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Hydro-Abrasive Jet Machining Modeling for 
Computer Control and Optimization 

R. Groppetti and F. dovane 

Use of hydro-abrasive jet machining (HAJM) for machining a wide variety of materials--metals,  poly- 
mers, ceramics, fiber-reinforced composites, metal-matrix composites, and bonded or hybridized mate- 
r ials~primari ly  for two- and three-dimensional cutting and also for drilling, turning, milling, and 
deburring, has been reported. However, the potential of this innovative process has not been explored 
fully. This article discusses process control, integration, and optimization of HAJM to establish a plat- 
form for the implementation of real-time adaptive control constraint (ACC), adaptive control optimiza- 
tion (ACO), and CAD/CAM integration. It presents the approach followed and the main results obtained 
during the development, implementation, automation, and integration of a HAJM cell and its computer- 
ized controller. After a critical analysis of the process variables and models reported in the literature to 
identify process variables and to define a process model suitable for HAJM real-time control and optimi- 
zation, to correlate process variables and parameters with machining results, and to avoid expensive and 
time-consuming experiments for determination of the optimal machining conditions, a process predic- 
tion and optimization model was identified and implemented. Then, the configuration of the HAJM cell, 
architecture, and multiprogramming operation of the controller in terms of monitoring, control, process 
result prediction, and process condition optimization were analyzed. This prediction and optimization 
model for selection of optimal machining conditions using multi-objective programming was analyzed. 
Based on the definition of an economy function and a productivity function, with suitable constraints 
relevant to required machining quality, required kerfing depth, and available resources, the model was 
applied to test cases based on experimental results. 
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1. Introduction 

HYDRO-ABRASIVE jet machining has been used for machin- 
ing a wide variety of materials (metals, polymers, ceramics, fi- 
ber-reinforced composites, metal-matrix composites, and 
bonded or hybridized materials, etc.) primarily for two-dimen- 
sional cutting operations, but also tor three-dimensional cut- 
ting operations and for drilling, turning, milling, and 
deburring.[1 5] This process is based on use of a high-speed jet 
formed by a stream of abrasive particles that are focused. 
mixed, and accelerated by a high-speed hypersonic jet of water, 
from a nozzle under pressures of up to 400 MPa. The hydro- 
abrasive jet impinges on a localized area of the workpiece, 
causing complex micromachining interactions with the mate- 
rial, such as erosion, abrasion, cavitation, and brittle fracture. 
The HAJM process has many advantages, including flexibility 
of application due to omnidirectional noncontact cutting, 
changes in contour, shape, and angle, as well as changes in 
process parameters, variables, and cutting patterns. Moreover, 
many advantages are relevant to the quality of the workpiece 
when the HAJM material removal process is used, in terms of 
negligible thermal, structural, and mechanical damage such as 
strain hardening in metals and delamination in composites, a 
clean, precise workpiece edge, with limited burr formation, de- 
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pending on material properties and process condition. There- 
fore, research and industrial efforts have been devoted to 
the study of HAJM to fully exploit the potential of this process 
in terms of productivity, quality, flexibility, economy, auto- 
mation, and integration into the manufacturing process. [6-lll  
The HAJM process offers several benefits when used in the 
machining operations, such as (1) minimal workpiece material 
loss and material savings due to reduced kerf and closer parts 
spacing, and minimal environmental pollution, because the hy- 
dro-abrasive jet  controls dust in atmospheric conditions and 
machining also can be performed under water; (2) a high cut- 
ting feed rate that can be controlled to achieve optimal cutting 
conditions: (3) easy control of process parameters, such as 
water pressure and jet  energy, abrasive mass flow rate, feed 
rate, and standoff distance; and (4) the ability to cut any mate- 
rial. 

The HAJM process is used for two- and three-dimensional 
cutting and for drilling [4,I21 turning, [21 milling, [2,51 debur- 
ring, [11 and more generally for machining processes. [5,13,141 
Computerized controllers are well suited for HAJM process 
control, particularly in two- and three-dimensional applica- 
tions, where it is possible to control any path by maintaining a 
suitable, generally constant standoff distance to achieve the de- 
sired machining results. 

To study and demonstrate the great potential of this innova- 
tive process, the authors have developed a hierarchical control 
architecture for the automation, integration, and optimization 
of the HAJM process and a specific method to study real-time 
adaptive control constraint (ACC), adaptive control optimiza- 
tion (ACO),[ 15] and CAD/CAM integration. They have also 
implemented a HAJM integrated computer-controlled cell. 
This article presents the approach fkHlowed and the main re- 
suits obtained during the development and implementation of a 
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Fig. 1 HAJM cell setup. 

HAJM cell and its computerized controller. A critical analysis 
of the process variables and models available in the literature is 
presented, to identify process variables and to define a process 
model suitable for HAJM real-time control and optimization. 
In addition to HAJM process control, in an attempt to correlate 
process variables and parameters with machining results, both 
a process model and an optimization model are necessary to 
avoid expensive and time-consuming experiments to deter- 
mine optimal machining conditions. The current work de- 
scribes the configuration of the cell and the specific 
components used to facilitate complete computerized control 
of the process, as well as the setup of the controller, which can 
process several logical and analog signals tu different mod- 
ules of the cell to achieve multiprogramming, process monitor- 
ing, and facilitate control of process parameters through 
multi-objective optimization. 

A prediction and optimization model is presented, which 
identifies optimal machining conditions using multi-objective 
programming. This model is based on the definition of an econ- 
omy function and a productivity function, with suitable con- 
straints relevant to required machining quality, required 
kerfing depth, and available resources. A test case based on ex- 
perimental results is presented and discussed to validate the 
model. 

This activity has been developed in cooperation with indus- 
trial companies, following a "from the bottom up" approach, 
covering material removal process analysis to the integration 
of several components and subsystems to achieve a holistic 
view of the HAJM process. The configuration of the cell and 
the specific components used must allow complete computer- 
ized control of the process, and the setup of the controller must 

be capable of managing several logical and analog signals from 
different modules of the cell to facilitate process monitoring, 
controlling, predetermination of process parameters, and opti- 
mization of process conditions. Also, it must be open to inte- 
grate these functions at a low and high level of control.[l 6] 

Identification of process variables and parameters and defi- 
nition of a process model suitable for HAJM real-time control 
and optimization, as well as a critical analysis of the models 
presented in the literature, were undertaken to avoid expensive 
and time-consuming experiments and tests to determine opti- 
mal machining conditions in the industrial practice and to cor- 
relate HAJM process variables and parameters with the 
subsequent machining results. 

An optimization model and a technological module were 
studied to identify optimal machining conditions using multi- 
objective programming. This model, based on the definition of 
an economy function and a productivity function, with suitable 
constraint functions relevant to the desired machining quality 
and the available resources, was implemented in an optimiza- 
tion technological module that was validated by experimental 
results of machining operations. 

2. HAJM Cell Architecture and Operation 

A fully computer controlled HAJM cell has been studied 
and implemented for HAJM process control analysis, optimi- 
zation, and integration (see Fig. 1). The approach lollowed for 
the flexible and integrated automation of the cell has been 
"from the bottom up," starting with HAJM process analysis 
and study of  the specific components and subsystems designed 

422--Volume 2(3) June 1993 Journal of Materials Engineering and Performance 



DNC/Mini-DNC INTERFACE 

CAD/CAM 
MODULES 

HAJM CELL CONTROLLER 

-77 
TREAT. 

