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Abstract: Rational models of human behavior aim to predict, possibly control, humans. There are
two primary models, the cognitive model that treats behavior as implicit, and the behavioral model
that treats beliefs as implicit. The cognitive model reigned supreme until reproducibility issues
arose, including Axelrod’s prediction that cooperation produces the best outcomes for societies.
In contrast, by dismissing the value of beliefs, predictions of behavior improved dramatically,
but only in situations where beliefs were suppressed, unimportant, or in low risk, highly certain
environments, e.g., enforced cooperation. Moreover, rational models lack supporting evidence for
their mathematical predictions, impeding generalizations to artificial intelligence (AI). Moreover,
rational models cannot scale to teams or systems, which is another flaw. However, the rational models
fail in the presence of uncertainty or conflict, their fatal flaw. These shortcomings leave rational
models ill-prepared to assist the technical revolution posed by autonomous human-machine teams
(A-HMTs) or autonomous systems. For A-HMT teams, we have developed the interdependence
theory of complementarity, largely overlooked because of the bewilderment interdependence causes
in the laboratory. Where the rational model fails in the face of uncertainty or conflict, interdependence
theory thrives. The best human science teams are fully interdependent; intelligence has been located
in the interdependent interactions of teammates, and interdependence is quantum-like. We have
reported in the past that, facing uncertainty, human debate exploits the interdependent bistable views
of reality in tradeoffs seeking the best path forward. Explaining uncertain contexts, which no single
agent can determine alone, necessitates that members of A-HMTs express their actions in causal
terms, however imperfectly. Our purpose in this paper is to review our two newest discoveries here,
both of which generalize and scale, first, following new theory to separate entropy production from
structure and performance, and second, discovering that the informatics of vulnerability generated
during competition propels evolution, invisible to the theories and practices of cooperation.

Keywords: interdependence; complementarity; bistability; uncertainty and incompleteness;
non-factorable information and tradeoffs; autonomous teams (Level 5 vehicles)

1. Introduction

As part of the background, we revisit issues previously identified regarding teams,
organizations, and social systems in preparation for the dramatic arrival of autonomous
human-machine teams (A-HMTs) in the military (e.g., hypersonic missiles), science (e.g.,
transportation systems; medical systems), and society (for a review, see reference [1]).
Autonomous machines imply that artificial intelligence (Al, including machine learning,
or ML) is needed to produce autonomy along with the extraordinary technological changes
that have been occurring recently (e.g., see the Rand report on Al, in [2]), including
the possibility of autonomous military weapon systems ([3]; e.g., limited autonomy is
already planned to be given to swarms; [4]). Our purpose is to provide a review of what
we have accomplished, and a roadmap for further explorations of interdependence and
complementarity.
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To achieve efficiency, as Feynman [5] warned about classical computers attempting
to model quantum systems, Al should not be applied ad hoc; to operate A-HMTs, we
must first have a viable theory of interdependence and a sufficient mathematical model of
an autonomous human-machine system that can account for predictions and observations
under uncertainty and conflict, as one of the first steps to achieve effectiveness, then
efficiency. We extend theory to guide research with a model of the interdependence theory
of complementary that incorporates the outcomes of debate, measured by entropy, and
a review of our recently discovered extension to vulnerability in organizations.

Background. The 2018 US National Defense Strategy addressed the challenges faced
by competition with nuclear powers China and Russia, rogue states Iran and North Korea,
a weakening international order, and technological changes offering faster-than-human
decisions ([6,7]; also, see the Rand report in [8]). To confront these challenges, among its
options, the US Department of Defense (DoD) wants to develop artificial intelligence (Al),
autonomy, and robots. Here, we further develop new theory for the application of Al to
autonomous human-machine teams (A-HMTs) as part of a system of competing teams.
If successful, the theory will be available for the metrics of team performance, managing
autonomy, and scaling to organizations and alliances like NATO [9], all necessary to defend
a team, corporation, or nation in, for example, a multipolar nuclear world and against
hypersonic weapons (e.g., [10]).

