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Abstract---In this paper a nonlinear programming approach
is used for the minimization of total communication cost to
determine the optimum room dimensions for each room.
The nonlinear programming problem is solved by the
Improved Move Limit Method of Sequential Linear
Programming. In this method, the objective function and all
the constraints are linearised in the neighborhood of the
design point and an optimum obtained through simplex
algorithm. To ensure that the movement is not large,
appropriate move limits are imposed as constraints. The
linearization and LP solution are repeated until the exact
optimum islocated.

Index Terms--Optimization, Move Limit Method,

Sequential Linear Programming, L ayout

L INTRODUCTION

Several algorithms are available which can be used for
the method of nonlinear programming problems. These
can be classified into : i) Penalty function methods
involving the transformation of constrained problem in
sequential unconstrained minimization problems, ii)
Direct methods which handle the minimization of the
objective function and satisfaction of constraints
simultaneously. Some of the important algorithms are: i)
Zontendijk’s method of feasible direction, ii) Rose’s
gradient projection method, 1iii) Sequential Linear
Programming. Sequential Linear Programming was
originally proposed by Griffith and Stewart[11]. The
method uses linear programming as a search technique. A
starting point is selected, and the nonlinear model and
constraints are linearized about this point to obtain a
linear problem which can be solved by the Simplex
Method. The point from the linear programming solution
can be used as a new point to linearize the nonlinear
problem, and this can be continued until a criterion is
met. According to Reklaitis [6] it is necessary to bound
the steps in the iterations to assure that the model
improves, the values of the variables remain in the
feasible region and the procedure converges to the
optimum. The bounds are additional constraint equations.
If the bounds are set too small, the procedure will move
slowly towards the optimum. If the bounds are set too
large, infeasible solutions will be generated.
Bhavikatti[12] suggested several improvements to the
method to ensure that the method can be used almost as a
black box for practical problems. A good discussion of
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the earlier developments can be found in Himmelblaue[3]
who calls the method as Approximate programming.
When constraints become active then Sequential Linear
Programming’s “ progress becomes quite slow” [3].
Mathematical methods have been widely used in building
design. Building design is described in Radford[1]. Their
optimal solution does not satisfy all the constaints. The
problem is as follows. Given a two-dimensional building
layout in which the topology is fixed but the geometry,
represented by wall lengths is flexible. The problem is to
minimize the total area of the building, subject to the
constraints that the room areas, length/width ratios for
rooms, wall lengths are within specified limits.
Mashford[8] used Constraint Logic Programming to
solve this problem. This building design model is faster
than the model decribed in [1] but includes more
constraints since it translates upper bounds for
optimization much more effectively. This problem is
similar to the floor plan optimization as described in [5,
13]. Van Camp[2] introduced Nonlinear Optimization
Layout Technique(NLT) where all the rooms and the
layout have fixed areas and rectangular shapes, but for
every rectangle the height and width are optimized by the
mathematical model. Anjos[8] presented a new
framework for facility layout problem. The framework is
based on two mathematical programming models. The
first model is a relaxation of the layout problem and is
intended to find starting points for the iterative algorithm
used to solve the second model. The second model is an
exact formulation of the facility layout problem as a
mathematical program with equilibrium constraints.

This paper discusses the building design optimization
procedure using Improved Move Limit Method of
Sequential ~ Linear  Programming. A  nonlinear
programming approach is used for the minimization of
total construction cost to determine the optimum room
dimensions for each room. Sequential Linear
Programming(SLP) is one of the powerful methods for
solving nonlinear optimization problems. The SLP[4]
consists in linearising the constraints and the objective
function in the neighborhood of a design vector and
solving the resulting linear programming problem to get a
new design vector. The linearization and solution of
linear programming problem is continued in a sequence
till optimum is reached. Nonlinear programming
approach is used for the minimization of capital cost to
determine the optimum room dimensions for each room.
This investigation thus deals with optimum dimensioning
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of architectural plans presented as dimensionless layouts.
The dimensionless layout is usually produced using
heuristic algorithm. Once a dimensionless layout is
available the constraints on wall lengths, room areas and
room aspect ratios must be stated so that the resultant
dimensions produce values which satisfy them without
violating the prescribed architectural constraints while
minimizing the capital cost. The variation in area of
rooms does not alter the layout pattern but affects the
total communication cost.

