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Abstract
Background We demonstrate the first self-learning, context-sensitive, autonomous camera-guiding robot applicable to mini-
mally invasive surgery. The majority of surgical robots nowadays are telemanipulators without autonomous capabilities. 
Autonomous systems have been developed for laparoscopic camera guidance, however following simple rules and not adapt-
ing their behavior to specific tasks, procedures, or surgeons.
Methods The herein presented methodology allows different robot kinematics to perceive their environment, interpret it 
according to a knowledge base and perform context-aware actions. For training, twenty operations were conducted with 
human camera guidance by a single surgeon. Subsequently, we experimentally evaluated the cognitive robotic camera control. 
A VIKY EP system and a KUKA LWR 4 robot were trained on data from manual camera guidance after completion of the 
surgeon’s learning curve. Second, only data from VIKY EP were used to train the LWR and finally data from training with 
the LWR were used to re-train the LWR.
Results The duration of each operation decreased with the robot’s increasing experience from 1704 s ± 244 s to 1406 s ± 112 s, 
and 1197 s. Camera guidance quality (good/neutral/poor) improved from 38.6/53.4/7.9 to 49.4/46.3/4.1% and 56.2/41.0/2.8%.
Conclusions The cognitive camera robot improved its performance with experience, laying the foundation for a new genera-
tion of cognitive surgical robots that adapt to a surgeon’s needs.

Keywords Cognitive surgical robotics · Artificial intelligence · Surgical data science · Colorectal surgery · Machine 
learning

Medical robots have gained increasing popularity as assis-
tive devices for surgical applications throughout the last 
decades [1], especially in laparoscopic surgery. In surgical 
specialties as diverse as urology [2], gynecology [3], and 
general surgery [4] the da Vinci® telemanipulator (Intuitive 
Surgical, Sunnyvale, USA) is leading the field. Whereas the 
da Vinci® combines several robotic arms in an overall sys-
tem to perform a complete operation via robotic telemanipu-
lation, a number of smaller, specialized systems have been 
proposed for specific applications, thus far mainly focusing 
on camera guidance in laparoscopic surgery [5–9]. Learning 
systems have been of particular interest to leverage data for 
learning complex skills [10, 11].

In laparoscopic surgery, camera guidance is of utmost 
importance for clinical outcome and successful avoidance of 
complications as the surgeon’s view of the operating field is 
determined by the quality of images and strongly influenced 
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by camera motion. Nevertheless, in the standard of care, 
camera guidance in laparoscopic surgery is not performed by 
the operating surgeon, but by a surgical assistant. The assis-
tant is required to understand and anticipate the surgeon’s 
activities and intentions to provide the best view render-
ing camera guidance a non-trivial surgical task. To support 
the surgeon, a number of robotic systems have been devel-
oped to precisely guide the camera in laparoscopic surgery. 
Some of them, including systems already employed in clini-
cal use [5–9], are telemanipulated by the surgeon allowing 
full manual control over the field of view at the price of an 
increased mental workload, thus potentially distracting from 
critical tasks. To address the limitations of telemanipulated 
camera guidance, robotic task automation is proposed [12]. 
Whereas some systems try to sense the intent of the surgeon 
by monitoring the eye-gaze [13], most of them track the 
position of the instrument tips and apply basic rules, such 
as steady instrument following [14]. Limitations of these 
systems arise due to their lack of flexibility, particularly, as 
different camera guidance behaviors are required according 
to various surgical situations. With their limited set of rules, 
existing robots are unable to adapt to the surgeon’s need, nor 
do they account for different types of procedures or different 
surgical steps. However, the attempt to elaborate task spe-
cific control schemes requires extensive research even for a 
limited set of tasks [15].

The limited utilization of autonomous camera guidance 
during laparoscopic surgery [16] has motivated us to explore 
the potential of cognitive robotics for surgery. Cognitive 
robots refer to robotic systems capable of sensing their envi-
ronment and reacting in a way that is adaptive to the specific 
situation. Additionally, these robots learn from experience 
and change their behavior over time [17] with previous 
applications in service robotics, such as vacuum cleaning 
[18], or autonomous driving [19]. However, until today this 
paradigm has not been applied to surgical robotics.

In this work, we demonstrate a novel concept to realize 
a cognitive model in a surgical robot resulting in cognitive 
camera control for laparoscopic surgery. Further, we provide 
proof of robot learning in a surgical scenario leading to the 
robot improving its performance over time with increased 
experience. The robotic system is shown to learn not only 
from human surgical activities, but also from other robots. 
Additionally, we present an experimental validation of this 
methodology with two different robot kinematics.

Materials and methods

Cognitive model

The developed cognitive model combines four elements. 
The robot perceived its environment, interpreted it 

according to a knowledge base and performed a context-
aware surgical action. By incorporating feedback from that 
action into its knowledge base, the robot was enabled to 
learn from experience (Fig. 1A). In the following we will 
give an overview of the system architecture from a surgical 
perspective. Further technical details can be found in [20].

Fig. 1  Learning camera robot. In the present study the robot real-
izes a cognitive model (A). Here, the robot perceives its environment, 
interprets it according to a knowledge base and performs a context-
aware action. Feedback from that action is incorporated into the 
knowledge base and enables the robot to learn from experience. For 
the experimental setup (B) either a Light Weight Robot 4 by KUKA 
Roboter GmbH Augsburg, Germany (LWR, left) or a VIKY EP by 
TRUMPF Medizin Systeme GmbH+Co. KG, Saalfeld, Germany 
(right) was used. The surgeon (i) controls the instruments, the robot 
(ii) controls the minimally invasive camera. Surgery is performed 
on operation phantom OpenHELP (iii), the endoscopic video is dis-
played on a screen (iv) while six ceiling mounted cameras track the 
positions of instruments and minimally invasive camera (vi). The 
experiments were performed (C) with human camera guidance dur-
ing the surgeon’s learning curve (H1, n = 8) and after completion of 
the surgeon’s learning curve (H2, n = 12), Then, learning of the robot 
occurred during four different experiments in three consecutive steps 
(adapted from [20]): first, VIKY EP and LWR learned from human 
demonstration (i). Then, the robot learned from another robot’s expe-
rience only (ii). Finally, the robot learned from its own combined 
experience in two different experiments (iii)
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Perception

