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THUPOBaHMs MO3BOJIUT CHAEIATh MPOCKTUPOBAaHUE Oosiee
3¢ (PEKTUBHBIM, MOBBICUTH KAa4eCTBO YIPABICHUS MPO-
LIECCOM KOJUIEKTHBHOTO MPOEKTUPOBAHMS, a TAKXKe CO-
KpaTUTh CPOKH Pa3pabOTKH.
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Technologies for Distributed Design of VHDL-objects

The paper proposes the multi-agent distributed design system for structural and functional models presented in the language VHDL. Roles of
agents are described. The implementation structure of the system is developed based on SaaS and CORBA technologies.
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EXPLOITING TWO AMBIDEXTROUS ROBOTIC ARMS

FOR ACHIEVING COOPERATIVE TASKS

This paper is about designing two ambidextrous robotic arms to achieve tasks cooperatively. The design is concerned with offering a flexible
and humanlike dual arm behavior to be used as a true production partner with humans in different industrial and medical applications. After intro-
ducing the kinematics of this design, a new switched two functionality controller will be used to guide the actuators with an efficient method for
planning the movement. Also a new and efficient algorithm of collision avoidance will be used. Experiments and results are given using the task of
the Russian Matryoshka doll assembling and disassembling, which can be generalized to do any other sophisticated tasks.
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f course two arms are better than one, because

one arm can’t clap alone. So there is always

aneed for robot arms which achieve tasks
cooperatively. Ambidexterity is the state of being
equally adept in the use of both right and left append-
ages, such as the hands. It is one of the most famous
varieties of cross-dominance. People that are born
ambidextrous are extremely rare. In tennis Maria
Sharapova is a perfect example of a player who is am-
bidextrous [1]. MacDonald Dettwiler designed and
manufactured the two armed robot Dextre as a part of
the international space station to replace some activities
which required spacewalks; it was launched in 2008 on
mission STS-123. Automakers use dual-arm robots to
shorten the cycle time of treating components surfaces.
A 7-axis robotic arm allows multiple positions and ori-

entations same as a 6-axis articulated arm but instead of
having just one configuration per pose it has 50 % more
dexterity and offers many configurations, like a human
arm. Motoman for example introduced three dual-arm
model series starting from 2004: DA, DIA, and SDA
series, which were used for assembling automotive
parts, electric motors, and appliances. ABB started in
2009 developing Frida, a dual-arm robot equipped with
vision cameras, which can cooperate with workers
safely and intuitively, to use it in consumer electronics
industry production scenarios. Barrett Technology Inc.
in 2010 joined the DARPA autonomous robotic ma-
nipulation program, which hopes to develop a dual-arm
robot by 2014 that lets a robot autonomously manipu-
late, grasp and perform complicated tasks after receiv-
ing high-level direction. Intel Personal Robotics Lab
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unveiled HERB also in 2010, a robot that features dual
WAM arms, which can pick up various small items,
offer them to people and place them in a different area
while avoiding obstacles. Apart from these dual-arm
robots, the single WAM arm has been used in manufac-
turing, surgical, space, and research applications. The
arm is highly responsive to contacts all across its link
surfaces, not just at the tip end. Rather than relying on
active force or torque sensors, it precisely controls mo-
tor current. In the future, dual-arm robots will become
true partners to humans in various jobs, using the same
tools, such as industrial and medical assistance tools
and devices [2]. ISO 10218 standards for industrial
robot safety, believed to help promote human-robot
assembly line collaboration [3]. Christian Smith et al.
investigated all the dual arm technologies and methods
up to the year 2012 and showed that they were mostly
using bimanual operation of two manipulators, which
were separately handled and their control is based on
visual servoing. In this paper the dual arm robot is han-
dled as one entity. Visual servoing is believed not nec-
essary for systematic tasks, that don’t require visual
perception, and are handled using tactile perception
only. The aim is to design a flexible and humanlike
ambidextrous dual-arm behavior in order to achieve
cooperative tasks to use it as a real partner with humans
in different applications (medical, industrial, and mili-
tary), by exploring new artificial intelligence and dy-
namic programming algorithms. Design a new and effi-
cient method and algorithm for planning the movement
and balancing the mechanism called Ellipse Normal
Inclination. Design a new and efficient method and
algorithm for collision avoidance called Ellipsoid Inter-
section Location. Design a new switched dual-
functionality controller for every joint to guide the ro-
bot’s actuators to enable shifting between two move-
ment regimes, one in the reachable workspace, and the
other in the ambidextrous workspace.

