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Abstract. In this paper, economic explanation of the hierarchical organization of management in the
firm is provided based on the analysis of organizational aspects of data processing in decision
making. The paper shows that decreasing returns to scale in information processing is a necessary
condition for hierarchical organization of management in business firms. However, decentralization
of decision-making is desirable only if an additional (sufficient) condition is satisfied, i.c., if the
information workload of the decision-making sector is sufficiently large. Moreover, the paper shows
that specific features of human information processing in the firm such as disagreement about the
goals of data analysis or the possibility of random errors do not imply a hierarchical organization of
management, but could change forms of the efficient decision-making structures. Finally, contrary to
the results recently presented in economic literature, the paper shows that in the firm, unlike in
computer systems, there is no unique architecture for the efficient information-processing structures,
but a number of various efficient forms can be observed.
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1. INTRODUCTION

In classical microeconomic theory, the firm is viewed as a ‘black box’ transforming inputs into outputs
according to a rule described by a production function. In fact, firms have complex multidivisional, usually
hierarchical, structures which determine their economic performance. Especially large corporations are
widely perceived to be organized hierarchically.

The purpose of the present paper is to provide an economic justification of the hierarchical organization
of information processing in the management of the firm, to explain the reasons why information processing
in the firm differs from that in an idealized computer, and to show how these differences affect the efficient
organizational forms of information-processing structures.

The simplest example of the transformation of data from the environment into decisions is a linear
decision rule, where the value of the linear function:
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is computed (¢; is a coefTicient of conversion to a common unit, and x; is a numerica) data item, i=1,2, ...,
N). In practice, the items aggregated may not be just numbers but vectors or matrices. Computations of such
a kind are commonly used in the methods of statistical prediction or statistical control (Aoki, 1986; Radner
and Van Zandt, 1992 and 1993). Based on the analysis of computational processes for the purpose of
predicting demand in the firm, Radner and Van Zandt {1992) show ilat the values of the decisions made
according to the linear decision rule depend on the quality of the result computed, measured by the delay in
information processing.

2. THE MODEL OF INFORMATION PROCESSING IN DECISION MAKING

Consider the decision-making sector in the firm in which decisions are made based on data analysis. The
value of the decisions, and, consequently, the value of the computational service provided depend on how
good the resulting decisions are compared to how good they would be without the service. Assuming that the
linear decision rule is used in the decision-making process, the value of the computational service depends
only upon the delay in data analysis (more precisely they are inversely proportional to the delay in
information processing). i
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To simplify the analysis of the delay in the computational process, assume that the linear decision rule
requires summations of cohorts of N items of data (conversion to a common unit is not required, ie., ¢ =1,
for i = 1.2, ..., N), and that the decision-making system considered works in a one-shot regime, i.e.,
delays\between subsequent cohorts of data coming into the system are greater (or at least equal) to the time of
a si‘ngle cohort processing (it ensures that queues of data in the infonnation-processing structure cannot
arise). ‘

The computational process in the decision-making sector of the firm as in idealized computer, ie.,
assume that each processing element (a computational center) is modeled as a processor which contains an
infinite memory where data are stored (called a buffer) and a register where summations are made. Each
processor has a limited capacity (i.e. a maximum computational power), in that there is a maximum number
of operations it can compute per unit of time. In business firms, however, the computational power of each
processing element depends upon the capitai and labor ailocated 10 it. The ielationship between the resources
allocated to the processing element and the number of operations it can compute in a unit of time is
determined by the existing technology of information processing, and can be written in functional form as
information-processing function F(k,/): R, xR, — R, where F(k1) is continuous, twice differentiable and
strictly concave in 4 and /. Consequently, the duration of a single operation (d) is also a function of the capital
(k) and labor (/) employed in the processing element (d(kl) = /(F(kD). In any mfonnation-processing
structure, the delay in the summation of N items of data (Dy) is proportional to the duration of individual
operations, and, consequently, is a decreasing function of the resources allocated to the computational

structure, i.e., 6D, (K, L)/ 5K <0 and 8D,, (K, L)/ 5L < 0.
Assuming that data items are not costly, the total cost of the computational process, C(K L), is
determined as
CKL) =rkK+wl,
where,
w L = cost of labor involved in the computation (w denotes the price of labor);
r K= cost of capital (» is the price of capital).

The consideration above implies that the objective of the firm in decision making is to maximize the
difference between the value of the computational service, ¥(Dy(K,L)), and the cost of the resources used in
computation, C(X, L).