In the next section we introduce the building design
optimization problem. In section III we discuss the Move
Limit Method of Sequential Linear Programming and
describe an example. In section IV we describe results.
Finally we conclude in section V.

II. BUILDING DESIGN OPTIMIZATION PROBLEM

Plan of a building with rectangular rooms is available.
Each room has restriction on minimum and maximum
length, width, and area of a room. The objective function
is to minimize the area. Consider the case of a building
consisting of a single room with wall lengths w; and w,,
where we only specify minimum length, width and area.
Thus, the problem can be defined as:

min(w,, Wg)

such that w;, w,> 0
wi, W22A1

where A4,>0.

Radford[1]suggested the following building design
optimization problem. Consider the house plan as in Fig.
1. The objective is to minimize the area of the house,
while satisfying certain constraints. The constraints for
each room[8, 10] are shown in Table I. For example the
constraints on bed 1 are

10 <wzand w,< 17
10§W5andw5 517
100§w7w5and W ws < 180
W7§ 1.5 Ws

(length of room)
(width of room)
(area of room)
(aspect ratio)

Other constraints are based on the layout are:

Wit wg=wy+ w;
Wit Ws=wgt+ wyg
Wi =wrt ws

The other practical constraints based on the fact that the
doors to bed 2 and bed 3 must be via the hall are:

W9:W2+3
W]():W5+3
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4 15 3.5 6 0 72

5 10 17 10 17 100 | 180 | 1.5
6 9 20 9 20 | 100 | 180 | 1.5
7 8 18 8 18 100 | 180 | 1.5

TABLE L.
DIMENSIONLESS CONSTRAINTS ON ROOMS
room | Length(units) | Width(units) | Area(sq | ratio
units)
min | max | min | max | min | max | Max
1 8 20 8 20 | 120 | 300 | 1.5
2 6 18 6 18 50 | 120
3 5.5 5.5 8.5 8.5
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Let C be the set of constraints.
The objective function is:

minimize (w;,+ ws + wg) (Wi + ws)
subject to the constraints C

The objective function is redefined based on the cost of
kitchen and bath, Radford[1]:

minimize (w;+ ws+ wg) (Wi + ws) + wows + wsw;)
subject to C

The problem is a nonlinear optimization problem with
nonlinear constraints and cannot be solved using standard
optimization methods such as linear programming or
quadratic programming.

III. IMPROVED MOVE LIMIT METHOD OF SEQUENTIAL
LINEAR PROGRAMMING

A. Problem Formulation

The simplex method for solving LP problems is very
powerful, therefore, a number of techniques for solving
nonlinear programming problems are based on
converting them to LP problems. An initial solution is to
be selected to provide a base for the determination of the
tangents of the constraints and of the objective.

Consider a finite set of variables x;, x5, ..., x, The unit
cost coefficients for the main constructional elements,
namely, floor and walls are assumed and the construction
cost function, f{x) is to be minimized. This is generally a
nonlinear function of the variables. The upper and lower
limits on the length/width, ratios of the rooms, and the
minimum area for each room constitute the constraints.

Thus, the problem is:

minimize f (x)

subjectto g (x) <0 j=12 ..,n

where x is the vector of design variables which constitute
the optimum layout problem, n is a set of inequality
constraints of the form g ;(x) <0 (j=1, 2, ...., n), and

x; 0 (=12, .., k), where k is a set of decision variables.

B. Objective Function

Consider the dimensionless layout shown in Fig 4a. The
problem is to determine the optimum values of the
variables (w;, w,, w;,... ,w,) which minimize the overall
construction cost while satisfying the planning
constraints, given the construction costs of the walls and
floors. The values of the variables provide the room
dimensions.

The total cost for i rooms is given by:

n n n
KX (iR w) YKy (K2 LA K Y wy)
i=1 =1 i=1
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Figure 1. Dimensionless Layout from Radford and
Gero[1]

This is the objective function to be minimized. Here /;
and w; are the length and width of a room 7, and K; and K,
are constants depending upon the cost of floor/roof, cost
of wall, and K, K, depend on the geometry of the layout.
It can be estimated easily that the values of K; and K,
range from 1.5 to 2.0, depending upon the common wall
between adjacent rooms. Initially a value of 1.5 is taken.

