objects have to manage two sets of data-point. One with all samples points and an other with current 
selected points. To warn errors this rule can be established : one point will never be in twice places in a same 
time.  We have to  store  them into dynamics  structures  because we can not  predict  the  number  of  point 
sampling at the end of the run and the maximum number of selected point during one iteration can also not 
be predicted.

For an easy understanding, one point contains all area's informations. A point is the code object which stands 
for an area

3.1. Selecting process
The definition of a potentially optimal area is the same than the definition 2 p18. The only change is on the 
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Figure 20: Overall background of DIRECT's code
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term a ib i/2 which becomes d i .

As we see in §2.1p 18, for selecte potentially optimal areas all points which are in the bottom of the convex 
hull have to be find. First of all, lets define the convex set concept [WIK04].

Definition 3
A set E is call convex if for all x and y in E the segment [x,y] is in E. 

Figures below illustrate this definition.

The left area which stand for a set is convex but not the right set which not contains the segment [xy].

Definition 4
Lets A a part of E. The convex hull of A is the smallest convex set of E which contain A.

In two dimensions, it can be represented by an elastic (blue line in the figure below) which encircles all 
points. It takes the shape of the convex hull[WIK03].

Graham algorithm is used to find the convex hull of a set of points. It is the best way to implement the 
selecting process. As [GRA01] says the figure below can be draw :
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Figure 21: Convex and not convex set

Figure 22: Convex hull
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The Graham's scan works in three phases:

1 Find an extreme point. This point will be the pivot, it is guaranteed to be on the hull. It has 
 the smallest y coordinate

2 Points are sorted by increasing angle from the pivot. We end up with a star-shape polygon.
3 The convex hull is build by marching around the star-shaped polygone, adding edges when  

 a left turn is made, and back-tracking when a right turn is made.

These phases have to be followed when a random set of points is handled. But it's not our case, in fact in the 
diagram of selecting process (§ 2.1p20) points keep discreet values which are measures of area. Thus points 
which are on the Star-Shape bottom's points corresponding to all points with a minimum measure value. It is 
the most easy way to find the bottom of the Star-Shape's polygon of whole points.
For the third phase, in order to see if it turns to the left or if it turns to the right, a vector product can be used. 
The minimum value is taken for the started point. A positive vector product means a left curve, if the vector 
product is negative it is mean a right curve.
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Figure 23: Graham scan process
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The figure above shows in detail the third phase. You can read it as comics. At that moment the set of point 
has undergone the Star-Shape process. The bottom of the Star-Shape polygon stands for dot line. The big 
blacks lines stands for vector product.  The vector is made with two vectors drawn by three consecutive 
points. A negative vector product means that we turn to the right thus the middle point doesn't belong to the 
Star-Shape. It is deleted (cross point) and three others consecutive points are selected from the previous 
point. We need to go one step forward to see if the the first point is also on the Star-Shape after the deletion 
(which it is not the case in the ninth and tenth box).

Recall: S is a list which contains all points in the beginning of iteration and J is a second list which enable to 
store selected points.

As a result to implement the selecting process these steps have to be followed:

1 The list is sorted according to the d n measure, the minimum measure is in the front of the 
list S.

2 Points which have minimum value in each measure are transferred in the list J. At that 
moment this list contains Star-Shape points. The minimum value is in the end or in the front, 
it is depend of the last process.

3 The list J is scanned from the minimum point. All deleted points are pushed to the front of 
the list S. Finally all convex hull points are in the list J.

Finally a  last  scan is  necessary to  eliminate  points  which are  not  satisfied the  second condition of  the 
definition 2 p 18. The condition which prevents a local search without great improvement.

3.2. Dividing process
As we see in the Figure 19 p29 the dividing process handles the first element of the list J.
First of all we need a function to know if the point is a square or a rectangle. This function has to return a 
boolean and works to compare lengths of sides. We can call it “HyperCube?”. If this function returns true we 
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Figure24: Convex hull searching process
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go to “CubeDiving” else we go to “RectangleDividing”.
News points and updated mother point are pushed to the front of the list S. In “CubeDividing” the function 
“SimulateOneStroke” is called four times and two times in “Dividing Rectangle”. After the creation and the 
sampling the space is divided according to dividing rule.
“StopFlag” is also a function which return a boolean value. If we run over the maximum of iteration it breaks 
the loop and the result is returned. 

4. Implementation
To begin, this simple class diagram can be drawn. 

In the Class Diagram above, DIRECT process and PressOpt simulation can be distinguish.