In the model analyzed in this paper, neither the processors nor the computational centers, but the capital
and labor allocated to them are considered as inputs to information processing. Thus, in the framework of the
model under study, one can say that if the capital (K) and labor (L) allocated to data processing as well as the

information workload (V) are multiplied by the same constant, say @ >1 (or 0< g <1), then the

information-processing system faces: :

. increasing returns to scale, if the quality of the result computed increases, i.e.,
Dy(K,Ly> D, (aX, alL), (correspondingly, decreases, if =<l ie,
Dy (K,L) < Dy (BK, L) )

2. constant returns to scale, if the quality of the result computed does not change, ie.,
D (K, Ly= D,y (aK,al), (correspondingly, Dy (K B)= Dy (BK, BL));

3. decreasing returns to scale, if the quality of the result computed decreases, i.e.,
DK, D)= D, (aK,al), I (correspondingly, increases, if 0 s g 0 T e
Dy(K,L)> D, (K, BL)).
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3. THE DECENTRALIZATION OF INFORMATION-PROCESSING IN THE FIRM

Assunie that the amounts of resources allocated to information processing are fixed (the cost of
computation is fixed as well). In this case the objective of the firm is to organize data analysis in decision
making in a\way in which it maximizes the values of the decisions made based on the computational service
(V(Dy)), or in other words, in which it minimizes the delay in information processing (Dy).

Suppose, in the beginning, that all the resources used in decision-making are allocated to a single
computational center (P = 1 = 2°%. If the technology of information processing is such that
Dy (K,L)> Dy, (BK, L), i.e., if the firm faces decreasing returns to scale in information processing,
then a better quality result can be computed if the inputs to information processing (K and L), as well as the
information workload (N), are reduced. Thus, sums of N/2 data items can be computed in two separate in two
separate computational centers (with equally divided resources, f =1/2 with less delay than the sum of N

data items in the original structure. For simplicity it is assumed that the number of data items processed (V) is
such that (N mod 2") = 0, for. m = 0,1, ..., log,(N/2). However, a linear decision rule requires the sum of N
data items. Consequently, the computational centers have to be connected and one additional operation has to
be made in order to summarize the partial results computed. Therefore, the decentralization of information-
processing is desirable only if Dy(K,L) > Dy,(K/2, L/2) + d(K/2, L/2), where d(K/2, 1/2) is the duration of
the last operation, i.e., if
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The inequality above is satisfied if
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If the decentralized computational system (with P = 2' processing elements) faces decreasing returns to
scale in information processing, then the delay in the summation of N/2 data items in the structure, in which
the resources X/2 and L/2 are allocated to P = 2' processing elements, i$ smaller than the delay in the
computation of the sum of N data items in the structure with P = 2' processing elements and the entire
resources. If the information workload () and the resources (X, L) are divided in two equal parts, and sums
of V/2 items of data are computed in two identical structures, then the top-level computational centers of
these structures have to be connected and one additional operation has to be made in order to add the partial
sums. The duration of this operation equals 1/F(X/2’ , L/2%). Consequently, the decentralization of the
structure with P = 2' processing elements is desirable only if '
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The first two steps of the decentralization process are presented in fig. 1
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Figure 1 : The first steps of the decentralization process {circles denote computational
centers, and triangles represent the information workload).

Decentralization can be continued (if the corresponding conditions are satisfied) until the number of the
processing elements in the structure equals P = N/2 (P is bounded because at least two data items have to be
assigned to each computational center).

One can see that the decentralization process produces so-called ‘skip-level reporting’ structures.
Hierarchical forms of such kind contain P (where P is a power of 2) processing elements organized in
hierarchical (multilevel) formations where each computational center has one immediate subordinate at every
lower level of the hierarchy. The processor belongs to the level

X { 0, ifit does not have any subordinate processors;

x+1, otherwise;

where x denotes the highest level of the hierarchy to which one of its immediate subordinate processors
belongs.

Afterm (m <log,(N/2)) steps of the decentralization process, the skip-level reporting structure

contains P = 2" processing elements, and M/2™ data items are assigned to cach of them. The delay in the
summation of N data items in such a structure (if N is a multiple of P) is determined as
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Therefore, if the system with P =2" (m < log, (N /2)) processing elements faces decreasing returns
to scale in information processing (it is a necessary condition), and if
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then it is desirable to expand the information-processing sector and allocate the resources to P=2Wth
Computational centers.
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The inequality above is satisfied if the number of data items processed (V) is such that
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- The e_xpresgion above describes a sufficient condition for decentralization of the skip-level reporting
 Structure with P = 2™ processing elements (m=0, 1, ..., log, (N/2)-1).

N >
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As already emphasized despite the formal proof of efficiency, it is difficult to find such organizational
forms of data processing in real firms. The architecture of mfonnanon-processmg structures in enterprises
differs from the one described above, because

1. .in real firms computations are usually much more complicated than a simp]e addition of numerical data,
and

2. in the real firms, unlike in the computer systems, people (not electronic processors) form the
information-processing structures. -

4. IMPLICATIONS OoF " HUMAN INFORMATION-PROCESSING ON
ORGANIZATIONAL FORMS OF DECISION MAKING IN THE FIRM.

To clarify the statement above, consider the process of selecting the best project (out of N projects
submitted) in a team of P decision makers. Without loss of generality, assume that project n (n=1, 2, ..., N)
is fully characterized by the value of one (aggregated) numerical parameter, Q,, determined based on the
analysis of the entire project. Therefore, one of the projects considered, say n*, should be selected as the best
one if n*=arg{min |0*-0,|}, where O,] is a numerical characteristic of the project n (n=1, 2, ..., N), and Q*
is an attribute of the project wanted by the entrepreneur (the best for the firm).