The robot perceived information about its environ-
ment from various sensors as well as from a multimodal 
human–machine-interface (Fig. 2). Utilized sensors include 
the laparoscopic camera that captures surgical images inside 
the abdomen, the angle settings in the robot’s joints, as well 
as external optical tracking to obtain spatial position infor-
mation of the laparoscopic camera, surgical instruments, and 
the robot. The human–machine-interface comprised a web 
interface for mobile devices and the hands-on-robot-mode. 
The web interface provided means for choosing the surgical 
step, as well as rating camera guidance quality (see section 
“Knowledge base”). Additionally, the interface allowed for 
changing between control modes (cognitive camera control/
manual/hands-on) and entering manual movement com-
mands, provided the robot was in manual mode.

Knowledge base

The knowledge base constitutes the core element of the cog-
nitive model by replacing the set of movement rules pre-
viously used in other autonomous systems, such as visual 
servoing [21–23]. The knowledge base comprises two types 
of knowledge, namely factual knowledge and surgical expe-
rience (see section “Learning”). For the factual knowledge, 
three different camera guidance qualities were defined, as 
summarized in Table 1. Furthermore, the surgical proce-
dure was analyzed similarly to previous work in pancreatic 
surgery [24]. A surgical process model was created that 
reflects the experimental setup and comprised of four surgi-
cal phases and thirteen surgical steps (Table 2). Additionally, 
general rules for effective camera guidance were incorpo-
rated into the knowledge base, such as the surgical need for 
a stable horizon.

Fig. 2  Classification of camera guidance quality. For the percep-
tion endoscopic image data are collected during the experiments on 
operation phantom OpenHELP and annotated live with the web inter-
face (i) to generate image labels rating the camera guidance quality 
“good”, “medium” or “poor” (ii). These image labels (iii) together 

with the corresponding instrument poses (iv) are used for machine 
learning. Random forests are used to train camera guidance classifiers 
(v). The robot applies these classifiers to new images (vi) to calculate 
camera guidance quality for potential next camera positions for robot 
motion (vii)

Table 1  Definition of camera 
guidance quality and evaluation 
criteria to rate the robot’s 
performance as feedback for 
learning

Camera guid-
ance quality

Comfort of surgery Region of interest Camera motion

“Good” Surgeon can perform task comfortably Central in picture Not required
“Neutral” Surgeon can perform task In picture, not central Favorable
“Poor” Surgeon cannot perform task Not in picture Required



5368 Surgical Endoscopy (2021) 35:5365–5374

1 3

Learning

To enable the robot to learn camera guidance from gained 
experience, and thus, improving its performance, we 
designed a three-step learning procedure comprising per-
ception of data, annotation of data, and machine learning 
(Fig. 2). The robot was pre-trained with data obtained from 
manual camera guidance as performed by a human surgeon 
(see section “Experimental procedure”). The acquired data 
for training contained the spatial position of instruments 
and the camera as well as the camera images. Addition-
ally, a surgical expert retrospectively annotated the data 
semantically to specify camera guidance quality (Table 1), 
surgical phase and surgical step (Table 2) for each camera 
image. Supervised machine learning was then performed 
on these semantically annotated data to train camera guid-
ance classifiers as models of camera guidance quality [20]. 
These models were stored as experience within the knowl-
edge base and later used to classify the current camera 
guidance quality during surgery (see section “Interpreta-
tion”). Subsequently, during robotic camera guidance the 
current surgical step was annotated automatically during 
robot-assisted cognitive camera control by choosing a 
camera guidance classifier specific to the respective sur-
gical step. Additionally, the camera guidance quality was 
rated during the surgery by the surgical expert through the 
web-interface on a mobile device not interfering with the 
operating surgeon and the operation itself. New data were 
used to repeat machine learning to improve camera guid-
ance classifiers and subsequently the robot’s performance.

Interpretation

Interpretation included preprocessing of sensor data and 
classification of camera guidance quality using the camera 
guidance classifiers in the knowledge base. The instruments’ 
positions in the camera image were identified via external 
optical tracking of spatial positions of the laparoscopic cam-
era and surgical instruments. In addition, the endoscope tip 
position was obtained through the robot’s forward kinemat-
ics after hand–eye–calibration as calculated from the joint 
angle settings. Subsequently, various possible positions of 
the camera were classified as “good”, “neutral” or “poor” 
utilizing the previously trained camera guidance classi-
fiers from the knowledge base. Adaptive sampling was 
performed to make optimal use of the available computing 
performance. When the current camera position was rated 
“good”, sampling density was high around this position and 
only neighboring positions were evaluated. On the contrary, 
when the camera position was not rated “good”, sampling 
density was lowered to achieve a higher coverage with the 
same computational power.

Action

The action module actively controlled the robot, i.e. planned 
the optimal path according to the interpretation of the current 
situation and executed the planned movements. To smoothen 
the trajectory and eliminate cyclic camera motions, a time-
decaying motion hysteresis was implemented to suppress 
proposed endoscope positions that were in close proximity 
to previous ones. Constraining robot motion based on work-
space data from human camera guidance ensured avoidance 
of contact between the camera and the phantom wall. The 
robot’s control was implemented utilizing the Robot Oper-
ating System (ROS) as middleware [25]. During hands-on 
mode the control software compensated for gravity forces 
on the robot, however recognizing forces applied by the sur-
geon’s hand as commands [26]. Furthermore, our implemen-
tation allowed operating robots with different kinematics and 
varying degrees of freedom (DoF) with robots ranging from 
kinematically deficient (3 DoF) to kinematically redundant 
(7 DoF).