PROCESS INTERFACE 

;7 
HP HAJM 

INTENS. UNIT 

Fig. 2 Schematic of HAJM cell architecture. 
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for computer automation and integration, moving toward com- 
plete integration in a computerized environment.[ 16-18] The 
controller has been designed to control and integrate these 
components and subsystems within the cell. Therefore, a suit- 
able interface with the process, a multiprocessing control ar- 
chitecture, integration capabilities, and a suitable user 
interface with graphics capabilities has been adopted to exe- 
cute numerous real-time and off-line tasks. 

2.1 Physical Architecture 

The physical architecture of the HAJM cell is based on sub- 
systems and modules controlled by a control hierarchy. An ad- 
vanced high-pressure pump or intensifier, a reciprocating 
plunger pump, which is controlled by a dedicated controller to 
supply a constant, highly pressurized stream of water to man- 
age the input/output signals to and from the cell controller and 
execute intensifier monitoring and diagnostics, supplies the 
high-pressure water to a nozzle valve that is pneumatically or 
electrically activated. A mixing chamber generates a consistent 
hydro-abrasive jet by means of jewel nozzle, or primary noz- 
zle, and a focuser, or secondary nozzle. 

A machining unit with a workpiece loading and unloading 
device, with three linear axes (X, Y, and Z) and two angular axes 
(A and B), is controlled by a computerized numerical controller 
(CNC) capable of executing input/output data to and from the 
field, as well as direct numerical control (DNC) and mini-DNC 
communication. The CNC also performs the tasks of cell con- 
troller, sequence monitoring, controlling and integrating sub- 
systems and components of the cell, and communicating with a 

host computer with peripherals via DNC and mini-DNC for 
CAD/CAM integration. It also interfaces with a dedicated 
computer ik~r process variables prediction and optimization 
and for adaptive control constraint (ACC) and adaptive control 
optimization (ACO) (Fig. 2). 

Additionally, a reverse osmosis water treatment subsystem 
feeds low-pressure water to the intensifier; a high-pressure line 
supplies water to the nozzle. TheJl a catcher collects the ex- 
haustjet after the cut and a separator filters abrasives and parti- 
cles of material that has been removed. 

2.2 Control Architecture and Multiprogramming 
Operation 

The control architecture is based on an advanced CNC with 
a modular hardware and software expandable multiprocessor 
configuration, allowing multiprocessin~ operation and net- 
work integration in a control hierarchy [191 by means of ma- 
chining unit axes motion control, cell status and sequence 
control, input/output signals to and from the field, and commu- 
nication with the control hierarchy. 

The hardware architecture of the controller is based on a 
multiprocessor minicomputer with system CPUs, axes man- 
ager CPUs, digital 1/O CPUs, with memory, communication 
boards, operator panel interface, transducer boards, A/D-D/A 
converter boards, and I/O boards connected with a local and 
system bus. Therefore, the system architecture of the controller 
can be subdivided into two basic components: the first devoted 
to real-time processing and higher level integration, the second 
interfacing with the process and the cell. 

The minicomputer is based on processors linked through a 
serial RS-422 line, with mathematical coprocessors and mem- 
ory, and is capable of real-time control of the machining unit 
and of the cell, by means of  a digital and analog integrated in- 
terface to the field, with a user interface and peripheral inter- 
face. The controller communication capabilities are based on 
point-to-point connection for file transfer by means of a mini- 
DNC communication protocol for CAD/CAM integration and 
of a peripheral communication system (PSC) for DNC integra- 
tion, multidrop connection by means of Data Highway II 
(DHII), and remote digital I/O oriented. 

From a software point of view, the controller software can 
be subdivided into (1) base software that is common to all the 
applications (operating system multitasking, time/event 
driven, service software, background partition, editing, file op- 
erations, diagnostics, machine logic interface development); 
(2) machining unit software that is specific to any machining 
unit (language and development systems, system interface pro- 
gramming, environment and facilities, diagnostics, debug and 
setup facilities, end user-oriented diagnostics, enhanced fea- 
tures for specific requirements by means of a custom software 
interface); (3) application software that is common to a specific 
process (ISO standard language and a geometrical and techno- 
logical language (GTL) parts programming, Advanced Super 
Set Extension Tool (ASSET) for files handling, system vari- 
ables, digital and analog input/output and serial lines, display 
and keyboard managing from parts program; and (4) a multi- 
programming language that allows simultaneous activation 
and synchronization of  additional parts programs, where the 
operator module can be common or shared. 
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The custom software interface (CSI) makes all of the com- 
puting resources of the controller available to the user and 
makes it possible for the designer and system integrator to ac- 
cess input/output memory mapped areas by means of assem- 
bler or high level languages, to develop dedicated and specific 
applications. 

ASSET language facilitates use of high-level parts pro- 
gramming and handling and accessing of data files, system 
variables (such as axes positions, input/output digital and ana- 
log signals, and serial lines status), and peripherals (such as 
keyboard and monitor with graphics capabilities). Finally, con- 
troller-integrated software interface with the field can be pro- 
grammed by the programmable interface system (SIPROM), 
which is a high-level language oriented toward logical signals 
handling and the characterization of the functionality and op- 
eration of the machining unit and the cell. 

Three real-time processes have been implemented to pro- 
vide control of the three axes and HAJM process control: real- 
time override of HAJM process variables; data acquisition and 
HAJM process parameter and variable real-time monitoring; 
and HAJM process parameter predetermination and optimal 
conditions estimation. 

The systematic design and implementation of the cell con- 
troller has been carried out following a methodology that is 
based on the following: 

�9 Objective definition 

�9 Subsystem and component analysis 

�9 Functional model and data analysis 

�9 Data acquisition and processing resources requirements 

�9 Hardware controller architecture 

�9 Base software design, debug, and validation 

�9 Application software design, debug, and validation 

�9 System integration and validation 

Machining unit characterization files and a cell/controller in- 
terface have been developed and implemented in a program 
executed with cycles relevant to the control system, unit, cell 
subsystems that activate the HAJM process variables, timing 
and sequences, axes movements,,~art loading and unloading, 
water treatment, and jet catcher.[ 19] 

The methodology followed during the study, development, 
and implementation of the HAJM cell began with an analysis 
of the physical and logical components and subsystems of the 
HAJM process with the goal of automation and integration. To 
achieve control and optimization of the HAJM process, the fol- 
lowing development steps were followed: 

�9 Determine suitable process variables, parameters, and 
models for computer control and machining condition op- 
timization 

�9 Monitor important process variables by means of suitable 
sensors and data acquisition and processing procedures 

�9 Determine machinable depth of cut or thickness by means 
of suitable process models and algorithm and computing 
resource allocation 

�9 ProCess optimization by means of multi-objective pro- 
gramming 

�9 Implement and validate the developed solutions based on 
test cases 

A technological process prediction and optimization mod- 
ule has been developed and integrated into the hierarchical 
control architecture of the HAJM process cell. This module, in- 
tegrated with a technological database for HAJM, predeter- 
mines optimal process parameters and variables, provided 
off-line to the CAD/CAM system, to plan and make available 
an optimized parts program, and to the adaptive control con- 
straint (ACC) and adaptive control optimization (ACO) to op- 
erate in real-time, respectively, in constrained or in optimized 
conditions (Fig. 2). Monitoring of the HJM/HAJM process is 
done by sensors, such as high-pressure transducers, position 
transducers for axes and standoff distances, water flow rate and 
abrasive mass flow rate sensors, solid-state camera for kerf 
width and jet  diameter measurement, cutting force sensors, etc. 
A monitoring process has been implemented in the controller 
both for HJM and HAJM, and the primary data are shown on 
the controller readout and made available to the upper level 
control hierarchy. The visualization combines actual variables, 
acquired from the field, with programmed and set variables and 
parameters. 