Groups have been studied for over a century. Lewin [11] began the scientific study of
groups around the social effects of interdependence, observing a “whole is greater than the
sum of its parts” (similarly, in Systems Engineering; in [12]). Lewin’s student, Kelley [13],
pursued static interdependence with game theory, but, unable to disentangle its effects
on player preferences in actual games, Jones (p. 33, [14]) labeled it as bewildering in the
laboratory; the predicted value of cooperation, established by games in the laboratory
(pp- 7-8, [15]), has not been validated in the real world ([16]; viz., compare p. 413 with
422). Despite its flaws (e.g., reproducibility; in [17]), the rational cognitive model, based on
individual consistency, reigns in social science, Al, and military research (e.g., a combat
pilot’s Observe-Orient-Decision-Action, or OODA loop; in [18]). It continues to promote
cooperation; e.g., in their review of social interdependence theory, Hare and Woods [19]
posit anti-Darwinian and anti-competition views in their fulsome support of cooperation,
but then, they are unable to generalize, to scale, or to predict outcomes in the face of conflict
or uncertainty.

We have countered with: first, the study of groups often uses independent individuals
as the unit of analysis instead of teams (p. 235, [20]); second, however, an individual
alone cannot determine context nor resolve uncertainty [1]; and third, if teammates as-
sume orthogonal roles, the lack of correlations found among self-reports accounts for the
experimental failure of role complementarity [21]; i.e., it has long been proposed that for
human mating, opposites in orthogonal roles should be more attracted to each other and
should best fit together; however, the lack of correlations has not supported this prediction
(p. 207, [22]). Nonetheless, along with the lack of experimental support, by definition,
subjective views collected from orthogonal role players should never have been expected
to be correlated [23].

We arbitrarily construe the elements of the interdependence of complementarity to
include bistability (actor—observer effects, in [24]; two sides to every story; two opposed
tribes; individual or group member); uncertainty from measurement; and non-factorable
information [21]. Examples: First, the performance of a team of individuals can be greater
than the same members who are operating independently instead ([25,26]). Second, hu-
mans explore uncertainty with tradeoffs [27]. Third, non-factorable information indicates
that information is subadditive, for example, found with economies of scope (e.g., one
train can carry both passengers and freight more efficiently than two trains); with risk in
an investment portfolio being less than each investment separately [28]; and, with mergers
that decrease risk ([29]; e.g., the United Technologies and Raytheon merger in 2019; in [30]).
These findings, agreeing with human team research [31], indirectly suggest that a team’s
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entropy production is separated into structural and operational streams; that is, the more
stable and well-fitted is the structure of a team, the less entropy it produces [23], allowing
more free energy directed, say, to explore and to find solutions to problems; e.g., patents.

Adding support for the formulation of our interdependence theory of complementar-
ity, we have established interdependent effects fundamental to a theory of autonomy: Opti-
mum teams operate at maximum interdependence [26]; employee redundancy impedes
teams and increases corruption [23]; team intelligence is critical to producing maximum
entropy (MEP, in [32]; e.g., we have found that the search to develop patents in the Middle
East North African countries, including Israel, depends on the average level of education
in a nation; in [23]); and for the public debates offered to persuade a majority in support of
an action [21]. In contrast are the weaker decisions by single individuals (authoritarians),
by those seeking consensus to control a group, reflecting minority control, or by those
that include emotion (e.g., the emotion sometimes associated with divorce or business
breakups). Characterizing another failure of the rational model applied to decision-making,
the premise of the book on teaching human forecasters about how to become “Superfore-
casters,” by Tetlock and Gardiner [33], was its inability to predict the Brexit.

2. Materials and Methods

Our goal was to establish whether a theory of interdependence can successfully build
and operate A-HMTs effectively, safely, and ethically. Based on theory and case studies,
we extend our previous results to the spontaneous debates that arise automatically as
a team or system explores its choices by making tradeoffs before an audience to maximize
its production of entropy (MEP) as it attempts to solve a targeted problem. This setting
often occurs in highly competitive, conflictual, or uncertain situations.