The values of the decisions decrease with the delay in information processing. Consequently, in order to
reduce the time of data analysis, the process of selecting the best project can be decentralized. However, if
each processing element of the decentralized structure represents a single member of the decision-making
team, then each individual decision maker, p (p = 1, 2, .. ,P), computes (and compares) the absolute values of

the differences: |0,*-0,.] , where O, , denotes his subjective evaluation of the project n (n € O gy aliza

set of projects analyzed by member p), and Q,* is an attribute of the project considered as the best by
decision-maker p. Divergences between decision makers in attitudes, in perceptual abilities, or in their ability
to concentrate, and also some random factors such as, for instance, emotions, frustrations or stresses, imply
that subjective evaluations of the same project, say n, by different members of the team, 0,, (p =1, 2, ..., P),

could not be the same, ie, O, # Q,, #...# 0, , # O,. Moreover, the possibility of misinterpreting

the target of data analysis (i.e., of the goal of the entrepreneur, Q*) and divergences among the members’
individual goals in information processing imply that the understanding of which is the best project could be
different for each individual decision maker, i.e., O,* # 0,* # ... 0, * # O *. Consequently, if all the
projects submitted would be considered by all the members of the decision-making team, then each decision
maker could choose a different project (also different from the project that would be selected by the
entrepreneur). Therefore, the decentralization of the process of project selection in the firm implies that the
result of data analysis could be determined with error, measured by the absolute value of the difference
between the numerical characteristics of the project wanted by the entrepreneur (Q*) and the project selected
(Qn*)r IQ*'QM*I-

To represent the divergences between the members of the information-processing team, and to describe
the possible variability in subjective evaluations-of-the-information analyzed in the framework of the
dynamic parallel processing model of associate computation, assume that decision-makers (i.e., the
processing  elements) do not make errors in the evaluations of the projects analyzed (ie.,
0, =0,,=.=0p,=0,,n=12,..,N), but each decision maker p (p = 1, 2, ..., P) computes

results according to his mdmdual understanding of the goal of the analysis, 0O,* (the possibilities of random
mistakes in evaluanons of projects can be represented as random shifts in 0,*).

Thus, a numerical characteristic of the project considered as the best by the members of the team
(O # 0, * #...# Q,* # O%) can be described by the random variables distributed around a numerical
characteristic of the project wanted by the entrepreneur, Q*. For the sake of simplicity assume that this
distribution is normal, with mean Q* and variance o . Assuming that all the projects submitted are not
identical, but all of them satisfy more or less the expectations of the entrepreneur, we can presume that their

charactenstlcs On(n=1,2,, ..., N), are distrivuted around the numerical characteristic of the project wanted
by the entrepreneur (9*). For the sake of simplicity, assume that this distribution is normal, with mean o*

and variance o> . The random factors in data analysis imply that the selection process should be crganized
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in the decentralized structure (in order to minimize the delay in information processing) which minimizcs the
expected value of the error in data analysis, £=E(Q*-0, *|), where E denotes the operator of
expectation.

fP(r=12,..,MandQ,*(p=1,2, ..., P)are normally distributed random variables, with mean (0

and variances o> and o %, respectively, then the random variable characterizing the project selected Q.Y
in the arbitrary decision-making structure can be represented as follows:

N .
Qn‘ = ZQ.’I ])n ?
n=|
where P, denotes ihe probability that the project » will be selected (B= 1,2, .0 h0 Thix implies that, ir: an
arbitrary information-processing structure, the random variable One 1s distributed normally, with mean Ok

o 2 . . - . -
and variance o,.. Moreover, the random variable Q* - Q,+ is normally distributed, with zero mean and

variance O'j. - Consequently, the expected value of the error in data analysis can be determined as
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This means that the information-processing structure which minimizes the expected value of the error in
data analysis also minimizes the variance of the random variable One . In an arbitrary information-processing
structure, this variance can be computed as

N
2 2 2
Gu' =08 ZPH >

n=|

where P, denotes the probability that the project n(n=1, 2, ..., N) will be selected.

The values of the probabilities e (e 2 S PN minimizing variance <, , and, consequently,

minimizing the expected value of the error in data analysis, can be determined by finding the solution to the
following optimization problem:

N
. 2
min o° ZPHZ
Bty ST

such that
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The probabilities P, * (r=1,2,..,N)equal P)* = Ps* = . = Py* = I/N and consequently, the
minimum expected value of the error in data analysis equals £ . = o /(2zV)"?.
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