Regarding the prediction of machinable depth of cut corre- 
sponding to the expected thickness of the workpiece, suitable 
models have been studied for HAJM and implemented in a 
technological process prediction and optimization module. 
Due to the available computing resources in the controller, 
these models have been expressed using suitable algorithms of 
numerical analysis that make possible evaluation of the depth 
of cut starting from the selected parameter of the process. An 
interactive and iterative procedure allows identification of a 
predicted depth of cut equal to the depth of cut to be machined, 
and the identification of the relevant process variables and pa- 
rameters to be set. The predicted depth of cut and the associated 
parameters and variables can be visualized on the readout of 
the controller. A complete analysis of the prediction algorithms 
and of their implementation is reported in Ref 20. Experimen- 
tal HAJM data also can be collected and stored in a technologi- 
cal data base. 

Prediction of optimal machining conditions, in terms of op- 
timized HAJM process variables and parameters, establishes a 
fundamental step for HAJM computer control and optimiza- 
tion. This is done to avoid expensive and time-consuming ex- 
periments and tests and to guarantee the required productivity, 
quality, and economy in production. A HAJM optimization 
model can establish tile basis for the study and implementation 
of a real-time adaptive control optimization (ACO) mod- 
ule.[I 5,21l A HAJM process prediction and optimization mod- 
ule has been devised and implemented that is capable of 
evaluating HAJM optimized variables and parameters. The op- 
timized data can be input into the controller directly by the op- 
erator with a manual data input (MDI) procedure, or input 
automatically through a DNC or Mini-DNC interface. Data 
also can be input into the CAD/CAM subsystem at the CAM 
module level to obtain an optimized parts program, or in the 
ACO module for further real-time processing. The ACO mod- 
ule can implement an on-line adaptive control (AC) optimum 
machining condition strategy, based on the results of the off- 
line optimization procedure. Finally, optimized data can be 

424---Volume 2(3) June 1993 Journal of Materials Engineering and Performance 



Table 1 Classification of  H J M  and H A J M  variables  and pa- 
rameters  

Classes 

HJM/HAJM 
Hydraulics .......................... 

Machining .......................... 

HAJM 
Mixing chamber/focuser ..... 

Abrasive ............................. 

Variables 
and parameters Abbreviation 

Water pressure P 
Primary nozzle diameter d n 
Primary nozzle shape N~ 
Primary nozzle material N m 
Water flow rate (water m u. 

pressure, nozzle diameter. 
nozzle efficiency) 

Polymer concemration in c 
water (only HJM) 

Feed rate u 
Standoff'distance s 
Number of passes N 
Cutting angle c* 

Mixing chamber dimension M s 
and shape 

Focuser diameter dj 
Focuser length Lj 
Focuser shape F s 
Focuser material F m 
Density pp 
Hardness H d 

Particle size G r 
Particle radius t)~ 
Particle moment of inertia lp 
Particle roundness R/. 
Mass flow rate m 
Feeding effect (pressure, F e 

Venturi effect) 
Condition (slurried, dried) C s 

stored in the technological H A J M  database for future applica- 
tions. 

3. HAJM Modeling for Control and Optimization 

A critical analysis of  H A J M  models,  presented in the litera- 
ture, was carried out to identify and evaluate process variables 
and parameters and to define process models suitable for 
H A J M  real-time monitoring, control,  variables prediction, and 
optimization. At the same time, the analysis was extended to 
hydro je t  machining (HJM), i.e., to the process that uses only 
pressurized water, no abrasives. 

3 . 1  H A J M  V a r i a b l e s  a n d  M o d e l s  

Analysis of HAJM and HJM has been performed on a holis- 
tic approach, because even if specific variables are relevant to 
abrasive system, such as abrasive mass t]ow rate, mixing 
chamber  and focuser nozzle, some common classes of vari- 
ables that are relevant to hydraulic and material removal 
mechanisms can be considered and classified. Classification of 
the primary HAJM and HJM variables and parameters is pre- 
sented in Table 1.[6-8,22"23]A complete  analysis of  the effect of 
H J M / H A J M  variables on cutting geometry, economy, and 

quality of  cutting condit ions has been presented in Ref  8 and 
22. 

Also, a critical analysis of  the HJM and HAJM models pre- 
sented in the literature has been carried out. This analysis ad- 
dressed the identification of  the more recurrent variables and 
parameters and defined process models suitable for HAJM 
monitoring,  control, prediction, and optimization. Also,  a com- 
plete analysis of  these models has been presented in Ref  8 and 
22. Figure 3 summarizes this analysis. 1221 

A theoretical model was presented in Ref  24 and 25 that uses 
a control volume analysis to determine the hydrodynamic 
forces acting on the solid boundaries of  a cutting slot, and on a 
Bingham model,  [261 used to describe the t ime-dependent  
stress-strain relationship of  a variety of  solid materials;  this 
model  is suitable for the study and implementat ion of  an algo- 
rithm for HJM depth of  cut predetermination in the technologi-  
cal process prediction and optimization module,  in a closed 
form solution in the form o f a  nondimensional cutting equation 
obtained from the fol lowing:  

I,- :(W.>(,v, ',,('/",l'.. 
h = dnJ 2 C f / x  JI 

I . J 

[1] 

where h is the depth of  cut; d n is the nozzle diameter;  Cj.is the 
friction coefficient;  r 1 is the damping coefficient;  t5 c is the com- 
pressive yield strength; p is the water density; V 1 is the water 
je t  veloci ty  at the input of  the cutting slot; and u is the feed rate. 
Other models  have been analyzed extensively in Re f  8 and 22. 

A model  of  the H A J M  process has been presented in the lit- 
erature, [2,27-29] based on the erosion and abrasion processes 
caused by the hydro-abrasive jet. The model  uses exist ing theo- 
ries on the erosion of  metals by solid particle impact,  while site 
erosion models  are considered for the effect of  hydrodynamic 
loading on engaged particles during cutting. 