Experimental procedure

Figure 1B gives an overview of the experimental setup.

Phantom model

Minimally invasive rectal resection with total mesorectal 
excision was chosen to experimentally evaluate cognitive 
camera guidance, as this surgical procedure places high 
demands on camera control. Surgery takes place in three 

Table 2  Surgical process model for minimally invasive rectal resec-
tion with total mesorectal excision in Open Heidelberg Laparoscopy 
Phantom (OpenHELP)

Surgical phase Surgical step

Mobilization of colon Mobilization of sigmoid
Mobilization of descending colon
Mobilization of splenic flexure
Inspection of colon

Dissection of vessels Lancing retroperitoneum
Delineating vessels
Division of artery
Division of vein

Dissection of rectum Opening lesser pelvic peritoneum
Dissection of rectum

Resection of rectum Transection of rectum
Salvage of rectum
Inspection of lesser pelvis
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quadrants of the abdomen and in the lesser pelvis requiring 
different types of camera guidance. For example, the “mobi-
lization of sigmoid” requires steady, but long movements in 
one direction, whereas the “dissection of rectum” requires a 
rather dynamic camera guidance following the instruments 
in the narrow space of the lesser pelvis. The procedure was 
executed on a previously introduced standardized, human-
sized model for minimally invasive surgery (Open Heidel-
berg Laparoscopy Phantom, OpenHELP) [27]. In our experi-
ments the original torso, liver, spleen, kidney, bladder, pelvic 
floor muscles, and rectum were modeled and included in the 
OpenHELP. Additionally, a colon was created from cloth, 
filled with cotton wool and covered with latex sheets simu-
lating visceral peritoneum and mesocolon. Furthermore, 
aorta, inferior mesenteric artery and vein with connective 
tissue, ureter and peritoneum covering these structures were 
added. Several of these structures, including mesocolon, per-
itoneum, inferior mesenteric artery and vein, were cut during 
experimental surgery, and thus, were rendered replaceable. 
The 3D printed abdominal wall mimicked the pneumoperito-
neum and laparoscopy was performed through a set of holes 
representing standard trocars.

Medical devices and instrument tracking

For experimentation, we utilized one of two minimally inva-
sive cameras with 0° optics (TIPCAM1 3D with IMAGE1 
camera control, KARL STORZ GmbH & Co. KG, Tuttlin-
gen, Germany and R. Wolf Endocam Logic HD, Richard 
Wolf GmbH, Knittlingen, Germany). Surgical instruments 
included a minimally invasive bowel grasper, bowel grasper 
with gauze, scissors, and single clip applier (KARL STORZ 
GmbH & Co. KG, Tuttlingen, Germany). Images from the 
minimally invasive camera were recorded with an average 
frame rate of 27 Hz on a personal computer (Intel Core 
i5-4590, 32GB RAM, SSD HDs, Blackmagic DeckLink 
Mini Recorder) connected to the respective camera control 
unit. Optical tracking devices tracked the positions of surgi-
cal instruments and robot through external, passive optical 
tracking. We either applied two Polaris® systems (Northern 
Digital Inc., Ontario, Canada) with one dynamic reference 
frame for registration of both coordinate frames, or an ART 
TRA CK system (Advanced Realtime Tracking GmbH, Weil-
heim i.OB, Germany) with six ceiling-mounted cameras.

Robot kinematics

During experiments, generalizability of our cognitive model 
was conveyed through utilizing two different robot kinemat-
ics. The VIKY EP (TRUMPF Medizin Systeme GmbH+Co. 
KG, Saalfeld, Germany) was used with a modified control 
unit to enable remote control of the robot. This 3 DoF robot 
with no additional sensors is certified for medical usage. 

The second utilized robot was the LWR 4 (KUKA Roboter 
GmbH, Augsburg, Germany) with 7 DoF and additional kin-
ematic sensors for safety and hands-on mode, however not 
certified for medical usage. During experimental evaluation, 
both robots were attached to the operation table by metal 
brackets opposite to the surgeon, thus preventing collision 
with the surgeon.

Experimental evaluation

A number of different experiments consisting of several 
operations each were performed to train the robot based on 
human camera guidance, allow it to learn from experience, 
and investigate improvements in the robot’s performance 
with additional experience. All surgeries were performed 
by the same surgeon who had completed his learning curve 
with the operative procedure in the phantom model prior to 
robot usage. As illustrated in Fig. 1C, a total of n = 20 opera-
tions were performed with human camera guidance by the 
same camera assistant. Experiments H1 (n = 8) and H2 (n 
= 12) refer to procedures prior to and after completing the 
learning curve, respectively. Human camera guidance was 
followed by experiment Viky (n = 5) and experiment L1 (n 
= 5) investigating cognitive camera control and using the 
knowledge base of H1 and H2. Subsequently, experiment L2 
(n = 5) was conducted with LWR, however, only utilizing 
data generated with VIKY EP (experiment Viky) for learn-
ing camera guidance classifiers. Hereby, we demonstrated 
cross-robot learning, i.e. the robot’s ability to learn from 
another robot’s experience with varying kinematics instead 
of human training. Finally, for experiment L3 (n = 1), data 
from all previous procedures with LWR (experiments L1 
and L2) were used for learning to demonstrate continuous 
learning.

An approval by our institutional review board and written 
informed consent were not necessary, as there was no study 
on human or animal subjects performed.

Statistical analysis

We evaluated the robot’s performance during each opera-
tion through the objective parameters “duration of the sur-
gery”, “proportion of cognitive camera control as opposed 
to manual or hands-on mode”, as well as “required amount 
of alternating between cognitive camera control to manual 
or hands-on mode”. As a subjective parameter “camera 
guidance quality” was used by calculating the proportion 
of good/neutral/poor. For all parameters, mean and stand-
ard deviation were calculated. To investigate robot learn-
ing between experiments L1, L2 and L3, Levine’s test for 
homogeneity was performed, followed by a one-way analysis 
of variance (ANOVA). To test our hypothesis of a learning 
robot, contrasts for L2 versus L1 and L3 versus L2 were 
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provided with a p value < 0.05 considered to prove statistical 
significance. Data analysis and visualization were performed 
with R statistics [28].