C. Constraints

The planning constraints take the form:

1) minimum area, amin; , minimum length/width, Imin;
,and maximum length/width, Imax; , can be set for each
room .

Imin;—I; <0
L - Imax; <0
lminifwi <0
w; - Imax; <0

minimum length
maximum length
minimum width
maximum width
il)minimum and maximum area for different
rooms(amin;, amax;) can be set for each room

minimum area
maximum area

amin;- I; * w; >0
L *w;i- amax; <0

iii) room length-to-width ratio can be set. The minimum
ratio constraint consists of two constraints: the minimum
width-to-length ratio and the minimum length-to-width
ratio.

rmin;l; - w; <0
rmin;w;-1;,<0
w; - rmax;[; <0
L - rmax;w; - <0

minimum length-to-width ratio
minimum width-to-length ratio
maximum width-to-length ratio
maximum length-to-width ratio

iv) geometric constraints
D. Improved Move Limit Method of Sequential Linear
Programming

The problem, as formulated, is a nonlinear
programming optimization problem. The optimization
method used here is Sequential Linear Programming.
This method can adequately handle this problem and has

© 2008 ACADEMY PUBLISHER

JOURNAL OF COMPUTERS, VOL. 3, NO. 4, APRIL 2008

the advantage that it is simple to program. An outline of
the formulation is given below.
A general nonlinear programming problem can be
defined as:

minimize Z = F(x)

subject to

Gx<=<0 j=12 ..m

where x is a design vector on n dimensions, F(x) is the
objective function and G;'s are constraints. A problem
falls under the category of nonlinear programming if
either F(x) or any one of G;'s is a nonlinear function of
the variables. In the neighborhood of the design vector x*
using Taylor’s series expansion and retaining only up to
linear terms, the objective function and constraints are
approximated as

FO&) = Feb) + VT (68 (7 - )
G () = G ) + VGT () ¢+ -

With these approximations, the problem reduces to a
linear programming problem. The linear programming
problem is solved with the following additional
constraints on the movement of design variables

| x| < Mt

where x;“*', x;* and M;* are the ™ components of x**/, x

¥ and M*. The vector M* sets the move limits on the
design variables.

If X' is a feasible point, the objective function is
checked for improvement [F(x*"/)< F(x*)]. The sequence
of linear programming is continued from x*'' if
improvement is found in objective function. Otherwise,
the new design point is selected by quadratic
interpolation between the design points x* and x**/. In Fig.
2a, A represents the design point x* and B represents the
design point x**/. Assuming the objective function to vary
in a quadratic way along 4B, the objective function at any
point P, along 4B, can be written as

F(x) =Fx*+8)=F(a) =a+ba+cd

where a=AP/AB

and  S=x""-x

hence, F(0) =F(x*)=a

F()=F&"')=a+b+c

and  F'(0)= VF x*)=b

The point x" corresponding to the minimum F(a) along

the line is obtained by dF/da=0. The corresponding value
of a is:

b 1 v F (s

2¢ 2L FOM)-Feh) - vF' ) s

Hence, the new design point is given by
Y= +at (xk+l _ xk)

The move limit is also reduced to

M=o M

If a linear programming solution enters infeasible region,
it is steered to feasible region by moving in the gradient
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direction of most violated constraint. At any point,
distance S from x**/ along the gradient direction, the most
violated constraint(say ;) can be linearized as

G+ pVGI(H) =G ()
+BVGT (&) VG (") (1)

Since a point which just satisfies the constraint is
sufficient, equating (1) to zero, the value of § is obtained
as:

Gj (xk+ 1 )

p=- )
VGiT (xk+1 ) VG_/ (xk+1 )

and such a point is given by
x*=x"" 4+ pVGi) ?3)

Since the evaluation of constraint derivatives at a point is
expensive in the optimum shape design of continua, it is
preferable to use the gradient direction of previous point.
Thus (2) and (3) can be modified as:

Thus,
Gj (xk+ 1 )
ﬁ = -
VG (x) VG (x')
and

x*=xX"" + pvGid)

In some problems the technique of steering to feasible
region is to be used repeatedly to reach feasible region. If
the number of repetitions required is large, recalculation
of constraint derivatives is performed after predefined
repetitions.