Hypothesis 1 (H1). First, we hypothesized that a cohesive team with interdependently orthogonal
roles will produce uncorrelated information (e.g., the invalidity of implicit attitudes; see [34]),
precluding rational decisions, but by allowing a team’s fit to become cohesive, produces a subadditive
effect (with S as entropy):

Sap<Sa+Sp 1)

Equation (1) is reflected by Lewin’s ([1]; see also [35]) claim which we reiterate that
the sum of the elements can be less than a whole. When the best military teams can be
surprised by poorly trained locals, a cohesive team is more adaptable to surprise [36],
to unexpected shocks [21]: and more likely to build trust [1]. However, the whole can
become less than the sum of its parts too (e.g., a divorce; a fight internal to an organization;
or an operator on a team who fails to perform). Humans must learn to trust machines,
but, once trained as part of a human-machine team, these trained machines know how the
humans are expected to behave. Then, as a duty to protect the members of a team, given
the authority to intervene when a human operator becomes dysfunctional performing its
role in a team, the machine might be able to save lives; e.g., an airliner preventing a copilot
from committing suicide, or a fighter plane placing itself in a safe state if its pilot passes
out from excessive g-forces [37].

Until recently, human-centered design (HCD) dominated research for twenty years [38]
in making designs, like a self-driving a car and more complex ones as well. As justification,
Cooley [39] claimed that humans must come before machines, no matter the value a ma-
chine might provide. However, at one time, HCD was once considered harmful (e.g., [40]),
like autonomous systems are considered today (e.g., [41]).

Autonomy elevates the risks to humans. Human observers “in-the-loop” serve to pro-
vide a check on autonomous systems; in contrast, “on-the-loop” observations by humans
of autonomous machines carry the greater risks to the public. The editors of the New York
Times [42] wrote about their concern that autonomous military systems could be overtaken
and controlled by adversaries wittingly or unwittingly. Paraphrasing the Editors who
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quoted UN Secretary General, Antonio Guterres, autonomous military machines should be
forbidden by international law from taking human lives without the oversight provided by
humans. The editors went on to conclude that humans should never assign life and death
decisions to autonomous machines. But, and just the opposite conclusion, because human
error is the cause of most accidents [37], autonomous machines might save lives.

Lethal Autonomous Weapon Systems (LAWS; in [3]), however, may independently
identify and engage a target without human control. Rapid changes in technology suggest
that current rules for LAWS are already out of date [43]. For autonomous systems to
exist and operate effectively and efficiently, and safely and ethically, even in the context
of command and control, effective deterrence, and enhanced security in a multipolar
nuclear world, we must be able to design trustworthy A-HMTs that operate rapidly and
cohesively in multi-domain formations. As a caution, multi-domain operations rely on
convergence processes [44] which may work in highly certain environments, but not when
uncertainty prevails; worse, we argue, by dismissing an opponent’s reasoning, thereby
adding incompleteness to a context, convergence processes may increase uncertainty [21].

Hypothesis 2 (H2). As our second hypothesis, we considered that the role of debate for humans is
to test in tradeoffs how a team (system) can increase its production of entropy to a maximum (MEP)
as attempts are made to compete in conflictual or uncertain situations.

A team has a plan to operate in uncertain environments. When a plan performs well,
even for multi-domain operations, its plan should be executed. When it faces an uncertain
context [1], guided by interdependence theory, we recommend debate on tradeoffs in the
search for the best decision; e.g., to explore their options, U.S. Presidents Washington and
Eisenhower both encouraged strong dissent (respectively, [45—47]).

We found in our review of the literature [48] that “human behavior and actions re-
mains largely unpredictable.” Physical network scientists, like Barabasi [49], and modern
game theorists [50] disagree; in addition, physical network scientists not only want to be
able to predict behavior, but also to control behavior [51]. Rejecting the cognitive model
dramatically improved their predictability of behavior, but only when beliefs are sup-
pressed, in low risk environments, or highly certain environments. Inversely, the cognitive
model diminishes the value of behavior [52]. These models, however, fail in the presence of
uncertainty [53] or conflict [54], exactly where the interdependence theory of complemen-
tarity thrives [23]. Confronting conflict or uncertainty, the alternative views of reality are
spontaneously tested by debating the different interpretations that arise whenever humans
search for an optimal path so that they can proceed to their goal. This common human
reaction to the unknown means that for machines to partner with humans, machines must
be able to discuss their situation, plans, decisions and actions with their human teammates
in causal terms that both can understand albeit imperfectly at this time ([55,56]).

3. Results of Case Studies

Case study 1: An Uber car was involved in the fatal death of a pedestrian in 2018
([57,58]). Its machine-learning correctly acquired the pedestrian 6 s early compared to its
human operator at 1 s, but the car’s access to its brakes had been disabled to improve the
car’s ride. However, establishing the machine’s lack of interdependence with its human
operator, and unlike a good team player, the car failed to alert its human operator when it
first acquired an object on the road, an action made more likely in the future with Al, but
less likely with machine learning.