Results

The cognitive camera control was realized successfully as 
demonstrated in movie S1. In total n = 36 operations over a 
duration of 977 mins, 807’816 frames and 1’845’607 spatial 
positions of camera and instruments were recorded. Addi-
tionally, 22’628’255 synthetic 3D positions of the camera 
were generated as training samples.

The duration of the operation was influenced by an ini-
tial learning curve of the operating surgeon during human 
camera guidance (H1, operations 1–8). The learning curve 
was determined based on a distribution of durations with 
a maximum of 4265 s (operation 1) decreasing to 1465 s 

(operation 8) and an average duration of 2090 ± 919 s. After 
completion of this learning curve, the average duration of 
one operation procedure was 1325 s ± 144 s for human 
guidance (H2, operations 9–20). The duration of the opera-
tion supported by cognitive camera control decreased with 
increasing experience of the robot from L1 (1704 s ± 244 s) 
over L2 (1406 s ± 112 s) to L3 (1197 s), indicating a learn-
ing curve for the robot. Here, Levine’s test shows homoge-
neity of variances for experiments L1, L2 and L3. One-way 
ANOVA resulted in a significant difference between the 
individual experiments (F-value = 4.7, p = 0.045). However, 
the comparison between operation duration for L1 and L2 
did not reach statistical significance (p = 0.1). The resulting 
durations for human and robotic camera guidance are sum-
marized in Fig. 3A.

Camera guidance quality rated as “good”, “neutral”, 
“poor” by a surgical expert improved with increasing expe-
rience of the robot, such that a higher proportion of “good” 

Fig. 3  Experimental results. Human camera guidance (n = 20) is 
divided to account for the initial learning curve of the surgeon with 
the phantom setup (H1, operations 1–8) and human camera guid-
ance after completion of the learning curve (H2, operations 9–20). 
The other groups represent robotic camera guidance with VIKY EP 
learned from human (Viky), Light Weight Robot 4 (LWR) learned 

from human (L1), LWR learned from Viky (L2) and LWR learned 
from L1 and L2 (L3). The upper boxplot displays the duration of the 
experiments (adapted from [20]), the lower boxplot displays the cam-
era guidance quality (CGQ) of the experiments, i.e. the proportion of 
camera guidance being rated good/neutral/poor by a surgical expert. p 
values have been determined by one-way analysis of variance
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and lower proportion of “poor” was observed from L1 over 
L2 to L3. Levine’s test showed homogeneity of variances for 
L1, L2 and L3 for both, “good” and “poor” camera guidance. 
One-way ANOVA showed a significant difference between 
the experiments (“good”: F-value = 5.52, p = 0.031; “poor”: 
F-value = 14.58, p = 0.002). However, for the proportion of 
“good” camera guidance the difference between experiments 
L1 and L2 did not reach statistical significance. The result-
ing camera guidance quality for human and robotic camera 
guidance is summarized in Fig. 3B.

For the proportion of cognitive camera control compared 
to manual or hands-on mode Levine’s test showed homo-
geneity of variances for L1, L2 and L3. One-way ANOVA 
showed a significant difference between the experiments 
(F-value = 34.2, p < 0.001). The proportion of cognitive 
camera control increased with increasing experience from 
L1 (62.4% ± 4.9%) to L2 (85.4% ± 4.2%, p < 0.001) and L3 
(85.1%, p = 0.002). Accordingly, the number of times the 
surgeon had to change to manual or hands-on mode to allow 
for manual commands to the robot during surgery decreased 
from L1 (21.8 ± 3.7) to L2 (10.4 ± 2.1, p < 0.001), but not 
for L3 (14, p = 0.45). Levine’s test showed homogeneity 
of variances for L1, L2 and L3. One-way ANOVA showed 
a significant difference between L1, L2 and L3 (F-value = 
18.3, p = 0.001).

Discussion

Our primary achievement is the demonstration of a meth-
odology that represents a paradigm shift from previously 
programmed robots not suitable to adapt to a surgeon’s needs 
to a new generation of cognitive robots that will be able to 
adapt to different surgeons, surgical situations and surgi-
cal procedures. Our methodology enables cognitive camera 
control for a learning robot in minimally invasive surgery. 
The methodology is applicable to various robot kinemat-
ics as demonstrated during experimental validation. Our 
experiments showed the robot’s ability to learn from human 
surgeons, from other robots, and on its own.

As early as 2008 the SAGES-MIRA Robotic Surgery 
Consensus Group envisioned that “Robots could use arti-
ficial intelligence to learn from the surgeon operating the 
device” [29]. In our study the robot positioned itself autono-
mously after having learned the desired spatial relation of 
surgical instruments and camera, depending on the phase of 
a surgical procedure. This autonomy of the robot to position 
the camera enabled the surgeon to focus on essential surgi-
cal tasks, without the need to guide the camera. If the cam-
era position was unsatisfactory to the surgeon, he was able 
to correct it manually using one of different input methods 
(touch display or hands-on mode on the LWR). In contrast 
to previous systems, the robot extended its knowledge base 