After steering the design vector to feasible region, if no
improvement is found in the objective function, the
usability of the direction S° = x" - x* is checked. The
quadratic interpolation is resorted only if the direction is
usable. Otherwise, quadratic interpolation leads to x* as
optimum erroneously. In such cases quadratic
interpolation is to be done between x* and x**' (Fig. 2b)
and then optimization is continued.

Economy and success of optimization depends to a
large extent on the choice of move limits. If move limits
are small the progress of optimization is slow, if large the
design vector is likely to enter the infeasible region and it
may take considerable time to reenter the feasible region.

E. Example

Consider the dimensionless floor plan as shown in Fig.
4(a). This layout was obtained by Iterative Heuristic
Technique as described in [10]. Here, cluster analysis
technique is used to group closely related rooms. The
layout procedure is carried based on iterative heuristic
technique. The dimensions are in 300 mm (1 ft) units. A
program is developed to optimize nonlinear programming
problems using Move Limit Method of SLP. The
optimization proceeds as shown in Figure 3. Nonlinear
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Figure 2a. Quadratic interpolation along a line

programming is used in conjunction with dimensional
representations of floor plans to generate optimum
layouts subject to cost criterion and functional
constraints.

Improved Move Limit of SLP has been used to obtain
optimum dimension of the house. Fig. 4a shows the
dimensionless plan showing the variables. The objective
is to determine the values of the dimensions represented
by wy, W, ... wy; in order to minimize the overall cost,
subject to the constraints on room dimensions, areas and
aspect ratios. 50 to 250% variations are set for the room
areas and dimensions.

The problem can be formulated as:

min Z =100 [W10W8+ WigWo+ W3 Wy + W3 W5 + W, Wy

+ Wi We T Wi (WgT Wo) + W w7+ Wowy]

+ 825 [4W1 + 4W2 + 3W3+ W]()+ 2W7 + 2Wg

+ 2wy + 3w+ 2wy + 2 ws]
The first part of this formulation is the cost of floor and
the second part is the cost of walls subject to the
constraints on area, aspect ratio and dimensions of
rooms(Table II)

Xz

8.0 T Gy(X) =0

6.0 5S¢ = Exact Gradient Direction

S; = Exact Gradient Direction

40 B
Gy (X)=10
200
0.0 1 | 1 | Xs
20 4.0 6.0 8.0 10.0

Figure 2b. Steering design vector to feasible domain and
need for checking the usability of new direction
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Figure 4a. Layout obtained before optimization

The constraint for room 9 as shown in Table II can be
written as:

2.5<wpand w, <3.5 (length of room)
1.5<w;and w;<2.5 (width of room)
3.5<w,wyand w, w;< 7.0 (area of room)

1.25<w, and w, < 1.75 (aspect ratio of room)

E. Program

The program developed involves the following steps:

1. Checks whether the initial values are feasible

2. Generates Simplex Table with the Move Limits

3.  Determines the most violated constraint and its
value

4.  Determines the derivatives of the objective function
and the constraint equations

5. Determines alpha with respect to the most violated
constraint to steer to the feasible domain

6.  Checks the usability of the direction and if it is not
usable, then adopts quadratic interpolation to get a
usable direction

TABLEII.
CONSTRAINTS ON LENGTH, WIDTH, AREA, AND ASPECT
RATIO ROOM
Length Width Area Ratio
Room

Min Max Min Max Min Max |Min/Max
1 1.5 2.5 1.0 2.0 1.5 3.5 |1.25/1.75
2 1.5 2.5 1.0 2.0 1.5 3.5 [1.25/1.75
3 2.5 3.5 2.0 2.5 5.0 10.0 |1.25/1.75
4 |25 3.5 2.0 2.5 5 10.0 |1.25/1.75
5 2.5 3.5 1.5 2,5 3.5 9.0 1.25/1.75
6 1.0 3.0 1.5 2.5 2.5 8.5 1.25/1.75
7 1.5 4.0 2.0 4.0 4.0 12.0 [1.25/1.75
8 1.0 3.0 1.5 2.5 2.5 5.5 1.25/1.75
9 (2.5 3.5 1.5 2.5 3.5 7.0 1.25/1.75
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Figure 4b. Layout after optimization

7. Determines alpha by conventional method and
steers the feasible domain

8. Checks for optimum, if not, uses quadratic
interpolation and go back to Simplex Table

9.  Conventional method of averaging the variables—
displays the number of function evaluations,
number of derivative evaluations.

