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Abstract

What is the nature and performance of value production in distributed real-time enterprise? Such
enterprises are virtual organizations whose missions include the expansion of product and capital market
valuations through time-dependent production across a grid-connected federation of cooperating entities.
Distributed production requires policies and mechanisms for coordinated command and control in order to
effectively operate in such real-time grid-connected federations. This broad research and development area
requires at its foundation a dynamic model of distributed value production, a model whose fidelity is
sufficient to allow its use across multiple market segments, and that scales from low-level (e.g.,
manufacturing) processes to high-level (e.g., financial) strategies. We introduce such a model in this paper
by developing the concept of value production units (VPU).
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1 Modeling Value Production

Enterprises, whether public or private, for-profit or not-for-profit, military or commercial, exist to promote
and sustain their value propositions in evolving financial (equity) and product market conditions. Value
production is therefore a continuous, and typically time critical, computation of those value propositions.
In federations' of real-time” enterprise’, as well as within the boundaries of its members, value is often
difficult to define and measure. Its definition is difficult within enterprises since value propositions, and
associated value creation processes, is spread across organizational boundaries and typically involves
poorly defined processes. Its definition is made difficult across federated enterprise since joint (mutual)
value propositions must be expressed in terms that transcend the participants’ own unique and often
proprietary definitions of asset and supply chain objectives. Hence, any effort at defining policies and
mechanisms for the management and control of virtual organizations requires development of a common
lexicon [...], and an agreed upon set of interface specifications to a core set of joint value creation services.
This paper presents a framework for discussing value production in federated grid-connected systems that
strive to optimize individual objectives while at the same time cooperating on shared objectives.

The model used for this discussion is one based on the notion of “rational agents,” semi-autonomous
computations that are self-serving (goal seeking) but that participate in alliances as a means to remain
viable, to sustain their existence. In abstract terms, a viable system (VS) is one whose value production
units (VPU) defines and, operating through well-defined interfaces, executes value production processes.
As such VPUs are distributed virtual machines. For our purposes, we shall consider VPU’s associated with
eBusiness activities, but we could equally well define eScience, eMedicine or other grid-enabled
federations.

" A federated enterprise is one whose participants are semi-autonomous and self-regulating; their designs,
following Jeffersonian principles, are required 1) to be viable and identifiable members of a community, 2)
to be governed by its laws, and 3) to provide their individual contributions to coherent ensemble behaviors
that characterize the outcomes of the mission of the enterprise as a whole.

* Systems are real-time to the extent that timeliness is an explicit aspect of their correct behavior.

3 Enterprise is defined as an arbitrary interactive unit of production for systematically creating measurable
value through delivery of products or services.
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The essential character of eBusiness value creation is captured in traditional Asset Chain

accounting terms as defined in income statements and balance sheets. In Investors

simplified terms, a VPU is a computation that simultaneously satisfies the A

need to produce positive returns on invested [capital] assets in an asset chain

while profitably providing one or more goods or services to a supply chain. Supply Chain
This dual set of objectives is represented in figure 1. As such, value ' Customers

production, when viewed as a black box, is a process with two constituents —
investors (i.e., suppliers of assets) and customers (i.e., consumers of products
or services). Along its vertical axis a VPU participates in an asset chain that

serves its investors. Along its horizontal axis a VPU participates in a supply
chain that serves its customers. A given enterprise may include one or more

VPUs. A federation comprises two or more enterprises, each with one or

Figure 1 - A VPU

more VPUs.
ah
The two-axis model of a VPU supports its asset and supply chains
through eight communications ports, as detailed in figure 2. Investors
provide [typically capital] assets at port a; (assets-in) that subsequently
yield investment returns on port r,, (returns-out). Customers provide do—rj VPU di

demands for goods or services on port d; (demand-in) that are fulfilled Sji—»|
on port s, (supply-out).

A VPU supports two subsidiary channels, one for subordinate VPUs
(e.g., intellectual property generation) and one for supplier VPUs (e.g., 0
material stocks.) Subordinate VPUs are allocated investment assets on
port a,, (assets-out) that generate returns on port r; (returns-in). Supplier
VPUs receive their demands on port d, (demand-out) and return
their production on port s; (supply-in).