and learned from this experience for future interventions. 
Thus, the robot changed its behavior over time and improved 
its performance with every additional procedure resulting 
in adaptation of the robot to the surgeon and not vice versa. 
Thereby, different behavioral patterns and individual pref-
erences of various surgeons may be learned by the robot, 
presenting a matter for future investigation. In addition, due 
to the provided surgical process model, it was possible to 
train camera guidance classifiers tailored for each surgical 
step. The classifiers may also be tailored to the individual 
surgeon’s preferences over the course of several interven-
tions. Based on the duration of procedures with human cam-
era guidance, we can assume that the learning curve for the 
surgeon had been completed before initiating the robotic 
experiments. Thus, a difference in the overall performance 
of the team “surgeon plus robot” was likely to be caused 
by the improved robot performance. Here, we focused on 
the robot learning curve as the difference between the three 
experiments L1, L2 and L3. The resulting learning curve 
was characterized by decreasing duration of the surgery 
with higher proportion of “good” camera guidance quality 
and lower proportion of “poor” camera guidance quality. 
Furthermore, less manual corrective feedback was required 
for L2 and L3 compared to L1. Moreover, apart from the 
quantitative results the robot proved learning in a qualitative 
way as perceived by the surgeon. Initially, during several 
surgical steps, such as opening the lesser pelvic peritoneum, 
the zooming motion (i.e., moving the camera in or out) was 
“trained” explicitly, because during experiments Viky and 
L1 no zooming was conducted by the cognitive camera con-
trol. Instead, the robot was manually directed to zoom in 
when required by the surgeon. Subsequently, in experiments 
L2 and L3, the robot zoomed in autonomously as it had 
learned the necessity for this movement from data collected 
during Viky and L1.

Metrics to measure the quality of the camera guidance 
and the robot’s learning progress limit the evaluation of 
learning camera robots. Moreover, only few of these met-
rics can be utilized as a learning feedback for the robot. Still, 
feedback to the robot is of utmost importance as better feed-
back results in better surgical training of the robot [30, 31]. 
The objective metrics overall procedure time and setup time 
are a common standard for evaluation of surgical robots. 
These metrics can be calculated automatically by the robot’s 
software and are easily comparable (at least for simple sur-
gical procedures). Their main disadvantage is the lack of 
specificity in the feedback for a learning robot. Thus, in our 
approach, duration of the surgical procedure was not imple-
mented as a feedback for the robot, but only to measure and 
evaluate its performance. However, reduced procedure time 
may also result from the surgeon learning to work with the 
robot. Subjective metrics, such as questionnaires focusing on 
the surgeon’s user experience are crucial for user acceptance, 
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and thus, the translation into practice. Unfortunately, most 
criteria are not well defined and the results of these crite-
ria are not entirely representative for all surgeons as they 
strongly depend on personal preferences. Additionally, these 
criteria have to be obtained after the surgical intervention 
increasing the workload of the surgeon and feedback often 
is not detailed enough to improve the system’s performance 
in specific situations. To overcome some of these limita-
tions, we used camera guidance quality as an additional met-
ric. During experimentation, an additional surgical expert 
assessed the camera guidance quality, rendering it a direct 
subjective metric. Nevertheless, this metric has proven to be 
suitable as feedback to a learning robot. The disadvantage of 
rating the camera quality during experiments is the neces-
sity of a surgical expert in addition to the surgeon, because 
annotation by the surgeon would interfere with the surgical 
workflow. Thus, the number of interactions of the surgeon 
with the system was logged and evaluated, indicating the 
surgeon’s satisfaction with the (autonomous) camera guid-
ance with less interaction (or correction) representing better 
outcomes. In future investigations we would like to use these 
corrective commands directly as a feedback for the learning 
robot. This would also diminish the time-consuming anno-
tation of camera guidance quality be an additional surgical 
expert.

Main limitation of our study is its limited number of 
participants. For this feasibility study a single surgeon per-
formed all operations rendering the procedures standard-
ized and easy to compare, especially for investigating the 
robot’s learning curve, at the expense of generalization of 
the results. Additionally, the robot’s capabilities were only 
evaluated during one surgical procedure. Even though lapa-
roscopic rectal resection is a rather complex procedure, it 
has yet to be proven, whether the approach is applicable to 
other procedures (cholecystectomy, hernia repair, pancre-
atic surgery etc.). Finally, our study is limited to a medical 
phantom setuo awaiting translation into animal lab studies 
and subsequent clinical trials. Furthermore, although most 
surgeons prefer a 30°-optic for laparoscopic anterior rectal 
resection with total mesorectal excision, in our study we 
utilized a 0°-optic. Usage of a 30°-optic would result in 
an additional degree of freedom in camera control posing 
another major challenge for the machine learning algorithm. 
Thus, further engineering and computer science research are 
necessary to fulfill this surgical requirement in future work. 
In addition, our approach has to proof not only feasibility, 
but also advantages over previous approaches of visual ser-
voing, i.e. simply following the instrument tip with the cam-
era. Nevertheless, the present study not only demonstrates 
a completely novel cognitive approach to camera guidance 
robots and their application in a surgical setting, but also 
demonstrates the robot’s learning progress and improvement 
in performance.

Cognitive surgical robots may have a huge clinical impact 
in the future because of their ability to perceive their envi-
ronment, interpret the situation based on a knowledge base, 
and act accordingly. These robots can learn and improve 
their performance by incorporating new experiences into 
their knowledge base adapting to different surgeons, different 
surgical procedures and different patient anatomies. Future 
research may focus on incorporation of existing or novel 
technologies, such as surgical phase detection and autono-
mous manipulation of tissue. In the present study, external 
cameras continuously track the instruments, however, it has 
previously been shown that instruments as well as organs 
can be tracked directly in the laparoscopic video by means of 
computer vision [32]. Whereas we defined the phase of the 
operation manually during the operation, research suggests 
that skilled surgeons can extract it from surgical device data 
alone [33] leaving room for further automated detection of 
the surgical phase. For simple procedures, such as cholecys-
tectomy, the phase can even be automatically recovered from 
the video using deep learning algorithms [34] and procedure 
duration can be recovered from medical device data in real 
time [35]. Furthermore, reinforcement learning algorithms 
are a current trend to solve complex motion tasks in robotics. 
However, employing reinforcement learning algorithms, that 
require interaction between learning robot and environment, 
poses a severe safety issue in medical robotics. Clinical 
translation of the proposed learning camera guidance system 
may lay the foundation to gather high quality and quantity of 
labeled data to employ offline reinforcement learning algo-
rithms to the task of robotic camera guidance to gradually 
learn and represent more complex behaviors [36]. In a recent 
review of machine learning techniques in surgical robotics 
Kassahun et al. describe a number of applications for learn-
ing surgical robots, such as tying a knot or steering of vas-
cular catheters [37]. They conclude that machine learning 
may help to extract human skill and transfer it to surgical 
robots emphasizing the potential of cognitive surgical robots 
as demonstrated in our study. Furthermore, the concept of 
a robot learning from another robot’s experience that we 
demonstrated in our study, may help to transfer experience 
easily from one surgical center to another via data transfer 
instead of having to train the robot all over again.