Inverse Kinematic analysis

Arm and hand postures are independent of each other,
so it is possible to find the forearm and upper arm posture
to match the wrist position and determine its joint angles
to match the hand orientation; those angles are used later
in trajectory planning. Each arm can be modeled as
a 7-DOF mechanism as shown in figure 2, and the trans-
formation matrix for its base where 6, =0, =0, = 0°is:

Thase= Rot(6;) Rot,(6,) Rot(6y).

Denavit-Hartenberg parameters are:

For left arm
i ai—1 ai—1 di 0i
1 /2 0 0 0l +x
2 /2 0 0 02 + /2
3 /2 0 0 03 +7
4 /2 0 L1 04
5 —7t/2 0 0 05 —7/2
6 —71/2 0 L2 06 + /2
7 /2 0 0 07 +mn

For right arm

i oi — 1 ai—1 di 0i

1 /2 0 0 01

2 /2 0 0 02 —m/2
3 -n/2 0 0 03 —n
4 -n/2 0 -L1 04

5 /2 0 0 05 — /2
6 -n/2 0 —L2 06 +m/2
7 /2 0 0 07 +n

Ly and L, are the length of the upper and lower arm
parts. The DOFs at the wrist are not considered, so there
are 3 DOFs at the shoulder and one DOF at the elbow:

Redundancy can be constrained by specifying the el-
bow position. 0, can be derived based on shoulder posi-
tion Ps, elbow position Pe, and wrist position Pw, as:
I+ -w?

2L L,

Sy =\/1—c§, 0, =m—Atan2(s4,c,).

Then 0, is used to derive iT :
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c, =ﬂ(for both arms), s, =+[1-c? (for left
arm), 5y =—y/1- cf (for  right arm), so:

0, :AtanZ(sz,cz)—g.

_4Re _ 4P
=, 1 =—,
Lys, Lys,
(for left arm), 0, = Atan2(s,,¢;) (for right arm).

a so: 0, = Atan2(s),c))— 7
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Then 97 and jT can be derived. The wrist position
with respect to frame2:

2
7Pex
2 2
== 7R 7ty ’
2
7Pez
0o 0 o0 1
—Lyc3s,
2p, =| ~L, - Lyc, | (for left arm),
—L,s384
—Lyc38,
72PW =|—-L, —Lyc, | (for right arm),
Lysysy
’p
c3 = Iwx_ (for both arms),
LS4
’p
5= ;VZ , 03 =Atan2(s;,c;) —n (for left arm),
254
2
7sz

8y = , 03 =Atan2(s;,c3)+m (for right arm)

—L,s,

Then %T can be derived. 05, 04 and 0, can be derived
from frame 4 to frame 7 transformation matrices [4, 5]:

4
7wa
4 4
R P
4p _ 31 201 1=l 0gp—1 O _ 7 75wy
A= 5T T T 5T =
'P
75wz
0 0 0 I
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a7 _ —C7S¢ S6S7 & L
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0 0 0 1]
(for left arm)
C5CsCq — 8587 —C785 —C5CeS7  C58g 0
a7 _ C786 —SeS7 - L,
T =
Cs857 +CeC785  C5C7 —CgS557  S58¢ 0
0 0 0 1
(for right arm)
4 4
) 4 2 _7l3 __1553
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Se S

05 = Atan2(s5, ¢5) + n/2, 06 = Atan2(s6, c6) — /2,
07 = Atan2(s7, ¢7) + n (for left arm),

05 = Atan2(s5, ¢5) — n/2, 66 = Atan2(s6, c6) — n/2,
07 = Atan2(s7, ¢7) + © (for right arm),
[ —L,cys, |
P, =|-L Ly,

| —Lys384 |

(for left arm),

[ —L,eys, |
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(for right arm),
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Collision Avoidance algorithm

The collision of the two manipulators occurs inside
the common work area of their workspace, so if one is in
the common work area, the other should absolutely be
prohibited to move or pass into this area; however they
are allowed to move freely inside their own external
work area. Each manipulator as a 3D object will be ap-
proximated as an ellipsoid as shown in figure 1.