Case 2. In 2017-2018, teams composed of humans and robots provided synergism to
BMW's operations (positive interdependence) that allowed BMW to grow its car production
with more robots and workers [59]. At the same time, Tesla’s all-robot operations were in
trouble. Despite its quarterly quota of only 5000 cars, Tesla struggled to meet its goal [60].
This adverse situation was not solved by its managers, by its human operators, nor by
Tesla’s robots. To make its quota of 5000 units per quarter, Tesla removed and replaced
many of its robots with humans. Later analysis discovered that neither its humans or its
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robots could see that the Tesla robots were dysfunctional in the positions that had to assume
while they were assembling cars. After improving the vision of its robots [61], Tesla’s car
production soared well beyond its quarterly quota to over 80,000 units in 2018 [62] and
2019 [63].

Case study 3. Two collisions occurred at sea in 2017, first by the USS Fitzgerald which
killed seven sailors, and kept the Fitzgerald, a guided-missile destroyer, out of service for
almost two years [64]. The second collision was by the USS McCain. The latter suggests
that an interdependent A-HMT may make operations safer in the Naval Fleet. From the
US National Transportation Safety Board (NTSB; p. viii, [65]), the destroyer John S McCain
and the tanker Alnic MC collision was attributed in part to inadequate bridge operating
procedures. The John S McCain’s bridge team lost situational awareness (context) and
failed to follow its loss of steering emergency procedures, particularly to alert nearby
traffic of their perceived loss of steering. Contributing to the accident was the operation
of the steering system in backup manual mode, which allowed for an unintentional,
unilateral transfer of steering control. These problems may have been prevented by an
aware machine teammate (i.e., the ship) interdependent with the bridge’s crew, a machine
given the authority to intervene to prevent a collision and safe a ship.

Case study 4: The decision processes at the U.S. Department of Energy’s (DOE)
Citizens Advisory Board (CAB) at DOE’s Hanford site in the State of Washington and
DOE’s Savannah River Site (SRS) in South Carolina are compared, along with the results of
those decisions. Since its founding, Hanford’s CAB has forcibly sought to reach consensus
in all of its decisions (also known as control by a minority, because a few members can
become a barrier to action by blocking a majority at any time), a process that has promoted
conflict among CAB members [66] and impeded the action by DOE’s Hanford to close any
of its radioactive high-level waste (HLW) tanks [67]. SRS closed its first two HLW tanks
under regulatory oversight in the world in 1997, and several since. Almost 25 years after
SRS began closing its HLW tanks, recently, Hanford entered into a contract to begin to close
its first HLW tank [68]. In contrast to the barriers imposed by the consensus-seeking rules
of Hanford’s CAB, majority-rules used by the DOE SRS in South Carolina have accelerated
the cleanup at SRS motivated by its CAB’s support. Moreover, the majority rules at SRS
have also promoted collegial relations among its citizens and DOE site managers that has
rapidly and safely cleaned up SRS ([66]; see also [23]).

4. Discussion of the Results

Case study 1. Human teams are autonomous. For human-machine teams and systems,
what does autonomy require? In the first case study, from a human-machine team’s
perspective, clearly, the Uber car was an inept team player [1]. Facing uncertain situations,
the NTSB report confirmed that alone, a single human, a single machine or a single team is
unable to determine a rapidly changing context (e.g., driving at night while approaching
an unknown object in the road); indeed, as we have argued [1], resolving an uncertain
context requires at a minimum a bistable state of disagreement shared between two or more
interdependent agents to adapt to rapid changes in context (e.g., by, say, sharing different
interpretations of reality), and, overall, to operate safely and ethically autonomous human-
machine systems. We also know from Cummings [26] that the best science teams are fully
interdependent. Cooke [69] attributes the intelligence of a team in the interdependent
interactions among its teammates (when the information gleaned is shared). To reduce
uncertainty in an autonomous team requires that teammates, whether human or machine
(robot, self-driving car, etc.), can share their interpretations of realty, however imperfectly
determined, in causal terms ([55,56]). In the case of the Uber car, the self-driving vehicle
failed to share the information it had at the time of the fatal accident.