In the future, cognitive surgical robots and automated 
systems may become the center of a fully integrated cogni-
tive operating room. They will not only guide the camera 
or steer catheters, but may also expose tissue with the right 
force, cut in the correct surgical plane [38], and reconstruct 
anastomoses after resection [39]. Perception may not only 
be based on visual information in the laparoscopic image, 
but also on multimodal data from medical devices and vital 
parameters from patient monitoring. If the combination of 
these data with powerful machine learning algorithms con-
tinues as outlined in the concept of Surgical Data Science 
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[40], within 15 years cognitive surgical robots will not only 
enhance human surgeons’ capabilities. They will likely 
perform autonomous tasks and may even perform simple 
surgical procedures autonomously, thus changing the face 
of surgery.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00464- 021- 08509-8.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by the German Research Foundation 
(DFG) within projects I05 and A01 of the transregional collaborative 
research center (SFB/TRR) 125 “Cognition-Guided Surgery”.

Declarations 

Disclosures Felix Nickel reports receiving travel support for conference 
participation as well as equipment provided for laparoscopic surgery 
courses by KARL STORZ, Johnson & Johnson, Intuitive Surgical, 
Cambridge Medical Robotics and Medtronic. Authors MW, AB, HGK, 
PM, PMS, SB, AS, JV, FN, SS, HW, FMU and BM declare no conflicts 
of interest or financial ties to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Moradi H, Kawamura K, Prassler E, Muscato G, Fiorini P, Sato 
T, Rusu R (2013) Service robotics (the rise and bloom of service 
robots) [tc spotlight]. IEEE Robot Autom Mag 20:22–24. https:// 
doi. org/ 10. 1109/ MRA. 2013. 22715 80

 2. Sung GT, Gill IS (2001) Robotic laparoscopic surgery: a compari-
son of the DA Vinci and Zeus systems. Urology 58:893–898

 3. Sinha R, Sanjay M, Rupa B, Kumari S (2015) Robotic surgery in 
gynecology. J Minimal Access Surg 11:50–59. https:// doi. org/ 10. 
4103/ 0972- 9941. 147690

 4. Gutt CN, Oniu T, Mehrabi A, Kashfi A, Schemmer P, Büchler 
MW (2004) Robot-assisted abdominal surgery. Br J Surg 
91:1390–1397. https:// doi. org/ 10. 1002/ bjs. 4700

 5. Holländer SW, Klingen HJ, Fritz M, Djalali P, Birk D (2014) 
Robotic camera assistance and its benefit in 1033 traditional lapa-
roscopic procedures: prospective clinical trial using a joystick-
guided camera holder. Surg Technol Int 25:19–23

 6. Gillen S, Pletzer B, Heiligensetzer A, Wolf P, Kleeff J, Feussner 
H, Fürst A (2014) Solo-surgical laparoscopic cholecystectomy 
with a joystick-guided camera device: a case-control study. Surg 
Endosc 28:164–170. https:// doi. org/ 10. 1007/ s00464- 013- 3142-x

 7. Gilbert JM (2009) The EndoAssist robotic camera holder as an 
aid to the introduction of laparoscopic colorectal surgery. Ann R 

Coll Surg Engl 91:389–393. https:// doi. org/ 10. 1308/ 00358 8409X 
392162

 8. Gumbs AA, Croner R, Rodriguez A, Zuker N, Perrakis A, 
Gayet B (2013) 200 consecutive laparoscopic pancreatic resec-
tions performed with a robotically controlled laparoscope 
holder. Surg Endosc 27:3781–3791. https:// doi. org/ 10. 1007/ 
s00464- 013- 2969-5

 9. Merola S, Weber P, Wasielewski A, Ballantyne GH (2002) Com-
parison of laparoscopic colectomy with and without the aid of 
a robotic camera holder. Surg Laparosc Endosc Percutan Tech 
12:46–51

 10. Ji JJ, Krishnan S, Patel V, Fer D, Goldberg K (2018) Learning 
2D surgical camera motion from demonstrations. In: IEEE 14th 
international conference on automation science and engineering 
CASE pp 35–42 . https:// doi. org/ 10. 1109/ COASE. 2018. 85604 68

 11. Rivas-Blanco I, Perez-del-Pulgar C, López-Casado C, Bauzano 
E, Muñoz V (2019) Transferring know-how for an autonomous 
camera robotic assistant. Electronics 8:224. https:// doi. org/ 10. 
3390/ elect ronic s8020 224

 12. Pandya A, Reisner L, King B, Lucas N, Composto A, Klein 
M, Ellis R (2014) A review of camera viewpoint automation in 
robotic and laparoscopic surgery. Robotics 3:310–329. https:// doi. 
org/ 10. 3390/ robot ics30 30310

 13. Kwok K-W, Sun L-W, Mylonas GP, James DRC, Orihuela-Espina 
F, Yang G-Z (2012) Collaborative gaze channelling for improved 
cooperation during robotic assisted surgery. Ann Biomed Eng 
40:2156–2167. https:// doi. org/ 10. 1007/ s10439- 012- 0578-4