Right arm Left arm

Figure 1. Ellipsoid representation of two arms and principal
ellipses in reference to a common coordination system

Figure 2. Mantling and dismantling the Matryoshka

Collision avoidance will be based on collision detec-
tion by partitioning a window in time into a number of
static snapshots, and perform intersection detection on
each of these. The number of snapshots depend on the
objects size and proximity and the manipulators speed;
the outermost doll diameter chosen is D = 8 cm. Arm
movement can be divided into coarse, related to the arm
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upper and lower parts, to which collision is mostly re-
lated, and fine one related to hand and fingers. The most
critical expected collision is the collision of the arm
lower part. Inspired by the human arm it’s found that the
Arm Ratio = lower part,,, | upper part,,, = 28.20/36.46 =
=0.77 = 3/4 to be used in designing the robot arm. The
distance between two shoulders is 42.54 cm, i. e. be-
tween the bases of the two robot arms where Base Ratio =
= upper arm/distance between the two bases ~ 6/7. If we
take the line of symmetry, there is collision if an arm
point e on both arms has (x.,, Ver, Zer) = (Xety Ver» Zer)- Both
the upper arm vector Pe and lower part vector Pw form
a plane which is the principal ellipse in the ellipsoid,
where z; the axis of the elbow movement is perpendicu-
lar on this plane, so it is its normal N: N = Pe x Pw. So if
we define the angles of inclination 6,, and 0., between
each of the normal vectors N, and N,, and the reference
coordinate system, we can define the posture of the arms
to prevent collision and use them for trajectory planning.
This technique called Ellipse Normal Inclination reduces
the need of using the joints angles to one angle, the nor-
mal inclination angle 6, = [6,, 6,, 6.], and speeds up the
calculations, and is used for balancing the mechanism.
Referring to the ellipses in figure 1 we can define the
orientation of both arms to each other in reference to
acommon coordination system,, using the following
equations where S, W, and H are the position vectors of
the shoulder, wrist, and hand end-point respectively:

Sx= ¢ (for left hand), Sx = —c (for right hand), Hx =0,
Sy=0,Hy=-2a,Sz=Hz=0,Wx=0, Wy=—a, Wz=>

Sy +¢
S, [=R(O6,)RO,)R(O,)| 0 |,
S 0
W] [0
W[ |=R0,)RO,)R®,)| -a|,
W b
H | [0
H! |=R(6,)R(0,)R(®,)| —2a
H! L 0

. . 11 .
The rotational speed 0, = f (B’Ej’ where D is the

object’s diameter and d is the distance between the ma-
nipulator and the object.
Ellipsoid Intersection Location Algorithm:

E(x,y,2) = (a(()’('))x2 + 2a(()’i)xy + al(i)y2 + b(gi)x +

+ bl(i)y + c(i)) + (2a(()i2)x + 2a1(;)y + béi) )z + (agiz) )z2

are the two ellipsoid equations, where i = {0, 1}, and
E(x) < 0 defines their inside and Ey(x) > 0 defines their
outside. Start at a point x, where Ey(xo) = 0, if E1(xo) = 0,
then intersection point is found. If E(x¢) < 0, then x, is
inside the other ellipsoid. The path on the 1% ellipsoid

with  largest increase in E; locally is:
VE,VE

&y YAV g,

dt |V E0|

When Ej(xy) > 0, the tangent direction must be re-
versed so that O, is decreased as rapidly as possible to 0,
VE,VE
1—20v E,.

|VE,|

The differential equation right-hand side reduces to
the zero-vector, and its length is used as a termination
criterion. A tangent vector for the curve is perpendicular
to both VE, and VE,. The system of equations to solve

s dx
in this case: — =-VE, +
t

. d
is: = VE,xVE,.
dt
Ellipsoids equations can be rewritten as
(x— Ci)Tmi(x —c) =1,

where m; is positive definite, ¢; is the ellipsoid center,
co tt Vis a separating axis where V is a unit length vec-
tor. The projection of £, onto the axis is Iy(V) = [-ry, ro]:

The projection of £/ onto the axis is

LV =[VA=r, VA+r:A=C = C, 1; =V m 'V .