The material removal  process was modeled after two inter- 
action modes. The first is a cutting wear mechanism that occurs 
at the top of  the kerf  prilnarily due to particle impact at shallow 
angles. The second is a deformation wear mode that occurs 
deeper in the kerf  and is due to large impact angles. A simpli- 
fied global  material removal  model is proposed to predict the 
depth of  cut as a function of  HAJM process variables and pa- 
rameters. For the two interaction modes, the depth of  cut, h c, 
due to cutting wear, and the depth of cut, hd,  due to delormation 
wear, can be evaluated using the fol lowing equations: 

h c - 
14c@ 

2.5x 

~i7 1 
tl ( V c k ) '  5 

[21 

1 
h d = 13] 

, v )  

where d j  is the jet  d iameter  at the output from the secondary 
nozzle or focuser; lh is the abrasive mass flow rate; V i is the ac- 
tual water jet  velocity;  C k is the characteristic velocity;  C 1 is the 
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Fig. 3 Summary of HJM/HAJM models, variables and parameters, and objective functions. 

impact efficiency of abrasive particles; PP is the density of 
abrasive particle; u is the feed rate; c is the deformation/cutting 
wear parameters; o is the material dynamic flow stress under 
the impingement of the jet; V c is the threshold particle velocity; 
and Cf is the friction coefficient on the kerr wall. The global 
depthof cut h can be predicted by means of the following equa- 
tion, [131 which is a linear combination of the previous equa- 
tions: 

h = d/{Nc[Eq 21 + Nd[Eq 3]} [4l 

where N c is the nondimensional number of depth of cut due to 
cutting wear, and N d is the nondimensional number of depth of 
cut due to deformation wear. Also, for this model, a critical 
analysis is reported in Ref 8 and 22. 

Eq 4 hhs been used in the technological process prediction 
and optimization module as a prediction model for the depth of 

penetration and as a cutting constraint in HAJM optimization 
multi-obj ecti ve programming. 

In addition to the previous models that take into account the 
prediction of HJM and HAJM depth of cut (i.e., an objective 
function related to process capability in terms of material re- 
moval), other models that take into account the quality of the 
workpiece machined by a hydro-abrasive jet were analyzed. 
The model proposed in Ref 30 takes into account the effect of 
HAJM variables and parameters, such as water supply pres- 
sure, jet feed rate, and abrasive particle size, on the kerf surface 
finish. The HAJM surface finish is characterized by striations: 
the model suggests that these striations are due to the kinemat- 
ics/geometry of the cutting process rather than to any dynamics 
of the process such as jet instability. This approach does not re- 
quire extensive knowledge of the physical micromachining 
mechanisms involved in the process, and it can be used to limit 
the empirical tests generally necessary to successfully apply 
HAJM. The model is based on an approach that does not differ- 
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entiate between the entry stage of the jet and a cyclic cutting 
stage, because the kinematics of the cutting process do not 
change during these two stages. The jet exit stage is associated 
with an outward deflection of the jet, thus producing an uncut 
portion. 

Considering the energy dissipation during HAJM, a cycling 
mechanism is suggested to generate the striated surface finish. 
The model provides the rate of penetration of the material as 
the velocity of the tip of the jet. Therefore, the depth of cut, or 
greater penetration, h, is given by the equation: 

h = h m l l  - e-BXo/(L/Xo)] 151 

where h m is the maximum depth of penetration when the 
feed rate is almost zero; ~ is the wavelength of the stria- 
tion; x 0 is the point where jet diameter is equal to zero 
within a cycle; B is a parameter that depends on all of the 
HAJM parameters, such as water pressure, P, abrasive particle 
size, g, feed rate, u, nozzle diameter, dj, standoff distance, X, 
etc.; it is assumed to be a constant. 

Moreover, the model provides an expression of the cyclic 
change in jet diameter, D, producing the characteristic stria- 
tions on the kerf surface, as follows: 

9 

D = D O :1 - e-A[h,,,-h)/h]-(Xe-XO)/L-Xo) [61 

where D o can be considered the jet diameter at the input (h 0) 
and is equal to the diameter dj  at the output from the nozzle; x e 

is the displacement within each cycle; A is a function similar to 
B; and it is assumed to be expressed by the simplified relation- 
ship: 

A = K P g / u  2 [7] 

where K is a conicity factor. 
Assuming x e = ~, the diameter, D m, at the end of each cycle 

can be obtained from Eq 7 as the following: 

9 

D m = D o  l - e-A[hm -h) /h l -  [8] 

From this equation, a kerf conicity function 

= [D o - Dm(h) ] /h  [9] 

has been obtained and applied within the technological process 
prediction and optimization module as quality constraint in the 
HAJM optimization multi-objective programming. 

To summarize the critical analysis of the models, see Fig. 3 
for a summary of HJM/HAJM models, variables, parameters, 
and objective functions. 

3.2 HAJM M u l t i - O b j e c t i v e  O p t i m i z a t i o n  

To optimize the HAJM process, it is necessary to establish 
the preferred objective functions. From the critical analysis of 

Table 2 Classification of HAJM objective functions 

Objective Application 
Classes functions Expression field 
Material removal 
rate (productivity),.. Depth of cut /7 (see Eq 4) Generic 

Removed thickness ]7 = dh/dt Drilling 
per unit-time 

Removed area per A - hu Cutting 
unit-time 

Removed volume per V- huw Milling 
unit-time 

Removed volume per AV = hw Generic 
unit-length 

Cuning eft'iciency q,.=Av/(O.5,in.,2)Generic 

Specific energy SE= (0.5 pkV2t)/AVMming 

Machining quality 
level ....................... Kerf width 

Conicity 
Waviness 
Surface roughness 
Material damage 
Delamination ... 

Machining Cost per unit- C (see Eq 16) 
economy ................. machined length/unit- 

removed volume per 
unit-time 

w Generic 
6 Generic 

W~ Generic 
R a Generic 
... Generic 

Cmnposites 
Generic 

the studies on HAJM and HJM reported in the literature, the 
typical objective functions that are generally used are shown in 
Fig. 3 and classified in Table 2. Some objective functions are 
identified and classified into three classes relevant to material 
removal rate (or productivity), machining quality, and machin- 
ing economy. 

It is possible to identify several objective functions that can 
be expressed by means of suitable models. It is also possible to 
associate suitable quantitative expressions to some objective 
functions that usually have a qualitative meaning. Some objec- 
tive functions have a generic applications field, whereas others 
have a specific application. The most important objective func- 
tions are a material removal rate or productivity objective func- 
tion and a machining economy objective function, whereas the 
material removal quality can be considered a quality constraint 
to be satisfied as far as a delivery time constraint, or a con- 
straint relevant to the available manufacturing resources, or a 
constraint relevant to a given application. 

The objective functions listed in Table 2 generally are used 
in the literature as single-objective optimization models. An in- 
depth analysis of HAJM optimization has pointed out that a 
more suitable HAJM optimization model should be selected. In 
fact, single-objective programming optimization models do 
not capture the complexity of this problem. Moreover, because 
optimization models play a central role in the machining re- 
sources planning process, the type of model presents a signifi- 
cant effect on the planning stage and on the optimization 
results. Single-objective programming models require the use 
of a single measure of effectiveness, which encompasses data 
and parameters estimation and offers limited choices for the 
decisionmaker. Therefore, a suitable system analysis and plan- 
ning procedure must be based on a multi-objective ap- 
proach.[341 
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The approach followed was based on a stepped planning 
methodology: 

�9 Identification and quantification of objectives 

�9 Definition of objective functions 
�9 Definition of decision variables and constraints 

�9 Data collection 

�9 Generation and evaluation of alternatives 

�9 Definition of selection criteria 

�9 Selection of preferred alternatives 

�9 Implementation of selected alternatives 

The methodology began with the identification and quanti- 
fication of objectives and the definition of decision variables 
and constraints--that is the optimization model formulation. 