10. Method for simplex table

11. Method to calculate the derivatives of the objective
function and the constraints

12. Method to read the objective function and the
constraints for optimization

IV. RESULTS

The determination of the dimensions which minimizes
the construction cost may be determined using the
optimization problem. It is not sufficient to know the
specific optimal dimensions, the designer may want to
know the near optimal results, and if there is more than
one set of dimensions which produces the optimal results.
Fig. 4(b) presents the optimum result for the optimum
point.

STEPL = 0.00001
NUMBER OF VARIABLES =11
NUMBER OF CONSTAINTS = 40

LOWER BOUND VALUES

1.00 2.50 2.50 2.00 2.00

1.50 1.50 1.00 1.00 1.50 1.50
UPPER BOUND VALUES

3.00 3.50 3.50 2.50 2.50

2.50 2.50 2.00 2.00 2.50 4.00

THE STARTING POINT IS:

w; =213 w,;=297 w;=297
We = 1.70 Wy = 1.70 Wg = 1.22
W1 = 3.20

OBIJECTIVE FUNCTION = 47939.1700

wy =205 ws=220
Wo = 1.22 Wio= 2.05
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ITERATION 1
MOVE LIMIT FACTOR = 0.5
POINT IS IN INFEASIBLE REGION

MOST VIOLATED CONSTRAINT 25
MAXIMUM CONSTRAINT VIOLATION 0.001031

VIOLATED CONSTRAINTS ALPHA
23 -0.000181
24 -0.000181

VALUES OF VARIABLES
2.11 2.96 2.96 2.03 2.20
1.69 1.69 1.9 1.20 2.09 3.04

OBJECTIVE FUNCTION = 47639.5125
ITERATION 2

MOVE LIMIT FACTOR = 0.5
OBJECTIVE FUNCTION = 47639.47

ITERATION 3

MOVE LIMIT FACTOR = 0.5
OBJECTIVE FUNCTION = 47639.4759

OPTIMUM POINT(VALUES OF VARIABLES)
wl=2.11 w2=296 w3=296 w4=2.03 w5=2.20
w6=1.69 w7=1.69 w8=120 w9=120 w10=2.09
wll =299

OBJECTIVE FUNCTION = 47639.4758
G(I) VALUES

0.0000 -0.5975 0.0000 -0.5975 -0.5917
-0.4225 -0.8874 -0.2113 0. 0000 -0.0452
-0.8452 0.0000 -1.1952 0.0000 -0.0452
0.0000 0.0000 -0.8452 0.0000 -0.0452
-1.0000 0.0000 -1.0000 0.0000 -2.0000
0.0000 -1.5000 0.0000 -2.0000 0.0000
-1.9286 -1.0714 -2.9492 -2.0508 -1.9286
-1.0714 -2.0000 0.0000 -2.0000 0.0000

NUMBER OF FUNCTION EVALUATIONS 0
NUMBER OF DERIVATIVE EVALUATIONS 3

Thus, the number of variables are 11 and the number of
constraints are 40. The costs of the rooms are derived
from the costs of the walls and floors plus the costs of
their finishes. Cost of the wall is assumed to be 850/sq
unit and the cost of floor/roof is set as 100/sq unit. This
includes the cost of finishing. Once all the constraints are
specified, they are in the form of inequalities, it is
possible to determine the optimal value of the
dimensions. Improved Move Limit method of SLP is
used for design optimization.
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V.CONCLUSION

With the procedure described in the previous sections, the
problem of generating the geometry has been solved.
Thus, given a topology, the dimensions of a layout can be
obtained which satisfies a number of constraints while
minimizing the construction cost. Improved Move Limit
method of Sequential Linear Programming provides a
convenient and efficient method to solve dimensioning
problems which are nonlinear programming problems. It
provides not only the optimal solution but also near
optimal solutions so that performance analysis may be
done.
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Figure 3. Flow diagram for Improved Move Limit Methed of Sequential Linear Programming
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