Case studies 2-3. That the intelligent machine in case study 1 stood mute when its
human teammate needed to know their change in the context was also evident in case
studies 2 and 3. In these two cases, fully equipped machines stood mute or passive while
the humans struggled to determine the quickly changing context that they had entered. In
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contrast to the struggling humans, the intelligent, very capable machines stood passively
quiet, and unfortunately by design, unable to help.

Case study 4. Here, we go into more detail of the decision—action processes at SRS.
After SRS had closed two of its HLW tanks and as it began to close two more, DOE was
sued, lost the suit which forced it to stop closing HLW tanks, but then, was rescued by
Congress. Congress allowed DOE to resume its HLW tank closures if, and only if, the
U.S. Nuclear Regulatory Commission (NRC) agreed. Seven years later, NRC had not yet
agreed to close the next two HLW tanks. We recently designed an equation (Equation (2),
discussed later) to model the seven years-long debate between DOE and NRC over the
closure of DOE’s HLW tanks at its SRS site as the situation stood in 2011 [23]. Operating as
a quasi-Nash equilibrium between relatively equal opponents, but where neither side is
fully able to grasp reality, we located opposing views on an imaginary y-axis (points 1, 2
in Figure 1). The two competing teams of DOE and NRC acted like a capacitor, each side
storing then releasing orthogonal information to induce an audience to process both sides
as it oscillates until a decision is rendered. Under consensus-seeking rules (designed to
promote cooperation, but, counterintuitively, by increasing frustration, they replace the
positive aspects of debate with conflict; in [66]), the decision is spread among the audience
members; the problem with consensus-seeking arises in that any one is permitted to block
an action, modeled in Figure 1 by making points 1 and 2 very stable, but, by not processing
information, it enables the minority control preferred by autocrats. Compared to the rules
for seeking consensus (viz., Hanford’s CAB), the audience participating in majority rule
(viz., SRS’s Board) was able to bring fierce pressure against DOE to take action by closing
more tanks, modeled as resistance (point 6 in Figure 1).

As another example supporting this discussion of the results, in a study by the
European Council (from p. 29, in [70]), “The requirement for consensus in the European
Council often holds policy-making hostage to national interests in areas which Council
could and should decide by a qualified majority.”

Orthogonal Harmonic Imaginary Social Axis:
Oscillator [A,Blocoticr> iC

S
(4}
v

Real Social Axis:
(A, Blrasions 2

Figure 1. (From [71], submitted). The points (1 and 2) on the imaginary y-axis represent beliefs posed
as choices to be debated for action. If no consensus for an agreement to take action is reached, no
action occurs (e.g., the 7-year stalemate in the debate between DOE and NRC). Points 3 and 4 reflect
a compromise choice for action on the x-axis (physical reality); points 5 and 6 represent resistance
to the debaters that their audience has decided on the action it wants them to execute, with point 6
reflecting the strongest social feedback by the audience.

The movement towards autonomy begins with a return to the whole. We apply two
ideas from traditional social science to our concept of autonomous systems: the separation
between structure [23] and function [31]. With this separation in mind, we consider whether
the separation of the structure of autonomous human—-machine participants for a team in
their interactions during their performance affords their team an advantage.

We reconsider Equation (1). In 1935 (p. 555, [72]), Schrodinger wrote about quantum
theory by describing entanglement: “the best possible knowledge of a whole does not
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necessarily include the best possible knowledge of all its parts, even though they may
be entirely separate and therefore virtually capable of being ‘best possibly known'’ ...
The lack of knowledge is by no means due to the interaction being insufficiently known

. it is due to the interaction itself.” Returning to Lewin (p. 146, [11]), the founder of
Social Psychology, Lewin wrote that the “whole is greater than the sum of its parts.”
Moreover, from the Systems Engineering Handbook [12], “A System is a set of elements in
interaction” [73] where systems “often exhibit emergence, behavior which is meaningful
only when attributed to the whole, not to its parts” [74]. Now, applying Schrédinger to
Lewin’s and Systems Engineering’s interpretation of the “whole” begins to account for the
whole being greater than the sum of its parts.