Critical analysis of approaches followed in the literature has 
uncovered the limitations of those based only on a single-ob- 
jective model, which generally are based on an objective func- 
tion (e.g., depth of cut, conicity, or cost per unit-machined 
length). The results of such a procedure give rise to a subop- 
timization, and generally, the results obtained for an optimiza- 
tion process based on different objective functions are in 
conflict. 

To capture the complexi|y of the HAJM optimization prob- 
lem, a multi-objective optimization model was developed 
based on suitable and conflicting objective functions that were 
selected to match the actual choices available to an industrial 
planner or decisionmaker. Therefore, an objective function has 
been selected from the first class in Table 2, as material re- 
moval rate or productivity objective function. A second objec- 
tive function has been selected from the third class, as a 
machining economy objective function. The decision variables 
have been selected from the more frequent and significant vari- 
ables. 

The limits of these variables have been set taking into ac- 
count the available machining resources, such as water supply 
pressure, machining feed rate, abrasive mass flow rate, focuser 
nozzle diameters, and abrasive particle densities and sizes. 
Constraint functions of the decision variables have been se- 
lected taking into account machining, quality, and power func- 
tions. A machining constraint function can be expressed as, 
"the kerr depth to be machined must be equal or greater than the 
required depth." A quality constraint function can be expressed 
as kerf conicity, or kerr width, or kerf surface roughness. These 
quality constraints are justified, because in the industrial proc- 
ess, the machining process must only satisfy product quality 
design specifications. 

The quality constraint function is particularly important 
when net-shape machining or high accuracy machining are re- 
quired. From the experiments performed, these features are 
possible with the HAJM process. 

The last constraint function can be expressed as a power 
constraint function, which is directly proportional to water hy- 
draulic pressure and flow rate. Due to the characteristics of the 
hydraulic servo-control, operating at a constant pressure up to 
a maximum and at a flow rate up to a maximum, depending on 
the frequency of the high-pressure reciprocating plunger inten- 
sifier, thi.'s constraint function can be simplified, because it is 
always satisfied in the operating range when water pressure 

and flow rate comply with pressure and flow rate variable lim- 
its. 

Finally, because of the hydraulic constant-pressure servo- 
control, flow rate depends only on pressure and on the primary 
nozzle diameter. A further simplification can be adopted by 
considering this primary nozzle diameter as a parameter equal 
to a suitable value. 

Using the results of the analysis of HAJM variables and 
models, HAJM optimization has therefore been studied as a 
multi-objective optimization problem, [8"34-41] where the fol- 
lowing two objectives are defined: an economy lunction to be 
minimized and a productivity function to be maximized, whose 
variables have to comply with the resource limits and have to 
satisfy the machining, quality, and power constraint func- 
tions. [ 381 From the previous analysis on HAJM variables, a si x- 
dimensional column vector, x, of the decision variables used in 
the optimization model can be defined as follows: 

x = [xi] i=  12 ..... 6 [10J 

where 
x I = P (water supply pressure) 
x 2 -- u (feed rate) 
x 3 = rh (abrasive mass flow rate) 
x 4 = dj (focuser dialneter and jet diaineter) 
x 5 = pp (abrasive particle density) 
x 6 = G r (abrasive particle size) 

x 1, x 2, and x 3 are continuous, whereas x 4, x 5, and x 6 are 
discrete in practice. 

With reference to the models, expressed in Eq 4 as a machining 
constraint function and in Eq 8 as a quality constraint function, 
the following quantities can be considered as parameters for 
the different classes: 

Material: ~, material dynamic flow stress; Cj; friction coef- 
ficient: Vc, threshold particle velocity 

Hydraulic power: d.  primary nozzle diameter (i.e., to sat- 
isfy the hydraulic power limit at the maximum pressure) 

Prediction: Ch impact efficiency; K, conicity factor 

Machining conditions: h, requested kerf depth; 8, requested 
kerf conicity 

Model limits: s, standoff distance; ~, cutting angle; N, num- 
ber of cutting passes 

After evaluation of the x vector optimal conditions, other val- 
ues of.r i optimizing variables can be evaluated, if needed, in 
terms of: 

�9 Nozzle: ~, mixing coefficient of the nozzle: dm primary 
nozzle diameter 

�9 Abrasive: rap, abrasive particle mass; rp, abrasive particle 
radius; 1p, abrasive particle moment of inertia 

�9 Machining: N. number of cutting passes 

The X space, or feasible solution region, can be defined in 
terms of constraints on the following variables: 
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X = { x l X i ,  i = l , 2  ..... 6 ; g j < O , j = l , 2 , 3 ; x > O }  [11] 

where 

x, :Ix1 xl., <x, 

X 2={x 2 X2m-<X 9_<xgM 

X3={x 3 X3,n<X3<-X3M} 

X 4 = {X4k } k = 1,2 . . . . .  m 

X 5 = {x5/} l =  1,2 . . . . .  n 

X 6 = {X6r } r = 1,2 . . . . .  p 

gl(xi)  <_ 0 

g2(xi) < 0 

g3(xi) <_ 0 [12] 

In the above, X i (i = 1,2 .... 6) subspaces and gq (q = 1,2,3) 
constraint functions: 

Xlm and XlMare, respectively, the feasible min imum and 
maximum pressure. 

X2m and X2M are, respectively, the feasible min imum and 
maximum feed rate. 

X3m and X3M are, respectively, the feasible min imum and 
maximum abrasive mass flow rate. 

X4k, X5l, and X6r are, respectively, the available focuser noz- 
zle diameters, abrasive particle densities, and abrasive 
particle sizes. 

The constraint function g l(xi) can be expressed as: 

g l(xi) = h - h(xi) [131 

as the kerf depth constraint function, where h is the requested 
kerr depth, and h(xi) is the kerf depth predicted by the model 
expressed in Eq 4: 

g2(xi) = 8(xi) - ~ = [(D O - Dm(Xl,X2,h)/hl - 8 1141 

as the kerf conicity constraint function, where 6 is the re- 
quested kerf conicity, and D m can be evaluated by the model 
expressed in Eq 8. 

The constraint function g3(xi) generally can be expressed as 
a power constraint function that is directly proportional to 
water pressure and flow rate as: 

g3(xi) = [3 .r~/2 d 2 - W l151 

where d n is the diameter of the primary nozzle; [3 is a coeffi- 
cient proportional to nozzle efficiency; and W is the maximum 
available hydraulic power. In this case, because the hydraulic 
system has a constant-pressure servo-control and a limit on the 
frequency of the reciprocating plunger intensifier, i.e., a limit 
on water flow rate, Eq 15 and the last expression in Eq 12 are 

satisfied when x I pressure complies with the pressure con- 
straint, expressed by th_e first expression in Eq 1 2 and the pri- 
mary nozzle diameter, d n, satisfies the flow rate limit and the 
power limit at the maximum pressure. 

This optimization model and HAJM process prediction and 
optimization module are not limited to these specific process 
models, but they can be adopted to any other physical or semi- 
empirical process model. 

To define a multi-objective function, the fol lowing single- 
objective functions must be defined:f l (x) ,  an economical  sin- 
gle-objective function based on C(xi) direct cost per 
uni t -machined length, or unit-removed volume per unit  time, 
which must be minimized (see Table 2) f2(x) a productivity, or 
material-removal rate, single-objective function based on the 
A{xi) removed area per unit time, which must be maximized 
(see Table 2). 