Figure 2 — VPU Ports

The horizontal flows are expressed in terms of cost per unit
ordered and delivered. The vertical flows are expressed in terms
of cost per asset deployed or returned. Costs are measured in
(typically, net present value) dollars.

This structure allows VPUs to participate in the production web
of a federated enterprise, the two principle threads (chains) of
which are shown in figure 3. Each VPU is uniquely identified
(i.e., named) by its indexed location vertically and horizontally
in the grid. Thus, VPU [k, 1] is subservient in the investment
chain to VPU [k, 1+1], and is a supplier to VPU [k+1, 1] in
the supply chain.

2 VPU Model Behavior

The behavior of a VPU as proposed here will be discussed in

some detail, and depends on the notion of performance. Performance, in turn, requires a set of application
neutral metrics so that we may compare behaviors within and across enterprise boundaries. So we begin
our discussion of the VPU behavior model with a definition of six core measures of performance.

Figure 3 - VPU Production Web

2.1 VPU Performance Metrics

Regardless of its mission, a given VPU’s performance may be measured in terms of its potential, capability
and actuality. Potential is a function of a VPU’s design limits. Capability is determined by the level of
assets currently deployed in realizing this potential. And actuality is the current level of real value
production given the current capability.

Three additional performance measures can be derived from the first three. Latency is the ratio of actuality

to capability, indicating how much latent potential remains without additional investment. Productivity is
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the ratio of capability to potential, indicating how much
capability can be added through additional investment. And,
absolute performance is the ratio of actuality to potential, the
present production level given the VPU’s design limits.

Figure 4 demonstrates these relations. Initially the VPU is 70%
capable with respect to its design potential. At times t; and t,
management action succeeds in raising actual performance
(actuality) from 20% to 30%, then 30% to 50%. At t; assets are
allocated to raise capability to 80% improving throughput.
During these periods of adjustment, latent potential (unused
capacity) remains moderate at 30% and 20%, while productivity
increased from a low of 29% to a high of 81%, a 184%
improvement in productivity. At the same time, the VPU enjoys
an absolute performance gain from 20% to 65%, an improvement of
220%.

2.2 VPU Timing Considerations

Any discussion of value production units in realizing the objectives of
real-time enterprise requires a clear notion of time and consequent timing
dependencies with the federated ensemble. The macroscopic behavior of
a VPU includes its transport delays, the time it takes for an invested asset
to produce a return and the time it takes the VPU to translate a customer
demand into a fulfillment. These two transport delays are key elements
in considering the temporal performance of an enterprise.

Transport delays are typically expressed in terms of probability
distribution functions with certain statistical properties. In figures 5a and
5b the vertical (asset) and horizontal (supply) chain delays are the
processing and communications delays of the value computation going on
inside the respective VPUs. Ty, and T are the processing times for

sequentially absorbing assets and subsequently generating a
cumulative return to an investor. Likewise, T\ and Ty, are the
computational delays in a cascaded production line that accepts an
order and produces the requisite scope of supply to a customer.

In a real-time system, these delays are the subject of specification,
typically in the form of time constraints. For example, the end-to-
end time (Ty + Ty1) might have a deadline that is understood by
the involved VPUs. As a consequence, each VPU [k, 1]
represents a computation that must solve simultaneously the
timing objectives of the horizontal supply chain and vertical asset
chain constraints — the essence of management’s resource
allocation challenge.

2.3 VPU Behavior
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Figure 4 - Example VPU Performance Metrics

Figure 5a - Vertical (Asset Chain) Timing
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Figure Sb - Horizontal (Supply Chain) Timing

The logic employed to create value given a specific set of assets will vary greatly and depend in large

measure on a VPU’s value proposition and its associated computational requirements. However, a

generalized model is instructive in understanding the timing properties of a real-time enterprise. The model
used here is object-oriented and based on the concept of a rational agent. Its particular details are not

critical to our timing arguments other than to demonstrate the various sources of variation in timeliness, and
where resource management policies come to dominate the real-time nature of systems.
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A VPU object has both state and behavior. A simplified state diagram for a rational VPU is given in figure
6. The states are defined as follows:

s0: idle, suspended s5: awaiting subordinate returns
sl: unable, awaiting assets s6: assessing capability, planning
s2: able, awaiting a demand order s7: demand fulfilled

s3: able, producing value s8: error

s4: awaiting supply order fulfillment s9: reset

Timing variations can arise in each state, but the greatest potential
variations are with states s1, s2, s4, and s5 where there are explicit
[synchronous, blocking] waits for resources such as invested assets,
customer orders, subordinate task completion, and material supplies.

