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Abstract: As a traditional high energy-consuming industry, the forging industry consumes a lot of energy. The activity
consuming highest energy during forging process is the forging and heating. In order to solve the problem regarding how
to separate work pieces with different holding temperature intervals and combine them for charging, a group of work
pieces with compatible holding temperatures are analyzed for energy-saving charging combination. To aim this, an opti-
mal charging combination model for t energy saving is proposed as well as a group genetic algorithm based on tempera-
ture compatibility rule for problem solving. To obtain better optimal solutions, a BF (best fit) heuristic algorithm is de-
signed to generate individuals and initial population as well as an improved crossover operator. At last an instance is ana-
lyzed to verify the effectiveness of the proposed model and algorithm, and compared with the present charging planning

used in forging enterprises.
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1. INTRODUCTION

As a traditional high energy-consuming industry, the
forging industry consumes a lot of energy every year, occu-
pying approximately 20% of total cost in a factory. In order
to save energy and therefore increase the profit, more and
more enterprises consider the performance per watt as a key
factor to win competition [1]. The procedure consuming
highest energy during forging process is the forging [2].

For forging production, production planning is to sepa-
rate, combine and arrange the work pieces to be charged and
forged [3], called as job scheduling [4]. A lot of researches
focusing on flow shop scheduling or job shop scheduling
have been carried out with minimum time of completion [5]
(i.e. typical minimum Makespan problem) or minimum de-
livery delay as optimization objective. Another kind of batch
scheduling of interval production also aims to minimum the
completion time [6]. However, blanks sent to a forging shop
in actual productions are usually made of different kinds of
materials, which have different holding temperatures for
heating before forging. When blanks are separated into
batches for charging, it is scarcely possible to ensure all
blanks in a batch are made of the same material. Otherwise a
batch would comprise only several pieces of blanks, far less
than optimal charging amounts, resulting in decreased
equipment performance due to the sharply increased heating
energies as well as delay of lead time. So it is impractical to
separate blanks only by materials.
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Charging combination is less studied and energy saving
is seldom considered for forging production optimization [7].
In this paper, the charging combination for forging produc-
tion is studied and an optimization model of energy-saving
charging combination is established with considerations of
temperature interval. When making process specifications,
an interval temperature instead of a temperature value is usu-
ally presented according to the products performance re-
quirements by customers, because of the heating of blanks in
actual production strictly specified, limited processing tech-
nology of business and field measurement error. For exam-

ple, the holding temperature of work piece i is E T, J,

max

whereTi _ refers to the holding temperature the work piece

shall reach andTl. refers to the holding temperature the

work piece shall not exceed. The product performances will
not be affected, as long as the holding temperature for blanks
falls into this defined interval. So blanks made of different
kinds of materials with different holding temperatures can be
arranged in a batch and heated in a furnace together, pro-
vided their holding temperatures have an intersection. There-
fore, it is possible in this case to optimize blanks charging
for energy saving.

2. PROBLEM DESCRIPTION

Both the weights of a charging batch and the holding
temperature (e.g. whether holding temperatures of blanks in
a charging batch have an intersection) shall be considered for
batch production. In order to optimize the charging combina-
tion for energy saving, batching should comprehensively
aims to minimize the quantity of charging batches, maximize
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the average charging amount and keep the average holding
temperature of all batches as low as possible.

For convenient description of the charging problem, the
average holding temperature of a batch and the temperature
compatibility are defined as follows:

Definition 1: Average holding temperature of a batch
(called as AHT hereinafter for short) refers to the average
value of final holding temperatures of all batches in a batch-
ing plan. That is,

1 k
T==3T, (1)
kh:l

where T denotes the average charging temperature, denotes
the quantity of charging batches and denotes the holding

temperature of by, batch (b =1,2,..., k).

Definition 2: Temperature compatibility: the holding
temperature  intervals of work pieces 1 and j

are |1 s T ]and bjmin 3T Jrespectively and if Equa-

imin 2
tion (2) is satisfied, work piece i and j are called temperature
compatible, which means they can be heated in a same fur-
nace. If not, they cannot be batched for heating in a same
furnace.

[T:'min,T;'max ]m b—vjmin,T/'max Ji ¢ (2)

This optimization issue regarding charging combination
for energy-saving forging, discussed here, can be described
as follows.

There are N work pieces (the weight and the holding
temperature interval of each work piece have been given)
ready to be separated into B batches for heating. Each batch
refers to a heating job in a furnace and the maximum charg-
ing capacity of furnace is S. The work pieces in a batch
should be compatible and the total weights shall not exceed
S. The optimization objective is to minimize the quantity of
charging batches, maximize the average charging amount
and keep the average holding temperature of all batches as
low as possible.