SIMULATE class, as we can imagine, is used to simulate relationships between DIRECT and PressOpt. It has 
a private attribute which is an array of fourteen tParams (one for each parameters). “tParams” (which comes 
from  PressOpt's  code)  is  a  structure  which  contains  informations  which  are  described  in  the  panel 
demonstration (§2). “tParams” contains the low value, high value, current value of parameters. Others else 
are  useless  for  DIRECT.  This  class  has  two  members  functions  call  “TranslatePointToParams”  and 
“SimulateOneStroke”. The first need a point in attribute, its aim is to denormalize DIRECT's coordinates and 
to store the result in all “current value” of the “glParam” array. The second is in charge to handle a test 
function and to write the answer in glParam, more precisely in glParam[0].BestValue. This solution has been 
adopted arbitrary to don't increase the number of constant.

DIRECT class deals with all DIRECT process. It has functions needed for selecting and dividing process. To 
keep the code clear and make easy the debugging, I choose to break in twice the selecting process in two 
members functions : “ConvexHull” and “StarShape”. 

The Dividing process is also cut in two members functions : “CubeDividing” and “RectangleDividing”. Each 
function need a SIMULATE attribute indeed they use SIMULATE's functions apply on currents parameters. 
They handle two lists which have privates members call “p1” and “p2”. They are lists of points.

“Point” is a class which represents an area. Indeed, a point object contains all informations about one area. In 
privates attributes, it has the value of the evaluation stored in “eval”, the number of the vector which has the 
biggest length and a “vect” type array of ten elements. Why ten? Because the final objective is the extension 
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Figure 25: Diagram of class
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in ten dimensions but in this application we only use the two first elements. “vect” is also a class with two 
privates attributes “x” and “lx”. In the first is a coordinate of the point along one unit vector and “lx” is used 
to store the length of the area's side along this vector. Thus “V” contains coordinates of the center point of 
the area with all  area's  length along each dimension.  We can also remark that the class “point” has the 
boolean function “HyperCube?()” as a member function.

Now the DIRECT's box scheme can be translate into a main code. In fact, the main code follows closely the 
box scheme steps.

This version is organized in many files.

 As we can see in the Figure 27 four head files and five source code files compose 
the code. “function.cpp” got the code of all display functions which are needed to 
test and debug and verify the code. Names of others files are enough to understand 
what they contain.

This frame have been following for implementation. It doesn't pretend to be the best and the strong way to 
implement the DIRECT algorithm but just a first draw enough good to make a first working implementation in 
2D.

This first version need to be improve. For example the sort algorithm used is not efficient. The most suitable 
could be the Heapsort algorithm. Indeed, elements in a list are already sorted except Star-Shape points and 
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Figure 27: Tree's files

Figure 26: Main code of DIRECT implementation
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news points created during the last iteration which have been pushed in the beginning of the list. Heapsort 
algorithm is the more efficient in this case more than the Quicksort algorithm.

All member”s function have been testing singly in many testing cases. In this time, I don't find any bug in 
theirs performances. 

This first version has been written in round about 1400 lines of code.

5. Testing
One testing in two dimensions has been successfully made. It's not enough to make conclusion and to catch 
precisely the behaviour or DIRECT method. But thanks to these results a first drawing of DIRECT behaviour can 
be made which is interesting to proceed  and to investigate in the sequel.

5.1. Testing function : Rosenbrock function
Also called banana function is a famous testing function which can be extend to many dimensions [WIK05] 
It is used as a test problem for optimization algorithm.

The plot of banana function is in the search space [-5,10]*[-5,10].

This function is often used to test performance of optimization algorithms. The global minimum is inside a 
long, narrow, parabolic flat shaped valley. To find the valley is trivial, however to converge to the global 
minimum is difficult. It is define by:

f x , y =1−x 2100 y− x22

It has a global minimum at x , y =1,1 where f x , y =0 . In the Figure 28 we can see the minimum 
as a blue point in the center of the circle. A different coefficient of the second term is sometimes given, but it 
does not have effect on the global minimum position.
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Figure 28: Banana function in 2D 
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5.2. Results
Unfortunately, because of time lake, only this test has been made. Thus all conclusions below don't pretend 
to describe accurately the DIRECT's algorithm behaviour but just to draw some main characteristics. Others 
experiences with others functions are needed to confirm them.

After a run of fifty iterations, results summary in the tow diagrams below are obtained.

This diagram shows the evolution of the error. The error is the difference between the best current value 
throughout iterations and the true minimum of banana function which is 0. During the first two hundred of 
evaluations the error decreases quickly but after, the curve exhibits a very slow convergence torward the true 
minimum.

Last points give us a crucial information about DIRECT behaviour. Between the iteration 200 and the iteration 
470, the best value is not improved despite of the area with this best value get on with divided. It means that 
the search is made in a area which contains a local minimum. As we see later in the  Figure 30, this local 
searching is closed to the banana's global basin of convergence but the searching stay box in the bottom of 
the banana's valley free of the possibility to go forward to the minimum point. In the same time,  DIRECT 
algorithm run-on divided bigger  areas  which are  potentially optimals  areas.  After  the  iteration 470,  the 
DIRECT algorithm has found an other area with a better value. This area is closer to the minimum and give 
better results throughout iterations.