Select an initial V. If the ellipsoids intersection A V) =
=1y(V) n I}(V) = 0, then they are separated. If V) # 0,
then the given axis does not separate the ellipsoids.
When the intervals overlap, then AV) = [fy, fil:
fo=max{V.A—r|,—ro} and f; = min{V.A + ry, ro}.

If f{ — fo > 0 they overlap, else if fy = f] then there is
a single point of intersection, else if f; < f and A(V) <0
then they are disjoint. So the task is to search the space
of unit length vectors, starting at initial 7, to determine if
there is such a vector that makes # < 0, and it is enough
to determine if 2 = 0 and the graph of % has a transverse
crossing at that location.

Experiments and results

Usually tasks are divided into continuous tasks and
discrete tasks, continuous tasks usually use gross motor
skills and discrete tasks use finer motor skills. Gross
motor skills perform tasks like walking, balancing,
crawling. Fine motor skills perform tasks that are precise
in nature. Fine motor skills are the coordination of small
movements which occur e.g., in the fingers, usually in
coordination with the eyes (e.g., working with knitting
needles).

Coordination between eye perception and hand ac-
tion is made by determining the fixed transformation
between the gripper coordinate system and the camera
taking in consideration the workspace estimate as shown
in figure 3, with the following joint angles constraints
—135° < 9; < 45°, -135° < 0, < 100°, 0° < B3 < 145°,
45° <0, < 180°. State estimation and feedback control of
the hands are necessary to complete the task.

The positions of both obstacles and target are fixed
where the doll will be located at P,, = [0 42 —42], and the
arms start with an uncertain estimate of these positions
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with 0, = 360 °/s, and 0, ~ 3600 °/s”. If an object
(hand, obstacle or target) is close to the focus point, the
noise perturbing the observation of the object’s position
will be reduced as a Gaussian function of distance from
this point, generating better position estimation, and of-
fering more accurate feedback control of the hands. As
observation noise is state-dependent and not Gaussian,
a nonlinear filter is required. Due to the obstacles, the
cost is not quadratic and dynamic programming algo-
rithm is used [6]. The optimal solution is a feedback pol-
icy for controlling the positions of both hands and eye
with gradually reducing the focusing spot. Dual-arm
robots with humanlike flexibility shown in figure 2 have
been our priority, and the experiment used in [4] was
mantling and dismantling of the Russian dolls or Ma-
tryoshkas which denote a recognizable relationship of
similar objects within each other using the algorithm
shown in figure 3; this appears in the design of many
natural and man-made objects, and can be applied in
different industrial and medical applications [2, 7]. For
task coordination switching control is used, which means

there is one and only one controller active at any given
time [8]. The coordinator chooses between the two con-
trollers by consulting a lookup table. Each of these con-
trollers has its own control law and is assigned to the
appropriate task. A connected computer calculates the
necessary parameters off-line, defines the tasks and
sends the necessary information to the lookup table,
where using one angle 0, reduces the calculation to 25 %
of the time needed, as shown in figure 4, when the posi-
tion of the left hand wrist moves from its rest position to
point (20, 14, —36) as an example. The precision is meas-
ured by the maximum error in the values of the joints
angels, and in case of using the ellipse normal inclination
~28-0.0001
04+0.3

Where n is the gear ration and ep,, is the measured

=0.004 rad.

method: e, =ney =

error of the wrist location, L; and L, are the length of the
upper and lower arm respectively. Which is 17.5 % less
than the error measured in the other know methods
which is about 0.0047 rad.