create

unable

Clearly, resource management (state s6) within the VPU is critical to its
ability to maintain schedules, minimize delays and maximize throughput
and yield. It is equally clear that a federation of VPUs, cascaded linearly
or interconnected in an arbitrary mesh, may suffer deadlocks, long
waiting queues, buffer overflows and other artifacts of chaotic or random
behavior. Avoiding, or at least minimizing, such behavior is at the heart
of the real-time enterprise management (control) problem, and is the
source of the predictability requirement introduced earlier.

A VPU’s value to an enterprise may derive from a very low-level safety
sensitive manufacturing activity with millisecond timing requirements
(e.g., a chemical batch reactor) or a very high-level economic risk
sensitive activity with megasecond timing requirements (e.g., buying raw materials on a commodities
exchange). As such, VPU timing requirements may vary from microseconds to megaseconds. In both
cases, real-time behavior demands that these time constraints be met, and that a penalty be exacted for
being late, or early, or failing altogether to meet them.

Figure 6 - VPU Rational Agent

Figure 7 emphasizes the challenges of production scheduling and some obvious sources of timing variation.
Several production processes are running in parallel. For the one visible, task t; initiates the business

task { plan {
task_id; plan_id;
task_time; plan_time;
task_resources; plan_resources;
task_risk { plan_risk {

task_risk_time;
task_risk_resources;

task_predecessors;
task_successors;
task_start_time;
task_completion_time;
task_penalty_function;
task_critical_path;
task_manager;

task_init(); I* task resourcing */ plan_init(); I* paln resourcing */
task_proc();  /*task process (step list) */ plan_proc();  /* plan process (task list) */
task_error(); [/ task error handler */ plan_error();  /* plan error handler */
task_end(); /* task clean up on end */ plan_end(); * plan clean up on end */
task_status(); /*task current status */ plan_status(); /- plan current status */
task_etc(); I* task est time to complete */ plan_etc(); I plan est time to complete */

plan_risk_time;
plan_risk_resources;

plan_predecessors;
plan_successors;
plan_start_time;
plan_completion_time;
plan_penalty_function;
plan_critical_path;
plan_manager;

Fioure 7 - VPU Business Processes: Resource Scheduling as a Source of Timing Variation
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process and is followed by t,. After t, completes the process forks into two parallel activities denoted by t3
and t4 and their respective subtasks. These two threads rendezvous at t; where the process completes. The
VPU responsible for executing the process depicted does so according to a state machine, such as in figure
6. Each task t; may interact with other VPUs (i.e., customers or suppliers).

For each process there is a production plan with its associated (macro) timing requirements. Within a plan,
the individual tasks contribute to its end-to-end performance. Individual variations in task completion
times contribute to plan variations. Individual plan variations contribute to VPU variations, and so on
throughout the metasystem. Important work has been done on grid-supported and economic-based
distributed resource management [...], but the treatment of end-to-end timing remains a critically open
issue [...]. Grid resource management remains non-real-time.

3 Value Transformations

The objective of a VPU is the creation of economic or information value. In general, it does so by
transforming assets and policies it receives from its investors into capabilities to satisfy its customers’
demands. These two objectives suggest that any model of a VPU will be characterized by two
interdependent sets of transformations (re. figure 3). One set, the asset transformation functions, define the
flow of assets down the asset chain with their respective time-delayed returns flowing upwards. The
second set, the demand transformation functions, define the flow of customer demands to the left with the
time-delayed fulfillment of those demands flowing to the right. Beginning with demand management we
develop these two sets of transformations.