The.f  I (x) objective function can be expressed as: 

: C(xi) : E Cj(xi) J : 1,2,..6 [16] 

J 

where ~(x i )  are the cost components of the economy function, 
respectively: 

Cl(X 2, x 3) = ccrr3/(gx2) [16a] 

is the specific cost of abrasive per machined unit length; where 
c a is the abrasive cost per weight unit; g is the abrasive effec- 
tiveness lector, or penalty factor, that takes into account abra- 
sive particle hardness, shape, and breakdown, distribution and 
acceleration inside the focuser and at impingement:  [42-44] 

C2(x l '  x2) = Celqg x~/2/x2 [16b] 

is the cost of the electrical power per machined unit length; 
where Cel is the electrical power variable cost; q is the global 
efficiency; y=  (rc/4)712(2/p) 1/2, where p is the water density, 
and d n is the primary nozzle diameter: 

C3(x 1 , x 2) = CwTX]/2/x2 [ 16cl 

is water cost per machined unit length, where c w is the water 
cost: 

C4(x 1' x2' x3) = ~-x lX3Zr2 [16d] 

C 5 (x 1" x2) = cp.r Ii/2Zv 2 [ 1 6el 

C6(.r I , x 2) = ~.r~'/2Zr2 [16t] 

are penalty cost functions,  respectively, C 4 of the focuser noz- 
zle, C 5 of the primary nozzle, C 6 of the intensifier, that take into 
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Fig. 4 HAJM multi-objective optimization model. 

account the wear in these components, e, % and ~ are penalty 
factors. 

TheJ2(x) objective function can be expressed: 

f2(x) = A(xi) = h(xi)x 2 [171 

where h(xi) is the kerf depth predicted by the model expressed 
in Eq 4. 

Then, the objective function f(x) can be defined for this 
multi-objective optimization problem as: 

f(x) = [-J'l (xi)' f2(xi  )] 1181 

Therefore, the multi-objective optimization problem can be 
formulated: 

Maximize f(xi) subject to x i ~ X 1191 

This multi-objective optimization problem can be solved 
following the planned methodology. The generation and evalu- 
ation of alternatives, definition of selection criteria, and selec- 
tion of preferred alternatives can be performed after definition 
of the HAJM models, single-objective functions, multi-objec- 
tive function, and set of constraints, as tbllows (see Fig. 4): 

�9 Definition of solution methods 

�9 Determination of the region of the nondominated solutions, 
or determination of FPO, the Pareto-optimal set in the Yob- 
jective functions space, that contains the decision alterna- 
tives 

�9 Definition of production strategies and searching criteria 
for the selection of the HAJM optimal solution 

Techniques for generating nondominated or noninferior so- 
lutions of the formulated multi-objective optimization model, 
such as the weighting method, constraint method, noninferior 
set estimation (NISE) method,[34,37-39]have been studied for 
use in the HAJM process prediction optimization module. To 
directly analyze the Y space, Fpo,  and the Pareto-optimal set, a 
program based on an extensive algorithm has been developed 
and implemented�9 The Y space has been determined by evalu- 
ating the 0el,f2) couple corresponding to the [xi] six-dimen- 
sional set of possible values. In the Y space, F p o  is then 
determined by making a graphical representation of  the Y 
space. This noninferior set exhibits a "kinked" shape that justi- 
fies the use of generating methods as the weighting, constraint, 
or the NISE method. The optimum conditions are found in the 
vicinity of the "kink." 

To determine the optimum solution, if no criterion or prefer- 
ence has been expressed for economy or productivity single- 
objective functions, the minimum distance from the ideal 
solution (or the utopia point) criteria can be used to:[34"38,45,46] 

minimize d = [(fl - ) / ) 2  + (f2 _./~)211/2 
= lZ/,.(/k(xi) _ . ~ ) 2 1  I/2 k : 1,2 

subject to ( / I f2)CFpo [201 

where./*, the coordinates of the ideal solution in the objective 
space, are the optima for each objective 0'~'2~). 

For this criteria, the optimized solution is the point of the 
pareto-optimal set at the minimum distance from the ideal so- 
lution of the g space, corresponding to a minimumfl  and maxi- 
mum �9 f2, which is generally not feasible. When a specific 
production strategy is defined by the decisionmaker, the search 
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Table 3 Abrasive types and properties  for H A J M  optimization model  test cases 

Abrasive kg/dm 

<1> Glass grit ............................. 

<2> Silicon carbide ..................... 3.20 

<3> Olivine sand ......................... 3.30 

<4> Natural garnet ...................... 3.9-4.1 

<5> Synthetic red corundum ....... 4.00 

<6> Zirconia sand ....................... 4.6-4.8 

Density, 
rdnl 3 

2.53 

Abrasive particle size and Mohs 
roundness, mesh-adim, hardness 

16 (1)-36(I) 6.80 
60 (1)-80 (I) 

100(1) 
16 (0.31)-36 (0.31 ) 9.5-9.7 
60(0.311-80(0.311 

100(0.311 
36-60 6.5-6.7 
80-100 

16 (0.52)-36 (0.48) 8.0-9.0 
60 (0.42)-80 (0.40) 

100 (0.40) 
16-36-60 9.00 
80-100 
36-60 6.5-7.(/ 
80-100 

Abrasive effectiveness Medium 
factor (adim.) unit-cost, Lit/kg 

0.68 1500 

0.96 2000 

0.66 400 

0.85 1200 

0.90 1300 

0.67 1000 

of  the optimal solution can be obtained by defining a utility 
function of  the two-object ive optimization problem as: 

UOql , f2)  : u  [211 

which can be represented by indifference or isopreference 
curves and which indicates the degree to which the decision 
maker  is willing to sacrifice one object ive in order to obtain the 
second objective. This establishes a tradeoff between the ob- 
ject ives.  The slope of  the indifference curve can be expressed 
by the marginal rate of  substitution (MRS): 

MRS 12 = dJ2/dfl I uO,. 1 d,2):U(/-" ] d'-2) [221 

where.fl  and f2 are fixed values of  the two objectives,  which 
must be specified in the Y space because the slope of  the MRS 
constantly changes. 

Taking into account the specific shape of  the Fpo for HAJM 
mult i -object ive optimization, the utility function can be as- 
sumed in a linear form as: 

U ( f  1 f 2  ) : o~fl 4- (1 - o0,/" 2 1231 

where 0 < c~ _< 1 represents a coefficient  that expresses the 
tradeoff between the two object ive functions. From the analy- 
sis of Fp(~ it can be verified that, when c( = 1, the utility func- 
tion is equal to 7/1 objective function, i.e., the single objective 
is the economy function, such as direct cost per unit-machined 
length or per unit-removed vo lume per unit time. When o~ = 0, 
the utility function is equal to f2 object ive function, i.e., the sin- 
gle object ive is the productivity or material removal  rate. 

Indifference or isopreference curves can be expressed as 

follows: 

�9 f2 = 1c~ / (o~ - 1)]fl + ~ [241 

In the H A J M  process, a suitable choice ofc~, slope of  a straight 
line, can satisfy a specific tradeoff situation, when quality, pro- 
ductivity, or economy functions must be satisfied. 