. X

49 42 35 I8 21 14 7 1] 7 14 -21 28 -35 -4z 49

Figure 3. Ambidextrous dual-arm robot workspace

dismantle_doll();
Begin
left arm goto_doll lower part (position);
grasp_doll_lower_part();
right arm_goto_doll_upper_part (position);
grasp_doll_upper_part(); lift_doll_upper_part();
put_doll_upper part_aside(position);
end;
Number of dolls:=enter nmber of dolls();
for doll_number=1 to number of dolls then
Begin
doll:=doll[doll number];
dismantle_doll();
doll:=doll[doll number+1];
right arm goto_doll(position); lift_doll ();
put_doll(position);
end;

Figure 3. The algorithm of dismantling the Matryoshka
(to be reversed for mantling)

Angle Calculation time (sec)
0, 0.0151
0, 0.0017
0, 0.0019
0, 0.0024
Total time 0.0211
Oe 0.0053

Figure 4. Arm joint angles and 6e calculation time

Main program creates two concurrent processes each
executes the corresponding controller task (delicate or
robust) [8], where within each of the controllers, tasks
are served using the priority scheduling algorithm for
real time applications. In the task code controller() is
a function which chooses the appropriate controller and
deliver it a task through a two dimension array task
which has two fields a pointer to the current controller
and a vector of the corresponding tasks.

The concurrent controller processes have a mutual
exclusion strategy. The dynamic model is computed as
a function of the desired path only, so when the desired
path is known in advance, values could be computed off-
line in the supervisory unit before motion begins. At run
time, the pre-computed torque histories would then be
read out of memory. The dual-arm payload is 20 kilo-
grams. If mantled on a vehicle it can be used for disarm-
ing minefields in military applications. It fits into spaces
ergonomically designed for human professionals, and
can be easily interchanged with a human co-worker
when required.

Conclusion

The dual-arm robot intended to be used in any appli-
cation where labor involves a specific series of tasks, for
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handicapped people artificial limbs, and as a partner to:
fire fighters for rescuing, workers for manufacturing,
doctors for surgery, and as a research platform. Having
a solution where several manipulators are involved re-
quires coordination between them. To prevent collision
with each other and the surrounding objects, Ellipsoid
Intersection Location algorithm was used. Our experi-
ments showed that coordinating between the two arms
based on the Ellipse Normal Inclination method offers
a more generic, speedy, and precise solution for a wide
range of robotic applications. Hands control and balanc-
ing the mechanism will be handled in future papers. This
paper explores the human behavior and intelligence for
solving problems and handling sophisticated tasks to
reach algorithms which are used by the human brain for
control and making decisions, and to mathematically
model definite problems and simulate the required algo-
rithms for solving those tasks. The results showed 25 %
speed increase and 17.5 % accuracy increase than other
known methods in achieving a complex task which can
be generalized to be used in a lot of applications which
requires precision and working in real time.
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KOHIENIHAS BEPEKJIUBOI'O ITPOU3BOJICTBA —
OCOBBIN «'EHETUYECKHUHA KOJI»

Paccmampusaiomesn eonpocvl opeanusayuu npousgoo0Cmea HA OCHOBE NPUHYUNOE KOHYEnyuiu 0epediciugo20 npoussoo0Ccmea Kopnopayuu
Toyota. Ilpugedenvl ocrosHble NOHAMUS, ONpedeleHs U wau opaanuzayuy bepexncauso2o npoussoocmea. Paccmompensl kouegvie npodiemol
CNIOJACHOCIU BHEOPEH U KOHYENYUU HA POCCUTICKUX NPEONPUAMUAX U 803MOICHOCIIU UX NPEOOONCHUS.

KuroueBble cii0Ba: KOHIENIMS OEPEekIUBOrO MPOU3BOJCTBA, MOTOK CO3JAHUS LEHHOCTH, MOTEPU MPOM3BOJCTBA, IPUHIMII «BBITATUBAHUSD,
NoBbIIeHHE 3G GEKTUBHOCTH, My1a.

HACToOsIIIee BpeMsl OepeXIIMBOE IPOU3BOACTBO
SBJISICTCS OJJHOW W3 CaMbIX BOCTPEOOBaHHBIX
TEM B Cpele POCCHHCKOTO MPOU3BOJCTBEHHOIO
MEHEDKMEHTa. B CBsI3M ¢ 9TUM IpeCTaBIsETCS LIeNeco-

00pa3HBIM PacCMOTPETh OCHOBHBIE TOHATHSA JaHHOM
KOHLEMIUKN ISl JTOCTHXKCHUSI SCHOCTH B TIOHUMaHUH
npeaMeTa 00CyKACHHS.
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