3.1 Demand Management Functions

The simplified demand transformation model depicted in figure d

. . €
8 functions as follows. A customer order d; (n) arrives at the
VPU’s demand port during the n™ processing interval. The
VPU’s internal policies cause this demand to split (&) into
components that are to be produced from internal capabilities 5 > 5 <> [
(dy), and those that require external orders d, (n+1) to its L ’ R
supply chain producers (dq). In the reverse direction, supply
chain producers fulfill their previous orders s; (n), which are
split (b) internally by policy into inventory stocks (sq) and
components required to complete existing orders (s;) , allowing the VPU to fulfill its demand s, (n+1) .
The time intervals represent processing times for the two flows, and include the end-to-end transport delays
introduced by the grid.

Figure 8 — VPU Demand Mgmt

The four functions (i.e., methods) labeled A [x,y], BIx], CIx], andD[x,y] represent the
embodiment of the supply chain value propositions for the VPU, as executed by the state machine of figure
6. A[x,y] represents the command and control function responsible for placing demands on upstream
suppliers, and B [x] represents the command and control function responsible for accepting (e.g., paying
for) demand completion. C [x] accepts (commits to) customer demands, and D [x, y] fulfills that demand.
Combined, they represent the VPU’s supply chain value production transformations.

The demand transformation (i.e., production) equations are readily apparent and given by

do(n+1l) := Alda(n),sqa(n)] = Ala*C[di(n)], (1-b)*B[s;(n)]] (1)
So(n+l) := D[ds(n),ss(n)] = D[(1-a)* C[di(n)],b*Bls;(n)]] (2)
Where the intermediate products are

da(n) := a*Cld;(n)] (3)
do(n) := (1-a)* Cld;(n)] (4)
sa(n) := (1-b)*B[s;(n)] (5)
Sg(n) := b*B[s;(n)] (6)
Copyright © 2002, Echelon 4 LLC Page 5 of 11 1/3/2003
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3.1.1 Case 1: Stand-alone VPU

There are special cases of this general model worth noting. The first occurs when a VPU is self-sufficient
and stand-alone. In this case, a=1, b=0, and d, (n) = s; (n) =0, with the result that the production
equations reduce to

So(n+l) := D[ Cldij(n)], 0 ] (7)

3.1.2 Case 2: Serial Producers

The second special case occurs when a client VPU serially adds value to the production of a server VPU.
In this case a=1 and b=1, yielding

do(n+l) := A[ Cld;(n)], Bls;(n)
So(n+1) := D[ CI[d;(n)]

3.2 Asset Management Functions
In a similar fashion (figure 9), the asset transformation (i.e., production) functions may be stated as

FI[d*E[a; (n)], (1-9)*Glr;(n)]] (10)
H{(1-d)*Ela;(n)], g*Glri(n)]] (11)

a,(n+l) := Flay(n), r.(n)l]
ro(n+l) := Hla,(n), r.(n)l]

Here E, F, G and H are the embodiment of the asset chain value

propositions for the VPU, again as executed by the state machine of 3 o
figure 6. E[x] and H[x,y] represent the management functions ‘
responsible for generating returns on assets invested in this VPU. T
F[x,y] and G [x] represents the management functions v ‘
responsible for investing assets in subordinate VPUs, and in ' ‘ 5] ‘
leveraging their returns. The d and g controls perform policy-driven L 3 _
allocation functions similar to those discussed above. Y :
For simplicity we have not indexed these equations to uniquely ¥ N6,
identify a particular VPU (k, 1) or to distinguish the uniqueness of F ‘( : ‘
its various event times (n) or the length of time delays (n+1) of asset ] AN
investment actions. Such requirements will be addressed
subsequently. i ‘

ag Ti
3.21 Case 1: Stand-alone VPU Figure 9 — VPU Asset Mgmt

As in 3.1.1, the simplest case is a stand-alone VPU without
subordinates requiring investments. In this case, d=1, g=0, yielding a, (n) =r; (n) =0, with the result that
the investment equations reduce to

ro(n+l) := H[ Elaz(n)], 01 (12)

3.2.2 Case 2: Serial Investors

Asin 3.1.2, a VPU can exist solely as an asset manager, with a mission to invest in subordinate VPUs. In
such cases investor VPUs are defined by d=1, g=1, and

a,(n+l) := F[ Ela;(n)], Glr;(n)
ro(n+l) := H[ Ela;(n)]