There is more to be gained from Schrodinger (again on p. 555, [72]): “Attention has
recently been called to the obvious but very disconcerting fact that even though we restrict
the disentangling measurements to one system, the representative obtained for the other
system is by no means independent of the particular choice of observations which we select
for that purpose and which by the way are entirely arbitrary.”

If parts of a whole are not independent (Equation (1)), does a state of interdepen-
dence among the orthogonal, complementary parts of a team confer an advantage to the
whole [1]? Justifying Equation (1), an answer comes from the science of teams: Compared
to a collection of the same but independent individuals, the members of a team when
interdependent are significantly more productive ([25,26]). An autonomous whole, then,
means a loss of independence among its parts; i.e., the independent parts must fit together
into a “structural” whole. Thus, for the whole of an autonomous system to be greater than
the sum of the whole’s individual parts, the structure and function of the whole must be
treated separately ([31]; see also [23]).

As the parts of a whole become well-fitted together, supporting Equation (1), in the
limit, its degrees of freedom (dof) reduce, thereby reducing the entropy produced as shown
in Equation (2):

Sap = limgyr 1 log(dof) =0 ()

The reader may ask, “When the whole is greater than the sum of its parts, why is that
not superadditive?” Superadditivity is a rational approach to summing the parts of a whole
in which case, entropy generation equals or exceeds inputs (e.g., a system with minimal
stability, nonlinear process, or internal irreversibility). Subadditive refers to a reduction in
entropy (e.g., life). In our case, where the whole is greater than the sum of its contributing
parts, subadditivity is counterintuitive. It demands a team, composed of individual parts
operating interdependently as a whole. It works best when its parts are in orthogonal
roles, allowing the parts to fit together, each part depending on the whole to operate as a
close-knit team (e.g., a small repair business with a clerk, a mechanic and an accountant).

Future research. Next, we plan to model the potential to change free energy, «, per
unit of entropy (da/ds), which gives us Equation (3):

da/dt = du/dsxds/dt = Taws = TRwE 3)

Equation (3) offers the possibility of a metric, which we devise to reflect a decision
advantage, DA:
DA = Toutput/Tinput 4

Equations (3) and (4) measure how rapidly the information from one team is cir-
culating to another and back again during a debate, our second recent discovery with
the interdependence theory of complementary. However, DA has implications for the
application of theory to states of teams during a competition.

Namely, decision advantage has led us to a reconceptualization of competition be-
tween equal competitors as a means to seek an advantage by using the forces of competition
to discover the information about where an opponent is vulnerable. For example, Boe-
ing’s recent failure to compete against Europe’s Airbus [75] came about from its internal
decisions which left it vulnerable after its two 737-Max airliner crashes. The same is true,
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however, of multiple other firms, including the HNA Group’s unmanageable debt from its
frenzy of deal making which left HNA vulnerable to the unexpected collapse of commercial
air travel during the pandemic of 2020 and led to its undoing [76]: “From 2015 to 2017,
as the Chinese conglomerate HNA Group Co. collected stakes in overseas hotels, financial
institutions and office towers in a $40 billion deal-making frenzy ... [which led to] the
downfall of one of China’s most acquisitive companies ... HNA found itself in a deep
hole because of its wild growth and poor past decisions ... The company grew out of
Hainan Airlines ... in the early 1990s. ... HNA piled on debt as it made acquisitions
... In February, when the coronavirus ravaged the airline industry, HNA was effectively
taken over by the Hainan government ... to return HNA to financial stability so that it can
continue to operate as China’s fourth-largest aviation company”.

Decision advantage is also implicated in suggesting that mergers are motivated to
occur among top competitors to maintain or to increase their competitiveness, or to exploit a
weakness in a competitor. The Wall Street Journal wrote about Intel’s self-inflicted problems
as it has struggled with its competitor Advanced Micro Devices (AMD), providing an
example of how AMD, the smaller firm, is advancing while the larger firm, Intel, is not [77]:
“Advanced Micro Devices Inc. plans to buy rival chip maker Xilinx Inc. in a $35 billion
deal, adding momentum to the consolidation of the semiconductor industry that has only
accelerated during the pandemic. AMD and Xilinx on Tuesday said the companies reached
an all-stock deal that would significantly expand their product range and markets and
deliver a financial boost immediately on closing. ... AMD is enjoying a surge at a time
when Intel has been struggling ... stung by problems that analysts believe could help
competitors like AMD advance”.