 14. Wijsman PJM, Broeders IAMJ, Brenkman HJ, Szold A, Forgione 
A, Schreuder HWR, Consten ECJ, Draaisma WA, Verheijen 
PM, Ruurda JP, Kaufman Y (2018) First experience with THE 
 AUTOLAPTM SYSTEM: an image-based robotic camera steer-
ing device. Surg Endosc 32:2560–2566. https:// doi. org/ 10. 1007/ 
s00464- 017- 5957-3

 15. Ellis RD, Munaco AJ, Reisner LA, Klein MD, Composto AM, 
Pandya AK, King BW (2016) Task analysis of laparoscopic 
camera control schemes. Int J Med Robot Comput Assist Surg 
12:576–584. https:// doi. org/ 10. 1002/ rcs. 1716

 16. Kranzfelder M, Staub C, Fiolka A, Schneider A, Gillen S, Wil-
helm D, Friess H, Knoll A, Feussner H (2012) Toward increased 
autonomy in the surgical OR: needs, requests, and expectations. 
Surg Endosc. https:// doi. org/ 10. 1007/ s00464- 012- 2656-y

 17. Samani H (2016) Cognitive robotics. CRC Press/Taylor & Francis 
Group, Boca Raton

 18. Pinheiro P, Cardozo E, Wainer J, Rohmer E (2015) Cleaning task 
planning for an autonomous robot in indoor places with multi-
ples rooms. Int J Mach Learn Comput 5:86–90. https:// doi. org/ 
10. 7763/ IJMLC. 2015. V5. 488

 19. Lookingbill A, Rogers J, Lieb D, Curry J, Thrun S (2007) Reverse 
optical flow for self-supervised adaptive autonomous robot navi-
gation. Int J Comput Vis 74:287–302. https:// doi. org/ 10. 1007/ 
s11263- 006- 0024-x

 20. Bihlmaier A (2016) Learning dynamic spatial relations: the 
case of a knowledge-based endoscopic camera guidance robot. 
Springer, Wiesbaden

 21. Omote K, Feussner H, Ungeheuer A, Arbter K, Wei GQ, Siewert 
JR, Hirzinger G (1999) Self-guided robotic camera control for 
laparoscopic surgery compared with human camera control. Am 
J Surg 177:321–324

 22. King BW, Reisner LA, Pandya AK, Composto AM, Ellis RD, 
Klein MD (2013) Towards an autonomous robot for camera con-
trol during laparoscopic surgery. J Laparoendosc Adv Surg Tech 
A 23:1027–1030. https:// doi. org/ 10. 1089/ lap. 2013. 0304

 23. Ma X, Song C, Chiu PW, Li Z (2020) Visual servo of a 6-DOF 
robotic stereo flexible endoscope based on da Vinci research kit 
(dVRK) system. IEEE Robot Autom Lett 5:820–827. https:// doi. 
org/ 10. 1109/ LRA. 2020. 29658 63

https://doi.org/10.1007/s00464-021-08509-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1109/MRA.2013.2271580
https://doi.org/10.1109/MRA.2013.2271580
https://doi.org/10.4103/0972-9941.147690
https://doi.org/10.4103/0972-9941.147690
https://doi.org/10.1002/bjs.4700
https://doi.org/10.1007/s00464-013-3142-x
https://doi.org/10.1308/003588409X392162
https://doi.org/10.1308/003588409X392162
https://doi.org/10.1007/s00464-013-2969-5
https://doi.org/10.1007/s00464-013-2969-5
https://doi.org/10.1109/COASE.2018.8560468
https://doi.org/10.3390/electronics8020224
https://doi.org/10.3390/electronics8020224
https://doi.org/10.3390/robotics3030310
https://doi.org/10.3390/robotics3030310
https://doi.org/10.1007/s10439-012-0578-4
https://doi.org/10.1007/s00464-017-5957-3
https://doi.org/10.1007/s00464-017-5957-3
https://doi.org/10.1002/rcs.1716
https://doi.org/10.1007/s00464-012-2656-y
https://doi.org/10.7763/IJMLC.2015.V5.488
https://doi.org/10.7763/IJMLC.2015.V5.488
https://doi.org/10.1007/s11263-006-0024-x
https://doi.org/10.1007/s11263-006-0024-x
https://doi.org/10.1089/lap.2013.0304
https://doi.org/10.1109/LRA.2020.2965863
https://doi.org/10.1109/LRA.2020.2965863


5374 Surgical Endoscopy (2021) 35:5365–5374

1 3

 24. Katić D, Julliard C, Wekerle A-L, Kenngott H, Müller-Stich BP, 
Dillmann R, Speidel S, Jannin P, Gibaud B (2015) LapOntoSPM: 
an ontology for laparoscopic surgeries and its application to surgi-
cal phase recognition. Int J Comput Assist Radiol Surg https:// doi. 
org/ 10. 1007/ s11548- 015- 1222-1

 25. Quigley M, Gerkey B, Conley K, Faust J, Foote T, Leibs J, Berger 
E, Wheeler R, Ng A (2009) ROS: an open-source robot operating 
system. Springer, Kobe

 26. Bihlmaier A, Beyl T, Nicolai P, Kunze M, Mintenbeck J, Schreiter 
L, Brennecke T, Hutzl J, Raczkowsky J, Wörn (2016) ROS-based 
cognitive surgical robotics. In: Koubaa A (ed) Robot operating 
system (ROS). Springer, New York, pp 317–342

 27. Kenngott HG, Wünscher JJ, Wagner M, Preukschas A, Wek-
erle AL, Neher P, Suwelack S, Speidel S, Nickel F, Oladokun 
D, Albala L, Maier-Hein L, Dillmann R, Meinzer HP, Müller-
Stich BP (2015) OpenHELP (Heidelberg laparoscopy phantom): 
development of an open-source surgical evaluation and train-
ing tool. Surg Endosc 29:3338–3347. https:// doi. org/ 10. 1007/ 
s00464- 015- 4094-0