3.3 Cascaded (Sequential) Demand Management

In order to develop the general cascaded (figures 3 and 5b) demand management equations we need to
properly label (index) participating VPUs. To do so we add the relative indexing introduce in figure 3,
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where VPU [k, 1] represents the k™ production at the 1™

more precise statement of equations (1) and (2).

level of the enterprise hierarchy. This results in a

doSH(n+l) i= AS[XSN,YSN] = AR (n), s~ ()] (15
Sok,l(n+l) .= Dk,l[Xk,l,yk,l] — Dk'l[dsk'l(n), Ssk,l(n)] (16)
Where the intermediate products are

ddk l(n) - ak,l*ck,l[dik,l(n)] (17
df M (n) := (1-ah)* et [di“'l<n>] (18
sqa~t(n) = <1—bk'1)*B“[s "(n)] (19
Ssk,l(n) - bk,l*Bk,l[s 1( )] (20

The VPU demand interface boundary conditions are

4"+ (n) := 4 (n) (21
dot ' (n) = di**(n) (22
st (n) = si%'(n) (23
Sik+1 l(n) _ Sok,l(n) (24
Substitution, and eliminating some superscripts for clarity, yields the iterative version of the sequential
demand management equations.

d.,'(n+1) := Ala*C[d.,*"'(n), (1-b)*B[s, "' (n)]] (25
so“t(n+l) := D[(l-a)*C[d;*""(n)], b*B[s;""'(n)]] (26
3.4 Cascaded (Sequential) Asset Management

As in 3.2 and 3.3, we note the VPU’s asset interface boundary conditions

a "t (n) := a ' (n) (27)
a1l (n) = a)d(n) (28)
rik,l+l (Il) _ k l(n) (29)
rf it (n) = k " (n) (30)
Substitution yields the iterated version of the sequential asset management equations

a," ' (n+l) := FII*E[a,“""(n)], (1-0)*E[r,~'"(n)]] (31
r.“t(n+l) := H[(l-a)*Gla, " (n)], g*Glr, ' (n)]] (32)

4 Computing Value Propositions

Value results from policies and mechanisms represented by the functions A [x,y], DI[x,vy],
F[x,y], and H[x,y]. There are many possible interpretations of these functions. In the real/ (non
virtual) world, enterprises measure value creation through interpretation of operating data produced via
transactions in various management applications subsystems and stored in various databases. Figure 10
summarizes the major applications found in today’s corporations. The five rings represent the “1”
dimension in the VPU [k, 1], where 1=0 represents production devices (people and machines); 1=1
represents production units; 1=2 production areas; 1=3 business units; 1=4 business areas; and 1=5
corporate enterprises. The radials are representative of areas of management command and control. The
quadrants summarize major application domains. And finally, the colored overlay regions represent
application suites provided by vendors of enterprise software subsystems.
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We do not delve into the data and transaction services of
these applications, but recognize their performance (re.
Section 3.1) as a key contributor to the overall
performance of any given VPU, especially if they are
grid-connected and subject to performance anomalies
resulting from end-to-end completion time uncertainties
in servers and the Internet infrastructure. For the
purposes of this exposition, we bundle these infrastructure
uncertainties into the variations normally associated with
applications identified in figure 10.

4.1 Performance Considerations

Figure 11 represents a distributed enterprise with six
VPUs. VPUJ[2,3] serves equity market customers
(investors) and provides assets and policies to its supply
chain producers VPU[1,2], VPU[2,2] and VPUJ3,2].
VPU[1,2], in turn, invests in its subordinate VPU[1,1] and
VPU[2,2] invests in VPU[2,1].