3. ENERGY-SAVING CHARGING COMBINATION
BASED ON TEMPERATURE INTERVAL

3.1. Basic Premise
(1) Each work piece is allocated to a charging batch.

(2) A work piece would be subject to several heating
steps. For example, it would be heated again after forging.
Because its initial temperature, finishing temperature and
heating time are all defined in process specifications and its
tapping temperature is always the same, it can be considered
as a constant heating process with the heating steps being
ignored. It is assumed that each batch is only heated one time
in one furnace.

(3) A batch of work pieces are charged and heated at the
same time. Once the heating process is started, interruption
is not allowed, which means any work piece cannot be taken
out of the furnace before reaching the final temperature. In
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addition, new work piece shall not be added into the furnace
before current heating is finished.

(4) The capacity of the processing next to forging (ma-
chining) is sufficient.

(5) The scheduled job does not exceed the maximum ca-
pacity of equipments.

(6) The biggest weight of work piece does not exceed the
maximum loading capacity of heating furnace.

(7) Work pieces in a batch have similar holding time, so
the constraint of minimum total processing time can be ig-
nored.

(8) The furnace is equipped with sufficient heating ca-
pacity and the temperature the furnace can reach covers
holding temperatures of all work pieces.

3.2. Notations
The notations used in this paper are as follows:
n: quantity of work pieces;

k: quantity of batches;
nf;

B: charging batches set, B = {1,2,. . .,k};

J: work pieces set, J = {1,2,...

j: serial number of a work piece, j€ J ;
b: serial number of a charging batch, be B;;

J,: work pieces setinbatch b, bE B J, € J ;
z ;» weight of work piece j;

z, : weight of charging batch b;
S: maximum load capacity of furnace;
T o - upper limit of holding temperature for work piece
J;
T J lower limit of holding temperature for work piece
J;
7, : holding temperature of charging batch b in furnace;
K, ; : lower quantity limit of charging batches;

X j;, - decision variable to determine whether work piece
to heat in batch b);

Q': queue for work pieces;

O : queue for charging batches.
3.3. Mathematical Model

The following mathematical model can be established
according to the above premise and definitions:
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mln(k) o
1 k1
minQ:iZ(S‘ Zh) @
L =
minT:lZTb .
kbeB
ijbzl,jej (6)
bEB
z,=2x,7, <S.bEB -
JET
,/Q/h jmin’T/‘mﬂX Ji ¢ s b EB (8)
1 =madd, Yie s, he s N
Yz, /S<k<n o)
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0,/¢J,

Qtotal = [Qservice ’ QVO ’ Qresource ]

Equations (3), (4) and (5) are optimal objective functions
with minimum quantity of charging batches, minimum aver-
age charging difference and minimum average holding tem-
perature respectively. Equation (6) indicates each work piece
j can be allocated to only one charging batch b. Equation (7)
is the constraint for batch weight, indicating the total weight
of work pieces in a batch shall not exceed the maximum load
capacity of the furnace. Equation (8) indicates the intersec-
tion of holding temperature intervals of all work pieces in a
batch and shall be not void, which means all work pieces in a
charging batch shall be temperature compatible. Equation (9)
indicates the holding temperature for a charging batch and
shall be defined in a manner all work pieces can be covered
but as low as possible. Equation (10) defines the quantity

n
range of charging batches by a lower limit, i.e. Z z; . Itis
J=1
assumed that work pieces can be separated and allocated to
different batches. In addition, all work pieces in a batch shall
be temperature compatible so that a limit value is generated.
Equation (11) is the decision variable.

4. GROUP GENETIC ALGORITHM SOLUTION
BASED ON TEMPERATURE COMPATIBILITY
RULE

The group genetic algorithm (GGA)[8] is adopted in this
paper to solute the optimizations. GGA is different than
other genetic algorithms in its coding way and genetic opera-
tions [9]. In the practical utilization of GGA, with several
heuristic algorithms considered into GA operations (e.g.
population initialization and crossover) based on model fea-
tures, a group genetic algorithm based on temperature com-
patibility rule is proposed.
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4.1. Population Initialization Based On BF (Best Fit)
Heuristic Algorithm

For an intelligent algorithm, normally the first step is to
establish mapping relationship between individuals and
problem domain. The coding defined in the group genetic
algorithm is used to code individuals, which are then repre-
sented in the form of a two-dimensional array. This coding
can effectively reduce the redundant information.