3.3  Application of HAJM Optimization Model 

Algori thms of  the prediction and optimization model  have 
been implemented,  tested, and evaluated under several ma- 
chining conditions. The evaluated data were compared with 
data reported in the literature and with data directly obtained 
from physical  experiments.  To this purpose, some numerical 
experiments  were planned and designed. A set of  suitable abra- 
sives was selected (glass grit, silicon carbide, ol ivine sand, 
natural garnet, synthetic red corundum, zirconia sand). Their  
properties are listed in Table 3. The abrasive properties consid- 
ered include: 

�9 Density (pp), which is a discrete variable in the cutting con- 
straint function (Eq 13), based on the prediction model  ex- 
pressed by Eq 4 

�9 Abrasive particle size (Gr), which is a discrete variable of  
the optimization model  expressed by Eq 10 

�9 Roundness factor (Rf), which is a variable in the selected 
prediction model  corresponding to abrasive particle size 

�9 Hardness, which is proportional to the abrasive effective- 
ness factor (la), which has an effect on the specific cost of  
abrasive per machined unit-length (Eq 16a) 

�9 Abrasive unit-cost (Ca), which is the abrasive cost per 
weight-unit  (Eq 16a) 

in these test cases, the abrasive effectiveness factor, g is a 
linear function of  hardness, but it can be considered as a pen- 
alty factor taking into account other attributes such as the shape 
and breakdown properties of  abrasives. 

From the results of  the mult i-object ive optimization, the op- 
t imum combinat ion of  properties in terms of  density, abrasive 
particle size, and hardness facilitate the selection of  the optimal 
abrasive type. 

The H A J M  optimizat ion tests were designed for threc types 
of  m e t a l s - -  an a luminum alloy (2024 T3), carbon steel (C30), 
and gray cast iron (G30). The parameters used in the three test 
cases are shown in Table 4; they are summarized as fl)llows. 
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For the a luminum alloy in test 1, the material  dynamic  f low 
stress (o)  is replaced by E l 1 4  (where  E is the Young 's  modu-  
lus), which  is the min imal  f~redicted numerical  devia t ion from 
the exper imenta l  results,  [131 equal  to 5210 MPa; V c is equal  to 
40 m/s. For the ca rbon  steel in test  2, ~ = 14,800 MPa, V c = 90 
m/s. For  the gray cast iron in Test 3, c~ = 7860 MPa;  V,. = 75 

m/s. For al_l the three op t imiza t ion  tests, h =  100ram;  
= 0.5 ram: d n = 0.25 ram. 

T a b l e  4 R a n g e  o f  t h e  o p t i m i z a t i o n  t e s t  v a r i a b l e s  

V a r i a b l e s  "rest I "lest 2 T e s t  3 

X I = P, bar ........... 1500 min; 1500 min: 1500 min; 
3500 max 35(10 max 3500 max 

X 2 = u, mirgmin ... 5 rain; 5 min; 5 mira 
155 max 155 max; 155 max 

X3 = m,g/min ....... 100 min: 100 min: 100 rain: 
1000 max 1000 lnax 1000 max 

X 4 = d i, mm .......... 0.75-0.80-1.00 0.75-0.80-1.00 0.75-0.80-1.00 
X 5 = p, kg/dm 3 ..... 2.53-3.2-3.3-3.9-4.0-4.7 
X~, = R# mesh ....... 30-50-80-120 150-220 

To de te rmine  the Y space of  the f ob jec t ive  funct ion,  an ex- 
tensive  a lgor i thm was implemented .  In the test cases, suitable 
increments  of  the opt imizat ion  model  decis ion var iables  were 
used. Figures  5 to 7 show the graphical  representa t ion  of  the Y 
space, for the three test cases, which  exhib i ted  the ant icipated 
"&inked" shape. For a sui table  graphical  representa t ion  of  the Y 
space, the scales of  the two axes were selected accord ing  to the 
different  values  assumed by./1 and]2  for the three test cases�9 On 
the hor izonta l  axis, f l ,  the economy objec t ive  funct ion  (cost 
per uni t - length) ,  is represented  in Li t /m (Ital ian Lire/meter) ,  
whereas  on the vertical axis,./2, the product iv i ty  objec t ive  func- 
tion ( r emoved  area per uni t - t ime) ,  is represented  in mm2/min .  

Because  some decis ion var iables  in the s ix -d imens iona l  set 
are d iscre te  and the opt imiza t ion  solut ion is d iscre t ized by the 
ex tens ive  algori thm, the densi ty  of  the g'l, J2) points  is not  uni- 
form. Analys is  of the three different  Y spaces indicates  that  the 
di f ference in density among  the ( f l , / 2 )  points is due to the me- 
chanica l  propert ies  of the mater ia l  (c; and Vc). When  the mate- 
rial exhib i t s  higher  (s and V c, fewer  mach in ing  condi t ions  
satisfy the machin ing  constraints �9 

In the F p o  region of  the nondomina t ed  solut ions,  the 
pare to-opt imal  set can be deternf ined;  as shown in Fig. 5 to 7 
(points  A to P are for test 1 ; from A to H are for tests  2 and 3). 
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Fig. 5 Test 1: Graphical representation of Y space and F p o o f f o b j e c t i v e  function (horizontal axis:fl[Lit/m]; vertical axis; f;[mm2/min]). 

4 3 2 - - V o k u n e  2(3) June 1993 Journal of Materials Engineer ing and Performance 



T h e  n o n d o m i n a t e d  s o l u t i o n s  w i t h  t h e  c o r r e s p o n d i n g  v a l u e s  o f  

t h e  s i x - d i m e n s i o n a l  v a r i a b l e  s e t  a r e  g i v e n  in  T a b l e s  5 to  7. 

N o t e  i n  t he  t h r e e  t e s t  c a s e s  t h a t  G r (x6)  c a n  a s s u m e  a n y  v a l u e  

f r o m  t h e  s e l e c t e d  r a n g e � 9  T h e  o p t i m a l  a b r a s i v e  is  a l w a y s  t he  l e s s  

e x p e n s i v e � 9  T h e f l  e c o n o m y  f u n c t i o n  i s  i n f l u e n c e d  p r i m a r i l y  b y  

t h e  a b r a s i v e  f l o w  ra te .  S e n s i t i v i t y  a n a l y s i s  o f  t he  d i f f e r e n t  v a r i -  

a b l e s  s h o w s  t h a t  i n c r e a s e s  in  w a t e r  p r e s s u r e ,  f e e d  r a t e ,  a n d  

a b r a s i v e  f l o w  r a t e  l e a d  to  c o r r e s p o n d i n g  i n c r e a s e s  in  t h e f l  a n d  

f 2  o b j e c t i v e  f u n c t i o n s � 9  A m o r e  c o m p l e t e  s e n s i t i v i t y  a n a l y s i s  is  

r e p o r t e d  in  R e f  8. 