Decision advantage can be used by a firm against itself to expose and address its own
vulnerabilities and to improve its ability to compete, as in the case with Salesforce in its
competition with Microsoft. From Bloomberg News [78]: “Salesforce.com Inc. agreed to
buy Slack Technologies Inc. ... giving the corporate software giant a popular workplace-
communications platform in one of the biggest technology deals of the year. ... The Slack
deal would give Salesforce, the leader in programs for managing customer relationships,
another angle of attack against Microsoft Corp., which has itself become a major force in
internet-based computing. Microsoft’s Teams product, which offers a workplace chatroom,
automation tools and videoconference hosting, is a top rival to Slack. ... Bloomberg News
and other publications reported that companies including Amazon.com Inc., Microsoft and
Alphabet Inc.’s Google expressed interest in buying Slack at various times when it was still
private. ... Salesforce ownership will mark a new era for Slack, a tech upstart with the
lofty goal of trying to replace the need for business emails. The cloud-software giant may
be able to sell Slack’s chatroom product to existing customers around the world, making it
even more popular. Slack said in March that it had reached 12.5 million users who were
simultaneously connected on its platform, which has grown more essential while corporate
employees work from home during the coronavirus pandemic”.

5. Discussion

The interdependence theory of complementarity guides us to conclude that intelli-
gence in the interactions of teammates requires that teammates must be able to converse in
a causal language that all teammates in an autonomous system understand; viz., to obtain
intelligent interactions leads a team to chose teammates who fit together and cohere best.
As the parts become a whole in the limit ([1,21]), the informatics of the entropy generated
by an autonomous team’s or system’s structure must be at a minimum to characterize
the well-fitted team and to allow the intelligence in the team’s interactions to maximize
its performance (maximum entropy production, or MEP; in [79]); e.g., by overcoming the
obstacles a team faces (e.g., [32]); by exploring a potential solution space for a patent [21];
or by merging with another firm to reduce a system’s vulnerability (e.g., [80]) (Hunting-
ton Ingalls Industries has purchased a company focused on autonomous systems [80]).
In autonomous systems, characterizing vulnerability in the structure of a team, system, or
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an opponent was the job in case study 1 that Uber failed to perform in its safety analyses;
instead, it became the job that NTSB performed for Uber in the aftermath of Uber’s fatal
accident. Moreover, the Uber self-driving car and its operator never became a team, re-
maining instead as independent parts equal to a whole; nor did the Uber car as a teammate
recognize that its partner, the operator, had become negligent in her duties and then take
the action needed to safe itself and its team [37].

The same said for case study 1 can be said about case studies 2 and 3. This means that
for machines to become a good teammate requires that they are able to communicate with
their human counterparts. It does no teammate or team any good when a multimillion
dollar ship sits passively by as the ship collides with another ship. especially when the
machine (i.e., the ship) likely could have prevented the accident [37].

In sum, interdependence is critical to the mathematical selection, function, and charac-
terization of an aggregation formed into an intelligent, well-performing unit, achieving
MEP in a tradeoff with structure, like in the manner of focusing a telescope. Unfortunately,
interdependence also tells us, first, that since each person or machine must be selected in
a neutral trial-and-error process [81], the best teams cannot be replicated; and, second, neu-
trality means that the information for a successful, well-fitted team cannot be obtained in
static tests but is only available from the dynamic information afforded by the competitive
situations able to stress a team’s structure as it performs its functions autonomously; i.e.,
not every good idea for a new structure succeeds in reality (e.g., a proposed health venture
became “unwieldy,” in [82]). This conclusion runs contrary to matching theory (e.g., [83])
and to social interdependence theory [19]. However, it holds in the face of uncertainty and
conflict for autonomous systems (references [53,54], respectively).

We close with a speculation about the noise and turmoil attending competition, for
which few witnesses claim to like (viz., [19]). Entanglement and tunneling have been
established as fundamental to cellular activity (McFadden and Al-Khalili [84]). In their
review of quantum decoherence, unexpectedly for biological systems, McFadden and Al-
Khalili suggest that environmental fluctuations occurring at biologically relevant length and
time scales appear to induce quantum coherence, not decoherence; for our research, their
review indicates that the quantum likeness that we have posited in the interdependence
of complementarity is more likely to occur under the noise and strife of competition that
generates the information needed to guide competitive actions rather than the cooperation
which consumes or hides information from observers [21]. Instead of supporting the anti-
Darwinianism of Hare and Woods [19], the noise and tumult associated with competition
motivates the evolution of teams, organizations, and nations.