Before coding, work pieces shall be order and numbered.
A chromosome in the code corresponds to a batching plan
and the length of chromosome to the quantity of work
pieces. The value of genes, which are grouped, denotes the
serial number of work piece in group. An example is as
shown in Fig. (1). It indicates that work pieces 5 and 12 are
allocated to batch B1, work pieces 2, 7 and 10 to batch B2,
work pieces 8 and 11 to batch B3, work pieces 1, 4, 6 and 9
to batch B4, and work piece 3 to batch BS5.

o[ [2710 [ 81114693

Fig. (1). Code illustration.

When generating individuals, work pieces in a charging
batch have to be constrained by the batch weight and the
temperature compatibility rule, so a BF (best fit) heuristic
algorithm based on constraints of batch weight and tempera-
ture compatibility [10] is designed to generate individuals
and furthermore the initial population as shown in Fig. (2).

Step 1: Work pieces are randomly ordered in queue Q
and numbered (1,2,...,7).

Step 2: Get work piece j out of Q. denotes the weight of
work piece j and for its holding temperature interval.

Step 3: O©Select batch b which has not been matched
with work piece j from batches queue Q’ and check whether
work piece j suits batch b. The weight margin of batch b

isAs, =8 —s, (5, is the current weight of batch b) and its

temperature interval is Tb ( Tb is the intersection of holding
temperature intervals of all work pieces in batch b and shall
be not void). &If all batches in Q’ have been matched with
work piece j, create a new batch bn o 11 Q’ and arrange work
piece j into it.

As,

new

Update the residual weight margin
=S—-z ;and the temperature interval 7, =7 of

batch bn - Until Q contains no work piece unmatched, go to

Step4, otherwise Step2. If there is a batch in Q’ which has
not been matched with work piece j, calculate

As,,' =As, +z, andTb, =TT, It As,,' >0,
Tb’ # (), arrange work piece j into batch b and update the
residual weight margin As, =Asb, and the temperature
interval 7, = Tb, of batch b. Until Q contains no work
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randomly order and number
L4 .
workpiece

!

get workpiece j out of workpieces
queue Q randomly

Y

Take the unmatchedbatch ~ hout of Q’
Calculate A sb’ =A s +z; and T,’
=T,NT;

v
Y
Move j into b; then update the residual

weight margin As,=A s, and temperature
interval T,=T,’ ofb .

Any batch es inbatchesqueue Q’ not
beenmatchedwith j?

N
¥
Createanew batchb ., inQ’andmove jinto
b,.ew ; thenupdate the residual weight marginand
temperature interval ofb ..,

Anyworkpiece inqueue Q tobe allocated

F\]

Y
Generate individualsaccordingtobatch
informationinbatchesqueue Q’

The sizeof individualspopulation

reache r?

Initial population obtained

Fig. (2). Population initialization based on BF.

’

piece unmatched, go to Step4, otherwise Step2. If As, <0

’
or T, = ¢, repeat Step 3.

Step 4: After each work piece has been allocated to cor-
responding batch in queue Q’, a batching plan is formed. Use
the coding way mentioned above to generate the individual.
Then go to Stepl to generate a new individual until the pre-
defined population size is reached.

End

4.2. Group Genetic Algorithm Based On Temperature
Compatibility Rule

(1) Coding and population initialization

When initializing population, random individual genera-
tion may result in infeasible solution. Because a two-
dimensional array is used to code individuals, the BF heuris-
tic algorithm with constraints of temperature compatibility
and batch weight described above is used for population ini-
tialization. The population which is initialized by the BF
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algorithm can not only ensure the feasibility of each individ-
ual, but also the randomness for the initial population to be
uniformly distributed in the solution domain.

(2) Fitness function

This proposed model comprehensively consider the op-
timization objectives as minimum quantity of charging
batches, minimum average charging difference and mini-
mum average holding temperature. So the comprehensive
evaluation with linear weighting is used to determine the
fitness function, as expressed below:

k- - —
mo =K =4, T =T (12)

max kmin qmax - qmin Tmax - Tmin

k—lZ(S_Zb

1
T_;;Tb

where W, , w, and W, represent the weighting coefficients

fitness = w,

(13)

(14)

of quantity of charging batches, average charging difference
and average holding temperature respectively and

wetw, +wp =1 k. .k G o »
T, represent biggest and smallest quantity of charging
batches, biggest and smallest average charging difference,
biggest and smallest average holding temperature and aver-
age holding temperature of each generation.

max > "Vmin ° qmin ’ Tmax and

(3) Selection

The roulette algorithm is adopted to select individuals
[11].

(4) Crossover

The crossover operation is mainly used to generate filial
generation. If the filial generation can retain excellent gene
segments from parents, it will be more effective. The cross-
over is related to coding and bad or improper crossover can
negatively affect the algorithm performance. An improved
crossover operator is proposed for group genetic algorithm
described here.