T a b l e  5 T e s t  1: N o n d o m i n a t e d  s o l u t i o n s  w i t h  c o r r e s p o n d i n g  v a l u e s  o f  t h e  s i x - d i m e n s i o n a l  v a r i a b l e  s e t  

P (x2), //(x2), m (x3), d j  ( x 4 ) ,  pe (xs)~ Gr (x6), f l ,  f 2 ,  
M P a  m m / m i n  g /min  m m  kg /dm ~ mesh  Li t /m mmZ/min 

A ........................ 350 15 100 0.80 3.30 ... 9,044 15(15.2 
B ......................... 330 25 200 0.75 3.3/) ... 12,313 2659.1 
C ......................... 350 25 2//11 0.75 3.30 ... 12,774 2783.9 
D ........................ 311/ 35 300 /).75 3.30 ... 14,851/ 3512.9 
E ......................... 330 35 300 0.75 3.30 ... 15,480 3699.4 
F ......................... 350 35 300 0.75 3.30 ... 16,110 3879.4 
G ........................ 330 45 400 (/.75 3.30 .�9 18,513 4625.8 
H ........................ 350 35 500 0.75 3.30 ... 19,315 486(I.5 
I .......................... 310 45 500 0.75 3.30 ..�9 21,753 4878.9 
L ......................... 350 45 600 0.75 3.30 ... 28,092 5824.6 
M ........................ 350 55 701/ 0.80 3.30 ... 30,748 66115.1 
N ........................ 350 75 800 0.75 3.30 ... 32,518 7606.9 
O ........................ 350 75 900 0.75 3.30 ... 36,368 7914.7 
P ......................... 350 75 1000 0.75 3.30 ... 40,217 8167.6 
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Fig. 7 Test 3: Graphical representation of Y space and F p o o f f o b j e c t i v e  function (horizontal axis:.f I [Lit/m]; vertical axis:J2[mn12/nfin]). 

T a b l e  6 T e s t  2 :  N o n d o m i n a t e d  s o l u t i o n s  w i t h  c o r r e s p o n d i n g  v a l u e s  o f  t h e  s i x - d i m e n s i o n a l  v a r i a b l e  s e t  

MPa rnm/_m.! n g/rnin . rnrn =w~,,,J mesh IAt/m m m / m i n  

A ........................ 350 5 100 0.75 3.30 ... 17,723 502.2 
B ......................... 350 15 400 0.75 3,30 ... 30,289 1546,0 
C ......................... 350 15 500 0.75 3.30 ... 37,371 1707.2 
D ........................ 350 15 600 0.75 3.30 ... 44.453 1829.2 
E ......................... 330 15 700 0.75 3.3(/ ... 51,534 1922.2 
F ......................... 350 15 800 0.75 3.30 ... 58,616 1993.0 
G ........................ 350 15 900 0.75 3.30 ... 65,698 2046.6 
H ........................ 35(1 15 1000 0.75 3.30 ... 72,780 2086.3 

To eva lua te  the op t ima l  so lu t ion ,  if  the m i n i m u m  d i s t ance  

f rom the ideal  so lu t ion ,  or  u top ia  po in t  c r i te r ion  is adop ted ,  

f rom tes t  1 (Fig.  5, Table  5) the o p t i m a l  point  is B, f rom test  2 

(Fig. 6, Table  6) the op t ima l  po in t  is A,  f rom test  3 (Fig.  7, Table  

7), the  op t ima l  po in t  is B. T h e s e  op t ima l  points  c o r r e s p o n d  to 

high p res su re ,  low t e e d  rate,  and  low abras ive  m a s s  f l ow rate.  

A m o n g  the  s i x - d i m e n s i o n a l  set  o f  op t ima l  so lu t ion  var iab les .  

feed rate ~nd a b r a s ive  m a s s  f low rate d e p e n d  on the  w o r k p i e c e  

mater ia l  cha rac te r i s t i c s .  

On  the  contrary ,  howeve r ,  i f  the  M R S  cr i t e r ion  is adop t ed  

( c o n s i d e r i n g  a l inear fo rm for  the  ut i l i ty  func t ion  as e x p r e s s e d  

by Eq 23), fo r  test 1, w h e n  c~ = 0, the  o b j e c t i v e  f u n c t i o n  corre-  

s p o n d s  to the  p roduc t iv i ty  o b j e c t i v e  func t ion  and  the op t ima l  

po in t  is P .  W h e n  0~ = 1, the  o b j e c t i v e  func t ion  c o r r e s p o n d s  to 

the e c o n o m y  ob jec t ive  func t ion ,  and the  op t ima l  po in t  is A. 

D u e  to the  kinked,  flat s h a p e  o f  the F p o  r eg ion ,  a sens i t iv i ty  
ana lys i s  o f  the  0~ coe f f i c i en t  d e m o n s t r a t e s  that  fo r  test  1 incre-  

m e n t s  to c~, f rom c~ = 0 and in the p r o x i m i t y  o f  ~ = 0, lead to 
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Table 7 Test 3: Nondominated solutions with corresponding values of the six-dimensional variable set 

P (x2), Gr (x~), 
MPa mesh 

R (X2), m (X3), dj (x4), pp (x5)~ 
mm/min g/min mm kg/dm" 

A ........................ 310 15 200 0.75 3.30 
B ......................... 330 15 200 0.75 3.30 
C ......................... 330 15 200 0.75 3.30 
D ........................ 350 25 300 0.75 3.30 
E ......................... 350 35 500 0.75 3.30 
F ......................... 350 45 80 0.75 3.30 
G ........................ 350 45 900 0.75 3.30 
H ........................ 350 45 1000 0.75 3.30 

.fi , J~z, 
Liffm mm/min 

15,187 1548.0 
15,656 1631.2 
16,126 1711.3 

�9 18,239 2502.2 
26.656 3554.2 
36,868 4575.8 
41.256 4736.7 
45,644 4863.2 

di f ferent  opt imal  solut ions ( f rom point  B to point  P), and that 
for the o ther  values ofc~ up to 1, the opt imal  solut ion coincides 
with poin t  A. This means  that  if  the product iv i ty  object ive 
funct ion  is preferred by the dec is ionmaker ,  the resul tant  opti- 
mal  solut ion varies, whereas  if  the e c o n o m y  objec t ive  funct ion 
is preferred,  the opt imal  solut ion co inc ides  with the opt imal  so- 
lut ion that  results when  the mul t i -ob jec t ive  funct ion  is equal to 
the s ingle economy objec t ive  funct ion.  

4. Conclusions 

This  article has presented  the approach  fo l lowed for HAJM 
compu te r  control  and opt imiza t ion  and  for the implementa t ion ,  
au tomat ion ,  and integrat ion of  a H A J M  cell. A hierarchical  
control  archi tecture has been presented.  Sui table  H A J M  pre- 
d ic t ion models  have been  analyzed.  A mul t i -ob jec t ive  optimi- 
zat ion model  has been def ined and  imp lemen ted  in a process 
predic t ion  and opt imiza t ion  modu le  that  was in tegra ted  into 
the cont ro l  architecture.  In addi t ion  to p rov id ing  opt imized 
H A J M  condi t ions  for e conom y  and  product iv i ty  opt imizat ion  
and sat isfying the cons t ra in ts  of  required kerf ing depth  and cut- 
t ing qual i ty  and avai lable  m a c h i n i n g  resources,  this  module  
has  es tab l i shed  a basis  for the fur ther  use of  adapt ive  control 
cons t ra in t  (ACC), adapt ive  control  op t imiza t ion  (ACO),  and 
C A D / C A M  integration.  
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