6. Conclusions

Confronted by conflict or by uncertainty, the rational model fails; instead, the inter-
dependence of complementarity theory succeeds where the rational model does not. In
contrast to a rational approach of behavior or cognition, the interdependence theory of
complementarity has so far not only successfully passed all challenges, but also, and more
importantly, guided us to new discoveries. With case studies, we have advanced the inter-
dependence theory of complementarity with a model of debate, a difficult problem. By the
end of this phase of our research, the goal is to further test our theory of interdependence
for A-HMTs, to improve the debate model, and to craft performance metrics.

In contrast to traditional social psychological concepts that focus on biases, many of
which have failed to be validated (e.g., implicit racism; self-esteem; etc.), the successes of
interdependence theory derive from focusing on the factors that increase or decrease the ef-
fectiveness of a team; e.g., superfluous redundancy in a team or organization; overcapacity
in a market suggesting the need to consolidate; and the need for intelligent interactions to
guide a team’s decisions as it faces uncertainty or conflict.

The interdependence theory of complementary accounts for why an alternative or
competing view of reality helps both interpreters of reality to grasp enough of reality to
navigate through an unknown situation, the evidence allowing us to argue that resolving
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uncertainty requires a theory of interdependence to construct contexts effectively, efficiently,
and safely for autonomous human-machine teams and systems [1].

With interdependence theory, we predicted and replicated that redundancy on a team
reduced its ability to be productive [85]. These two successes accounted for the two findings
by Cummings [26], first, that the best science teams were highly interdependent from a
lack of redundancy on the teams; and, second, that the surprisingly unproductive nature
of interdisciplinary science teams were caused by an increase in redundancy as the produc-
tive members of a team adapted by working around their unproductive teammates [85].
By extension, we have proposed a generalization of our theory and found that when two
equal teams compete against each other, which increases conflict and uncertainty, each
team’s goal is to find vulnerabilities in the opposing team, characterized by an increase in
the losing team’s structural entropy production as it struggles to reduce the vulnerability
in its structure, illustrating that damage is occurring to its structure. By competing where
traditional social science, information theory and artificial intelligence (Al) cannot, the
interdependence theory of complementary overthrows key aspects of rational team science.

Autonomous machines one day in the distant future may save lives by replacing
humans in safety-critical applications, but not today. We foresee that happening little by
little, but not yet. Our contribution with this paper is a review of the difficulty of achieving
autonomy with human-machine teams and systems under conditions of uncertainty or con-
flict. This problem is significantly more difficult than achieving the design of autonomous
vehicles, known as Level 5. From Walch [86], “At the ultimate level of autonomy, Level
5 vehicles are completely self-driving and autonomous. The driver does not have to be
in control at all during travel, and this vehicle can handle any road condition, type of
weather, and no longer bound to geo-fenced locations. A level 5 vehicle will also have
emergency features, and safety protocols. A level 5 vehicle is true autonomy and will be
able to safely deliver someone to point A to point B. No commercial production of a level 5
vehicle exists, but companies such as Zoox, Google’s Waymo, and many others are working
towards this goal.” These Level 5 vehicles, however, will for the most part be operating
under certainty in the driving conditions they face. The problem we posed in this research
article is for autonomous teams and systems solving complex problems in any situation,
including during competition, uncertainty or conflict. Level 5 vehicles will not have to
engage in debate to resolve the problems they confront. Having said that, however, the
fatality caused by the self-driving Uber car illustrated how far from autonomy our science
has yet to travel before autonomous teams become reality.

Next, we plan to further explore the foundations of innovation. We found previously
that education in a nation was significantly associated with its production of patents [87].
However, this finding was orthogonal to our much earlier finding that an education
in air-combat maneuvering had no effect on the performance of combat fighter pilots,
both findings that we predicted based on theory. Our theory also depends on the reduc-
tion in degrees of freedom for an interdependent team, an idea we have borrowed from
Schrodinger (see [72,88]). We plan to further explore its ramifications in the future. We
also plan to explore alternative and complementary approaches to different modalities of
information [89].
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