Step 1: Randomly select [k/ 2] charging batch seg-

ments from parents F| (where refers to the quantity of
charging batches).

Step 2: Select the charging batch segment from par-
ents F, (this batch shall have a work piece which is not in-

cluded in §,) and then put it into 5.

Step 3: If the length of S1 satisfy the length of chromo-
some code, go to Step8, otherwise Step4.
Step 4: Remove the work piece which is not included in

S1 from F, and put residual charging batch segments into

queue 0, .
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Step5: Combine those charging batch segments in ),

with consideration of two constraints: temperature compati-
bility rule and batch weight discussed above. The quantity of
work pieces in each combination varies from 1 to v (v is the

biggest quantity of work pieces of batches in Ql ). Then put
them into O, .

Step 6: Combination the work pieces (the number of
combined work pieces from 1 to g) of each batch in S1 (g
refers to the quantity of work pieces in each batch) and then

put the combinations into U, U, ...u, respectively (/ is the

quantity of charging batches in F)).

Step 7: Use combinations in (J, to recombine with
charging combinations in 4,4, ...U; one by one with the
same constraints in Step5 and then put the recombination
into S,
possible as long as the constraints are satisfied. Put the ex-

. It is required that the batch weight shall be as big as

changed work pieces into (J, and remove the work piece

which can be recombined out of 0, .

Step 8: For work pieces in Q2 , which are not included in
S2 , combine them according to BF and then put them into
Sz. So S2 is the filial generation generated from parents

F, and F, through crossover.

Step 9: Exchange positions of /| and £, . Then repeat
Step1 to Step8 until another filial generation is obtained.

Below is a crossover example.

There are two parents /| and F, as shown in Fig. (3).

Select 2nd and 4th batch segments from and put them into.
Then select batch segments from which do not include those

work pieces in 2™ and 4™ batch from F, and put them into
S, so as to form S, . Then remove work pieces which have
1 1 p

been included in S| from F, to form ;. Put work pieces

included in Q, into Q, and Q, : (1)O)X1,9X1,15)3,5,11).

Fi: 15 11 2810 | 171315 | 61214 |39

Fo: 3511 14 4713 |[815| 16 12 2910

Fig. (3). Chromosome codes of two parents.

Note that in case only considering the batch weight con-
straint, segments (9, 15) and (1, 9, 15) will be unnecessarily
generated. However, since work pieces 9 and 15 are not
temperature compatible, the two infeasible solutions are
avoided.
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Start

Generate Nindividuals based on BF to form the initial
populationP  (0) (letk=0)

Evaluate eachindividual
of populationP (k)

erminal conditions
satisfied ?

Output the
optimal results

v End

S elect two individuals from parents
"|population

Crossover
obability ¢> £ € [0,1] 2

v

N Crossover selected individuals

v to generate two  temporary
Select parent individualsas individuals
temporary individuals

| L

Carry out mutation operation  of two temporary individuals at probability p and then
put the newly generated individualsinto P (k+1). Letm =m+2

v

m{N?

N
v
Let k =k +1

Fig. (4). Group genetic algorithm solution based on temperature compatibility rule.

After carrying out combination on batch segments in S, , is replaced by (1, 9). (1, 9) and related segments are removed
the following can be obtained: from (), and replaced by 11. Provided the batch segments
2) (6) (4) after recombination are: (1,2,8,9X6,1 0,12,14X4,7,13). Then
@®) (12) %) use BF method to combine so as to form the final individual
S, with work pieces which are not included in Q, . This re-
10) (14) 13) L .
( combination make the charging amount of each batch as
(u,uy,us)=| (2,8) (6,12) 4,7) much as possible with the advantage of this crossover opera-
(2,10) (6,14) (4,13) tor to generate batch weight closer to load capacity.
8,100 (12,14)  (7.13) (5) Mutation
(2,810) (6,12,14) (4,7,13) The mutation operation in group genetic algorithm is

normally used to delete one or several gene segments for
recombination. The mutation operation used in this paper is
consisted of the following steps: Randomly select several
inQ, , the following can be obtained. It can be seen that 10 charging batches. If their average charging rate is below 7

After combining segments in u; with batch segments
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Table 1. Parameters of workpieces.
Workpiece Type Quantity of Workpieces (Piece) Weight of Each Workpiece (kg) Holding Temperature (°C)

J1 4 624 [1200,1250]
12 3 726 [1250,1300]
I3 12 359 [1180,1230]
J4 9 490 [1200,1280]
IS 11 289 [1100,1180]
J6 3 512 [1230,1300]
17 2 717 [1320,1400]
J8 6 343 [1250,1280]
J9 13 189 [800,850]

J10 16 798 [1280,1350]
J11 1 1364 [1390,1450]
J12 6 823 [1250,1320]
J13 5 334 [1130,1180]
J14 4 669 [950,1000]
J15 17 258 [900,980]

J16 7 407 [1000,1080]
J17 2 1080 [1300,1350]
J18 8 563 [1200,1280]

(such as 0.8), take all work pieces out of those batches to
cancel the batch and then randomly order. Use BF method to
re-separate those work pieces into batches.