Thus  DIRECT's searching property are highlighted.  DIRECT doesn't stay in a local basin of convergence but 
succeed to go out of it for finding the global one. This result  raises an other problem : until when it is 
interesting to wait an improvement? Which criterion use to know if we will have improvements?

The big red line is the regression curve which follows a power function. The set of data point closely follows 
this regression curve. It's maybe interesting, in a other time, to take interest about this property and see if it is 
possible to find the equation of this function. We can assumed that this curve changes with test function.
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Figure 29: Error evolution of DIRECT for the Rosenbrock function
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In the graph above, the triangle curve shows the norm evolution throughout iterations. Norm's length is the 
distance between the best current value and the coordinate of the true minimum. This value doesn't have any 
units. The norm gives informations about where DIRECT makes his “local search”. In others terms, where is, 
for DIRECT, the area which contains the minimum throughout iterations. Until the fifteen iteration we have a 
good decreasing. At that moment it has found an area close to the minimum but it has not find accurate 
coordinates. Between the fifteenth iteration and the iteration fifty, we have a very small improving. 80% of 
improving is made during the fifteenth first iterations and 20% between the fifteenth iteration and the fiftieth 
iteration. 

Therefore  DIRECT method has a good behaviour to find globally where is the minimum but not to find it 
accurately. It has a slow convergence. DIRECT seems to be good in global search but not in local search.

The “rhombus” curve stand for the evolution of the number of evaluations throughout iterations. It becomes 
quickly linear from the iteration ten. During the first ten iterations the set of rectangles and squares grow up 
quickly thanks to the dividing process. Therefore, in selecting process the set of area's measure d n grows up 
otherwise the number of columns in the selecting diagram (Figure 9p20) grows up.

After the tenth iteration, the geometrical set contains all types of area between the biggest and the smallest 
area. After, throughout iterations the set grows up of 0,1 or 2 news types of area thanks to the dividing of the 
smallest area.

At that moment, the number of Star-Shape points doesn't much varied, thus DIRECT has to find convex hull 
points in a set with a quiet fixed size. Therefore the number of convex hull point (or selected areas) doesn't 
vary so much, even if values of selected points change throughout iterations. 

In a conclusion, we can say that  DIRECT method has a very good behaviour on global searching but this 
characteristic has a bad effect on the local searching. To make short, in a first time 80% of increasing is made 
in 15% of the total evaluation's cost and after the last 20% costs 85% of all evaluations. We can also see that 
the “evaluation curve” (Figure 30) and the “error curve” (Figure 29) can be imitate with a linear and a power 
function. This characteristic will be very interesting to be investigate. As we say in the beginning, all this 
result need others tests to be verify and validated. All these conclusions are, at that time, just assumptions.

41

Figure 30: Comparison between searching place evolution and number of  
evaluation
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IV Conclusion

The main objective in this project was to learn and to implement the DIRECT algorithm in the optimization 
software “PressOpt”. This software developed by the Virtual Manufacturing research group of the University 
West already works : it provides good results but it also exhibits Nelder-Mead's defaults. 

In a first time, I focused my study on the understanding of this optimisation method. During this step, I saw 
that  the  DIRECT's  field  of  application  is  particularly  in  agreement  with  the  Virtual  Manufacturing 
optimisation. Indeed, it presents a suitable behaviour on global searching.

Then, the mechanism of the PressOpt software has been decrypted and understood in order to decide how to 
build the DIRECT's code. A first frame of DIRECT method has been created to be compatible with the PressOpt  
implementation. The Computer language used for the implementation is C++. The need to use dynamics 
structures to store current results appears quickly.

A first code version of DIRECT algorithm is now implemented, debugged and tested. It needs improvements 
but  this  version is  enough performed for  a  two dimensional  application.  The test  with  the  Rosenbrock 
function has provided good results but others tests are needed to validate it.

News questions and news problems appear. The slow convergence of DIRECT method is tricky and a strategy 
which associates DIRECT method for the global searching and Nelder-Mead for the local searching could be a 
good issue.  In  the  second part  of  my project  I  will  also  need  to  adapt  DIRECT's  algorithm into  Virtual 
Manufacturing application. In fact, DIRECT algorithm works with reals numbers whereas parameters can only 
take integer values. Set of parameter can also involves a tool crash, and, in this case, no value is return, just a 
collision flag.

Thus  the  next  step  of  this  project  will  be  to  resolve  these  current  problems  and  to  extend  DIRECT 
implementation to a search space of ten dimensions.
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