 28. R Core Team (2017) R: a language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna

 29. The SAGES-MIRA Robotic Surgery Consensus Group, Her-
ron DM, Marohn M (2008) A consensus document on robotic 
surgery. Surg Endosc 22:313–325. https:// doi. org/ 10. 1007/ 
s00464- 007- 9727-5

 30. Bonrath EM, Dedy NJ, Gordon LE, Grantcharov TP (2015) Com-
prehensive surgical coaching enhances surgical skill in the operat-
ing room: a randomized controlled trial. Ann Surg 262:205–212. 
https:// doi. org/ 10. 1097/ SLA. 00000 00000 001214

 31. Grantcharov TP, Schulze S, Kristiansen VB (2007) The impact of 
objective assessment and constructive feedback on improvement 
of laparoscopic performance in the operating room. Surg Endosc 
21:2240–2243. https:// doi. org/ 10. 1007/ s00464- 007- 9356-z

 32. Wagner M, Mayer BFB, Bodenstedt S, Stemmer K, Fereydooni A, 
Speidel S, Dillmann R, Nickel F, Fischer L, Kenngott HG (2018) 
Computer-assisted 3D bowel length measurement for quantitative 
laparoscopy. Surg Endosc 32:4052–4061. https:// doi. org/ 10. 1007/ 
s00464- 018- 6135-y

 33. Kranzfelder M, Schneider A, Fiolka A, Koller S, Reiser S, Vogel 
T, Wilhelm D, Feussner H (2014) Reliability of sensor-based real-
time workflow recognition in laparoscopic cholecystectomy. Int J 
Comput Assist Radiol Surg 9:941–948. https:// doi. org/ 10. 1007/ 
s11548- 014- 0986-z

 34. Twinanda AP, Shehata S, Mutter D, Marescaux J, de Mathelin 
M, Padoy N (2017) EndoNet: a deep architecture for recognition 
tasks on laparoscopic videos. IEEE Trans Med Imaging 36:86–97. 
https:// doi. org/ 10. 1109/ TMI. 2016. 25939 57

 35. Guédon ACP, Paalvast M, Meeuwsen FC, Tax DMJ, van Dijke 
AP, Wauben LSGL, van der Elst M, Dankelman J, van den 
Dobbelsteen JJ (2016) “It is time to prepare the next patient” 
real-time prediction of procedure duration in laparoscopic 
cholecystectomies. J Med Syst 40:271. https:// doi. org/ 10. 1007/ 
s10916- 016- 0631-1

 36. Levine S, Kumar A, Tucker G, Fu J (2020) Offline reinforcement 
learning: tutorial, review, and perspectives on open problems. 
ArXiv200501643 Cs Stat

 37. Kassahun Y, Yu B, Tibebu AT, Stoyanov D, Giannarou S, Metzen 
JH, Vander Poorten E (2016) Surgical robotics beyond enhanced 
dexterity instrumentation: a survey of machine learning tech-
niques and their role in intelligent and autonomous surgical 
actions. Int J Comput Assist Radiol Surg 11:553–568. https:// doi. 
org/ 10. 1007/ s11548- 015- 1305-z

 38. Opfermann JD, Leonard S, Decker RS, Uebele NA, Bayne CE, 
Joshi AS, Krieger A (2017) Semi-autonomous electrosurgery for 
tumor resection using a multi-degree of freedom electrosurgical 
tool and visual servoing. IEEE RSJ Int Conf Intell Robots Syst 
IROS. https:// doi. org/ 10. 1109/ IROS. 2017. 82062 10

 39. Shademan A, Decker RS, Opfermann JD, Leonard S, Krieger A, 
Kim PCW (2016) Supervised autonomous robotic soft tissue sur-
gery. Sci Transl Med 8:337ra64-337ra64

 40. Maier-Hein L, Vedula SS, Speidel S, Navab N, Kikinis R, Park 
A, Eisenmann M, Feussner H, Forestier G, Giannarou S, Hashi-
zume M, Katic D, Kenngott H, Kranzfelder M, Malpani A, März 
K, Neumuth T, Padoy N, Pugh C, Schoch N, Stoyanov D, Taylor 
R, Wagner M, Hager GD, Jannin P (2017) Surgical data science 
for next-generation interventions. Nat Biomed Eng 1:691–696. 
https:// doi. org/ 10. 1038/ s41551- 017- 0132-7

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s11548-015-1222-1
https://doi.org/10.1007/s11548-015-1222-1
https://doi.org/10.1007/s00464-015-4094-0
https://doi.org/10.1007/s00464-015-4094-0
https://doi.org/10.1007/s00464-007-9727-5
https://doi.org/10.1007/s00464-007-9727-5
https://doi.org/10.1097/SLA.0000000000001214
https://doi.org/10.1007/s00464-007-9356-z
https://doi.org/10.1007/s00464-018-6135-y
https://doi.org/10.1007/s00464-018-6135-y
https://doi.org/10.1007/s11548-014-0986-z
https://doi.org/10.1007/s11548-014-0986-z
https://doi.org/10.1109/TMI.2016.2593957
https://doi.org/10.1007/s10916-016-0631-1
https://doi.org/10.1007/s10916-016-0631-1
https://doi.org/10.1007/s11548-015-1305-z
https://doi.org/10.1007/s11548-015-1305-z
https://doi.org/10.1109/IROS.2017.8206210
https://doi.org/10.1038/s41551-017-0132-7

	A learning robot for cognitive camera control in minimally invasive surgery
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Materials and methods
	Cognitive model
	Perception
	Knowledge base
	Learning
	Interpretation
	Action

	Experimental procedure
	Phantom model
	Medical devices and instrument tracking
	Robot kinematics
	Experimental evaluation

	Statistical analysis

	Results
	Discussion
	References