The group genetic algorithm solution based on tempera-
ture compatibility rule is shown in Fig. (4).

5. CASE STUDY

Take an actual multi-order charging planning from DVR
(a famous forging enterprise in China) as example to illus-
trate the solutions of proposed algorithm above. The work
pieces forms the same order is classified into the same type
with similar holding time. Therefore when work pieces are
separated into batches, the constraint of maximum load ca-
pacity of heating furnace and the holding temperature com-
patibility among different types of work pieces shall be taken
into consideration. The maximum load capacity of heating
furnace is 8T and related parameters of work piece are listed
in Table 1.

The traditional batching in DVR is usually planned based
on the following principles: First separate work pieces into
different aggregates and calculate total weight of each ag-
gregate. For work pieces which are holding temperature

compatible but weight of which exceeds maximum capacity
of furnace, the extra work pieces will be put into a new batch
for charging until each batch is not overweight. Then regard-
ing those aggregates as individuals, order them with de-
scending weights and initially consider each aggregate as a
charging batch. Start batch matching from the batch with the
biggest weight. If two or more aggregates can be combined
into a batch, combine them. Otherwise take it as a single
batch.

The batching planned by the traditional way is as fol-
lows: number of batches is 12, average charging amount is
5455kg and the average holding temperature is 1171°C. The
details of charging batches are shown in Table 2.

The group genetic algorithm based on temperature com-
patibility rule described in Section 4 in this paper is used to
figure out a optimal batching plan. Parameters involved are
listed in Table 3. Repeatable run the algorithm 50 times so as
to obtain the following optimal solution: the number of
batches is 10, the average charging amount is 6587kg and
the average holding temperatures are 1163°C, 1165°C,
1166°C, 1168°C, 1170°C and 1171°C. The batching plan
with average holding temperature of 1163°C is listed in Ta-
ble 4.
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Table2. Batching planned by the traditional way.
Batch No.
Workpiece Type
1 2 3 4 5 6 7 9 10 1 12
J1 4
2 3
I3 12
J4 9
J5 11
J6 3
17
J8 6
J9 13
J10 10 6
J11 1
J12 6
J13 5
J14 4
J15 17
J16 7
J17
J18 8
Table3. Parameters involved in algorithm.
Parameter Value
Population size r 100
Number of iterations n 1000
Crossover probability p 0.8
Mutation probability q 0.5
Weight of quantity of batches Wi 0.6
Weight of average charging amount Wy 0.3
Weight of average holding temperature Wr 0.1
Number of repetitions m 50
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Table4. Optimal charging combination based on group genetic algorithm.
Batch No.
‘Workpiece Type

1 2 3 4 5 6 7 8 9 10
1 2 2
2 2 1
I3 4 8
J4 4 5
J5 11
J6 2 1
17 1 1
I8 1 4 1
J9 13
J10 6 6 4
J11 1
J12 1 2 1 2
J13 5
J14 4
J15 17
J16 7
17 2
J18 2 4 2

CONCLUSION batch with weight close to maximum load capacity of fur-

The problem regarding how to separate work pieces with
different holding temperature intervals and combine them for
charging is described in this paper and a mathematical model
of optimal charging combination for energy saving is pro-
posed as well as a group genetic algorithm based on tem-
perature compatibility rule proposed for problem solving.
Additionally the above mentioned algorithm and the tradi-
tional batching planning are compared by an actual order for
scheduling.

As seen from Table 2 and 4, the proposed algorithm de-
scribed in this paper is better than the traditional one in terms
of the number of batches, average charging amount and av-
erage holding temperature, resulting in less energy consump-
tion. Therefore regarding the energy saving, the batching
plan figured out by the proposed model and the algorithm
described in this paper is of good functions.

Besides, for the charging batch with very small actual
weight, it is recommended to arrange it into the next produc-
tion planning cycle, or select some work pieces from the
next production cycle to combine with it so as to form a new

nace as much as possible (optimal charging amount). Also
the lead time and the scheduling factors shall be considered
in this case.
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