The figure identifies supply chain timing intervals that
define the enterprise’s ability to serve its product market
customers. Demand d;>*(n) arrives at VPU[3,2] during

b
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Figure 10 — Enterprise Application Systems

interval “n.” VPU[3,2] issues demand d;**(n+1) to its supplier VPU[2,2]
during interval “n+1,” that results in a subsequent demand d;'*(n+2) to

VPU[1,2]. In the return direction, demands are fulfilled, respectively, at 'Eg':]g
s, (n+3), s, A(n+4) and s,>%(n+5). | I
In this configuration, several command and control questions may be O 23
discussed. For example, dj(n+2) din+1)  din)
¢ What is the relationship between equity market returns and product
market returns. I'-J::i;; :tt
¢ What are VPU[2,3]’s alternative strategies for investing in its
subordinate VPUs? so(n+5)

¢ What does VPUJ3,2] need to do to allow VPU[2,3] to profitably lower
its product market response time from n+5 to, say, n+4?

¢ What is the impact on return on assets at VPU[2,3] of increasing

capacity of VPU[1,2]?

4.2 VPU Productivity

Figure 11 — VPU Timing

Enterprise performance may be represented by the relative productivity gains achieved by the
transformation functions as assets and demand (orders) flow through the VPU. Here we define the relative
gains as ratios of outputs to inputs for each of the ports on a VPU. For simplicity we have omitted the VPU
indices [k,1], the function arguments, and time intervals. The details, for G, as an example, would be:

Gaak,l(n+1) s = Fk,l [dk,l * B [aok,l+l (n)] ,

(1-g*Y) * ES*[r5 " (n)]1] /2" (n)

3 ro 4 So
aj Gaa=F [x, Y] /ai Gra=H [x, Y] /ai Gga=A [x, Y] /ai Gga=D [x, Y] /al
r; GarzF [X: Y] /ri GrrzH [X, Y] /ri GdrzA [X, Y] /ri GsrzD [X: Y] /rl
4 Gaa=F [x,y]/ds Gra=HI[x,yl/d; Gaa=A[x,y]/d; Gge=D[x,y]/d;
S; Gas=F [X, Y] /Si Grs=H [le] /Si Gds=A [le] /Si Gss=D [X, Y] /Sl
Table 1 — VPU Gain Equations
Highlighted cells are those typically viewed as critical by enterprise managements.
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5 Examples

We are interested in the nature of enterprise command and control,
especially in distributed real-time enterprise. The subject requires a concise
model of enterprise, and of the interdependencies between and among
extended enterprises — those made up of federations of semi-autonomous
cooperating members. The VPU model given in the body of this paper
provides a means of discussing enterprise behavior. We exercise this model
here through three examples

5.1 Example 1 — Consolidated Supply Chain

Figure Al describes an enterprise with three levels of asset management, as
might be found in a business (1=3) with three plants (I=2), and two
production lines (I=1). The example demonstrates a consolidated supply
chain at level 2 among cooperating plants. Note that VPU[2,3] invests in,
and expects returns from, all three plants, and can control internal transfer
pricing.

5.2 Example 2 — Parallel Product Market Servers

Figure A2 shows a single enterprise that simultaneously serves two product
markets, one through VPU[3,3] and one through VPU[3,2]. In this
configuration there are numerous practical questions about investment
strategies in the two supply chains, about how investment returns from
VPU[2,2] might be used to enhance capability in VPU[2,3], about
investment returns from VPU[2,3] might be reinvested in upstream
VPU[1,2] and downstream VPU[3,3] to improve performance in that chain,
etc.

5.3 Example 3 — Parallel Equity Market Servers

Figure A3 is a simple case of two enterprises connected by VPU[4,3]. They
each serve the equity market by providing goods and services to the same
product market through the supply chain denoted by VPU[2,3], VPUJ3,3],
...VPU[5,3]. In this configuration several important questions may be
posed about the strategies and functioning of enterprise investment
strategies in VPU[3,4] and VPU[5,4], policies in VPU[4,3] at the

interface between the two enterprises, the efficacy of pricing and

margins along the supply chain, and so on.

6 Conclusions

Enterprise, as a real-time computation of its value propositions, is a
distributed computing system. Federated enterprises comprise
interconnected webs of production systems whose collective behavior
determines not only their own destiny, but that of the federation. In
order to investigate the behavior of such federations, we have
introduced the concept of a value production unit (VPU) and its
computational role and behavior. The VPU model and its
transformation functions provide the environment for modeling and
simulating the performance of federations in various configurations. A
subsequent paper will exercise such models.
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